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Synopsis 

Chronic Obstructive Pulmonary Disease (COPD) affects more than 64 million 

people globally and is primarily caused by cigarette smoke (CS) exposure. It is the third 

leading cause of morbidity and mortality worldwide and imposes significant 

socioeconomic burden worldwide. COPD is a chronic lung disease characterised by 

chronic pulmonary inflammation, airway remodelling and emphysema. These 

pathologies consequently culminate in progressive lung function decline and airflow 

limitation. Current therapies for the management of COPD are largely ineffective. They 

provided symptomatic relief to patients and do not target the underlying causal factors 

of COPD. Hence, there is a lack of effective treatments and an urgent need for research 

into the identification and development of therapeutic strategies in treating COPD.  

The lack of effective treatments is due to the poor understanding of 

immunological processes and mechanisms that underpin the pathogenesis of COPD. 

Our laboratory has recently established a murine experimental model of COPD by 

exposing mice to nose-only inhalation of tightly regulated dose of CS. Importantly, our 

CS-induced model of COPD recapitulates the hallmark features of human disease in a 

relatively short period of time. Thus, this allows us to investigate and examine the 

immunological processes and mechanisms that underpin the pathogenesis of COPD. 

The aims of the studies described in this thesis were to identify and elucidate 

immunological processes that underpin the pathogenesis of COPD. 

The first study identified a novel role for tumour necrosis factor-related 

apoptosis-inducing ligand (TRAIL) in promoting CS-induced COPD. TRAIL and its 

receptors were increased by CS exposure in mice and in lung samples from human 

COPD patients. TRAIL-deficient mice or wild-type (WT) mice treated with neutralising 
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TRAIL monoclonal antibodies had significantly reduced CS-induced pulmonary 

inflammation, expression of pro-inflammatory mediators, emphysema-like alveolar 

enlargement and improved lung function. 

The second study investigated the role of Toll-like receptor (TLR)2 and TLR4 in 

CS-induced pathogenesis of COPD. CS-induced pulmonary inflammation was largely 

unaltered in the absence of TLR2 or TLR4. TLR2-deficient mice had CS-induced 

emphysema-like alveolar enlargement, apoptosis and impaired lung function compared 

to normal air-exposed mice that was equivalent to CS-exposed WT mice, whilst small 

airway remodelling was not altered. By contrast, TLR4-deficient mice had reduced CS-

induced emphysema-like alveolar enlargement, apoptosis and impaired lung function 

compared to WT mice. Interestingly, CS-induced small airway fibrosis, characterised by 

increased collagen deposition around small airways, was ablated in TLR4-deficient 

mice. 

The third study identified a previously unrecognised role for TLR7 in the 

pathogenesis of COPD. In the absence of TLR7, CS-induced pulmonary inflammation 

was not altered compared to CS-exposed WT controls. CS-induced small airway 

epithelial cell thickening was reduced whilst collagen deposition increased in the 

absence of TLR7. Importantly, CS-induced emphysema-like alveolar enlargement and 

apoptosis were reduced in TLR7-deficient mice. Administration of the TLR7 agonist 

imiquimod synergistically increased CS-induced emphysema and apoptosis. 

Interestingly, imiquimod-induced emphysema and apoptosis may occur through the 

activity of mast cell-specific proteases, in particular mouse mast cell protease-6 

(mMCP-6). Crucially, antibody-mediated neutralisation of TLR7 also reduced CS-

induced emphysema and apoptosis in the lungs in experimental COPD. 
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Our novel findings indicate that TRAIL and TLRs, in particularly TLR2, TLR4 

and TLR7, have critical roles in CS-induced development of COPD. TRAIL promotes 

CS-induced pulmonary inflammation, emphysema-alveolar enlargement and lung 

function impairment. TLRs have little or minor role in CS-induced pulmonary 

inflammation. TLR2 may protect against CS-induced emphysema and lung function 

impairment, whilst TLR4 and TLR7 induce these disease features of COPD. TLR4 

promotes CS-induced airway fibrosis whilst TLR2 and TLR7 regulate collagen 

deposition around small airways. Collectively, our studies significantly advance the 

understanding of the immunological mechanisms that underpin the pathogenesis of 

COPD and may facilitate the development of novel treatments for COPD in the future.  
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CHAPTER 1: INTRODUCTION 

 

In this chapter, the definition, epidemiology, current therapies, risk factors and 

pathogenesis of Chronic Obstructive Pulmonary Disease are reviewed. This chapter also 

provides an important overview on the major immune factors, namely Tumour necrosis 

factor-related apoptosis-inducing ligand and Toll-like receptors, that have been 

investigated experimentally in subsequent chapters. Finally, this chapter highlights the 

study rationale and aims. 
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1.1 Chronic Obstructive Pulmonary Disease 

1.1.1 Definition 

As outlined in the American Thoracic Society, European Respiratory Society 

and Global Initiative for Chronic Obstructive Lung Disease (GOLD), Chronic 

Obstructive Pulmonary Disease (COPD) is defined as a preventable and treatable lung 

disease typified by airflow limitation (1, 2). This airflow limitation is usually 

progressive, not fully reversible and is associated with abnormal inflammatory 

responses in the lungs in response to noxious particles or gases. COPD also has 

significant systemic (extra-pulmonary) consequences, such as cardiovascular disease 

and skeletal muscle dysfunction, that often link to disease severity in individual patients 

(1, 2). 

 COPD is an ‘umbrella’ term that describes chronic lung disease that is 

characterised by chronic bronchitis (pulmonary inflammation), mucus hypersecretion, 

obstructive bronchiolitis (narrowing of small airways), airway remodelling and 

parenchymal destruction (emphysema/alveolar enlargement, Figure 1A) (1, 3). 

Consequently, these pathologies culminate to rapid and progressive lung function 

decline as illustrated by the modified Fletcher and Peto’s curve (Figure 1B) (1, 4). 

Chronic pulmonary inflammation contributes to structural changes and tissue damage 

that lead to the narrowing of small airways and damage to alveoli resulting in their 

enlargement and emphysema (1). Lung parenchymal destruction also results in the loss 

of alveolar attachments to small airways and reduced lung elastic recoil (1). Together, 

these abnormal changes prevent the ability of the airways to remain open during 

expiration and give rise to airflow limitation (1). However, these features vary greatly 

from person to person. Thus, the severity of the disease varies in each patient afflicted 

with COPD (1).  
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Figure 1.1: Pathological features of COPD. (A) Schematic representation of the 

hallmark pathophysiological features associated with COPD. Exposure to noxious 

particles or gases such as cigarette smoke causes chronic bronchitis, mucus 

hypersecretion, small airway remodelling, alveolar destruction and enlargement of air 

spaces. Collectively, these changes lead to airflow limitation and progressive lung 

function decline that typifies COPD. (B) Modified Fletcher and Peto’s curve showing 

the effect of smoking on lung function. Lung function was assessed by measuring 

forced respiratory volume in 1 seconds (FEV1). FEV1 is defined as the volume of air 

being exhaled forcefully in 1 second. The green curve demonstrates normal lung 

function decline associated with aging in a person who never smoked or is not exposed 

to smoke. In contrast, the red curve shows the typical more rapid lung function decline 

of a COPD patient or smoker. The rate of lung function decline may reduce following 

smoking cessation but does not recover back to normal level in patients who had quit 

smoking (blue curve – stopped at age 45 and orange curve – stopped at age 65). 

Adapted from (3) and (4). 
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1.1.2 Health and socioeconomic burden of COPD 

COPD continues to be an important cause of morbidity, mortality, and 

socioeconomic burden worldwide (1, 5–10). It affects more than 64 million people 

globally (1, 11, 12). In Australia, it is estimated that 2.1 million adults (approximately 1 

in 5 aged over 40) have COPD (13). Of these, over 1.2 million people are affected by 

advanced stage COPD that imposes a significant and debilitating impact on the quality 

of life and productivity (14). It is predicted that by 2050, there will be more than twice 

as many COPD patients in Australia (approximately 4.5 million), with the predicted 

increase affecting both men (from 4.8% to 6.8%) and women (from 6.2% to 8.2%) (14). 

COPD is the leading cause of hospitalisation resulting from a preventable disease, and 

requires an average length of stay of 7.5 days for patients in Australia (15). It is the 

second most expensive disease, with an estimated annual healthcare bill of $98.2 billion 

in 2008 (14). The majority of the costs are attributed to loss of wellbeing, reduced 

quality of life and productivity ($89.4 billion) and the financial cost of managing the 

disease is $8.8 billion (14).  

In Europe, COPD is the second commonest cause of respiratory death and 23 

million adults aged ≥40 years are diagnosed with COPD (16). The overall annual cost is 

estimated at €38.7 billion, with a significant proportion attributed to loss of work 

productivity (€28.4 billion) followed by ambulatory care (€4.7 billion), inpatient care 

(€2.9 billion) and for drugs (€2.7 billion) (16). In the USA, COPD affects 10.2 million 

adults (5.9% of the adult population) (17). COPD was responsible for an estimated 14.2 

million ambulatory visits and 1.4 million emergency department visits (17). It was 

estimated that the direct medical costs of COPD were $14.7 billion (in US dollars) (17). 

This rose to a total of $23.9 billion when indirect costs of $9.2 billion due to morbidity 

(e.g. loss of work productivity) and premature mortality was taken into account (17). 
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However, these costs are likely to be much higher and underestimate the real impact of 

COPD on individuals as they exclude indirect financial burdens of family members who 

care for these patients (18–20). 

COPD is often misdiagnosed and under-reported worldwide (14, 21–25). In a 

cohort, 39 out of 1,224 Australians were diagnosed through spirometry (22), however, 

only 10% had a doctor's diagnosis of COPD (22). Astonishingly, 49% of these COPD 

subjects were initially reported as not being diagnosed with any respiratory condition 

and 35.9% were misdiagnosed with asthma (22). In another study in four Latin America 

countries (Argentina, Uruguay, Colombia and Venezuela), a total of 315 of 1,540 

subjects were spirometrically-diagnosed with COPD (23). There was high prevalence of 

under-diagnosis, whereby 77.5% (244 patients) of these COPD subjects were not 

diagnosed previously and only 36.2% (115 patients) reported to have undergone 

spirometry diagnosis for COPD (23). In England, 1,068 of 8,215 adults (13%) over the 

age of 35 were spirometry-diagnosed with COPD but 80% of these subjects were 

previously reported to have no respiratory diagnosis (24). In another cohort of 2,132 

Canadian patients, 163 patients were diagnosed with COPD by a physician but only 79 

(48.5%) of these patients were confirmed to have COPD by spirometry whilst 51.5% 

(84 patients) were misdiagnosed (25).  

Taken together, these studies clearly highlight the major significance of COPD 

and the burden it imposes on society, healthcare and the economy. Hence, there is an 

urgent need for research to develop effective therapeutic strategies for COPD. 
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1.1.3 Symptoms and diagnosis 

The characteristic symptoms of COPD include chronic and progressive 

dyspnoea (difficulty in breathing), cough and sputum production (1). However, other 

extra-pulmonary symptoms such as cachexia (loss of skeletal muscle mass) weight loss 

and fatigue are common in patients with severe COPD (1). These symptoms also may 

be indicative of other complications, diseases or co-morbidities (e.g. lung cancer) (1).  

COPD is diagnosed and managed based on the established guidelines set out in 

the GOLD report (1). These guidelines enable the severity of disease to be determined 

based on a series of assessments by a physician. These include assessing the patient’s 

family and medical background to identify known risks factors for COPD (e.g. cigarette 

smoking or environmental factors). Physical and medical examinations (e.g. measuring 

airflow limitation and chest X-ray) play a crucial role during clinical assessment and 

subsequent diagnosis of COPD (1). Spirometry is primarily used to objectively measure 

and identify airflow limitation (1). The volume of air forcibly exhaled from the point of 

maximal inspiration (forced vital capacity, FVC) and the volume of air exhaled during 

the first second of this manoeuvre (forced expiratory volume in one second, FEV1) and 

the ratio of these two measurements (FEV1/FVC) are also used (1). The severity of 

COPD is determined based upon the comparison of these spirometry measurements 

with established reference values based on age, height, sex and ethnicity (Table 1.1).  
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Table 1.1: Classification of COPD severity based on GOLD recommended 

spirometric lung function measurements. 

Stage FEV1/FVC 
ratio 

FEV1 Other measures 

1: Mild  <0.70 ≥80% predicted  Mild airflow limitation  
 Chronic symptoms (cough, sputum 

production) may be present 
II: 
Moderate 

<0.70 ≥50% FEV1 
 
<80% predicted 

 Shortness of breath particularly 
upon exertion 

 Chronic symptoms (cough, 
sputum production) sometimes 
present 

 A stage most commonly diagnosed in 
patients when chronic respiratory 
symptoms and/or exacerbations 
become apparent 

III: Severe <0.70 ≥30% FEV1 
 
<50% predicted 

 Greater airflow limitation/ 
obstruction and shortness of 
breath 

 Quality of life is affected (e.g. 
reduced exercise capacity and 
fatigue) 

 Exacerbations occur, are 
difficult to treat and are 
recurrent 

IV: Very 
severe 

<0.70 <30% FEV1 
 
or 
 
<50% predicted 

 Severe airflow limitation and 
risk of respiratory failure 

 Other complications/co-
morbidities often manifest 

 Quality of life is severely 
impaired and exacerbations 
maybe fatal 

Abbreviations: FEV1, forced expiratory volume in one second; FVC, forced vital 

capacity.  

Adapted from The Global Strategy for Diagnosis, Management, and Prevention of 

COPD (updated 2015), Online at www.goldcopd.org/  [Accessed 29th December 2015] 

http://www.goldcopd.org/gold-reports/
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1.1.4 Current therapeutic and management strategies 

1.1.4.1 Smoking cessation 

Among the current interventions, smoking cessation is regarded as the most 

effective at improving COPD patient’s overall health and wellbeing. Although smoking 

cessation success rates are generally low, various studies have shown that with effective 

resources, time and patient management/support the success rate of smoking cessation 

may be as high as 42% in COPD patients and 68% in healthy smokers (26). Moreover, 

the effectiveness of these smoking cessation programs can be greatly improved in 

combination with other therapies (e.g. nicotine replacement therapy (27–30)), 

pharmacotherapy (e.g. varenicline (31) and bupropion (32)) and non-pharmacotherapy 

intervention (e.g. governing policies and counselling).  

Nicotine replacement therapy (e.g. nicotine gum, inhaler, nasal spray, 

transdermal patch, sublingual tablet or lozenge) has been shown to reliably increase the 

success of long-term smoking abstinence rates when compared to placebo (27–30). 

Mild to moderate COPD patients given varenicline had significantly higher continuous 

abstinence rates (42.3%) than those in the placebo group (8.8%) (31). Subjects treated 

with the anti-depressant bupropion also had significantly higher abstinence rates at 12 

months (30.3%) compared to placebo (15.6%) (32). Moreover, another study showed 

that the average 12-month continuous abstinence rates (1.4%) in COPD patients can be 

significantly improved with intensive counselling (6%) and additional pharmacotherapy 

(12.3%) (33). Implementation of higher cigarette prices was also associated with 

reduced cigarette consumption across all income levels in the USA (34). However, 

some of these interventions may have potential side-effects. For example, nicotine 

replacement therapy was contraindicated in certain medical conditions including 

coronary artery disease, myocardial infarction and stroke (35). COPD patients treated 
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with varenicline reported nausea, abnormal dreams, upper-respiratory tract infection and 

insomnia (31). 

 Smoking cessation programs are effective in reducing mortality rates (36). 

Moreover, this beneficial effect is the greatest among those who successfully quit 

smoking (21.7%) (36). COPD subjects who quitted smoking had a marked, but transient 

improvement in FEV1 at 6 weeks and this effect persisted at 12 weeks and was partially 

maintained at 1 year (37).  However, in the same study smoking cessation did not affect 

the appearance of emphysema in upper-zone single high-resolution computerized 

tomography scan images at baseline in 74% of smokers with COPD (28 of 38) and 29% 

of healthy smokers (16 of 55) (37). Although smoking cessation has some beneficial 

effects on COPD patient’s health, it alone cannot reverse the lung pathologies such as 

emphysema and does not restore lung function of COPD patients back to normal levels.   

 

1.1.4.2 Bronchodilators 

Bronchodilators are the mainstay treatment for COPD (38–41). Their principle 

action is to relax the airway smooth muscle, thus, alleviating bronchial obstruction and 

airflow limitation, reducing hyperinflation and improving emptying of the lung of 

COPD patients (38–41). The two major bronchodilators used frequently to manage 

COPD include β2-adrenergic receptor agonists (e.g. formoterol, salmeterol indacaterol, 

salbutamol/albuterol, and fenoterol) and anticholinergics (e.g. tiotropium, ipratropium 

and theophylline) (38–42).  

The β2-adrenergic receptor agonists are divided into two types based on the 

duration of action, namely short-acting (SABA) and long-acting β2-agonist (LABA) 

(38). Albuterol and levalbuterol are examples of SABA while LABAs include 

formoterol, salmeterol and indacaterol (38). The bronchodilatory effects of SABA range 
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from 4 to 6 hours, whilst LABAs last for up to 12 or more hours. SABAs are often 

given as reliever medications to provide quick relief for breathlessness (42). Regular use 

of SABAs has been shown to improve lung function (increased in FEV1) and daily 

breathlessness score, but not exercise performance in patients with stable COPD 

compared to placebo (42). LABAs are regarded as maintenance drugs because they 

provide longer-lasting relief to patients on a day-to-day basis. They induce significant 

improvements in FEV1, lung volumes (e.g. forced vital capacity [FVC]), improve 

morning and evening peak expiratory flow rates, reduce respiratory symptoms and 

exacerbations and improve quality of life (41, 43, 44). Interestingly, a large randomised, 

double-blind, placebo-controlled study suggested that LABAs may reduce the rate of 

decline of post-bronchodilator FEV1 in patients with GOLD stage II COPD (45).  

Anticholinergic medications used currently to treat COPD are also divided into 

two types based on the duration of action, namely short-acting (SAMA) and long-acting 

muscarinic antagonist (LAMA). Oxitropium bromide is an example of a SAMA while 

LAMAs include procaterol hydrochloride, acclidinium, tiotropium and glycopyrronium. 

The bronchodilating effects of SAMAs generally last longer than SABAs, where some 

apparently may last up to 8 hours (46). On the other hand, the bronchodilating effects of 

LAMAs such as acclidinium and tiotropium have been reported to last at least 12 hours 

and more than 24 hours, respectively (47–49). A 4-year study showed that mild to 

moderate COPD patients on therapy with tiotropium had improved lung function 

(FEV1), quality of life and reduced hospital visits due to respiratory exacerbations (50). 

The Understanding Potential Long-Term Impacts on Function with Tiotropium 

(UPLIFT) study showed that tiotropium appeared to reduce the rate of decline of post-

bronchodilator FEV1 and health-related quality of life in patients with GOLD stage II 

COPD (51). Conversely, others did not find reduced rates of decline of post-
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bronchodilator FEV1 following 4-year therapy with tiotropium in patients with COPD 

(50). Nevertheless, muscarinic antagonists appear to be more effective in preventing 

COPD exacerbations and potentially reduced mortality rates compared to β2-agonists 

(52–54).  

The use of bronchodilators is associated with adverse effects, particularly in 

cardiovascular and muscular disorders. β2-agonist bronchodilators may affect muscles 

in the heart. Thus, susceptible patients may develop sinus tachycardia, palpitations and 

cardiac rhythm disturbances (55, 56). Moreover, older patients (majority of COPD 

patients) may have lower tolerance to high doses of β2-agonists, which may cause 

somatic tremors (57). Similarly, muscarinic antagonist bronchodilators are also linked 

to increased risk of cardiovascular events in COPD patients (56, 58, 59). In a recent 

study, it was found that 6,234 patients out of 82,717 COPD patients treated with 

ipratropium developed cardiovascular events, with 44% heart failure, 28% acute 

coronary syndrome and 28% dysrhythmia (58). Ipratropium treatment was also 

associated with increased risk of respiratory death in COPD patients (59). Hence, 

despite being regarded as the mainstay treatment, only a few studies have shown that 

bronchodilators have beneficial effects, with most showing limited benefits on lung 

function. Moreover, bronchodilators did not have any effect on the severity or 

progression emphysema and have been associated with adverse effects in COPD 

patients. 

 

1.1.4.3 Corticosteroids 

Corticosteroids are glucocorticoids that bind to glucocorticoid receptors to 

induce potent, non-discriminatory anti-inflammatory effects. Given that systemic and 

local inflammation plays an important role in the pathophysiology of COPD, it is not 
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surprising that oral (e.g. methylprednisolone and budesonide) or inhaled (e.g. 

fluticasone propionate and triamcinolone) corticosteroids have been the cornerstone of 

anti-inflammatory therapy for COPD patients, in particularly those treated for recurrent 

exacerbations  (60–65). However, the use of these steroids in stable COPD remains 

controversial due to limited evidence on its long-term effects and potential drug 

toxicity. Six out of 46 patients with stable COPD had increased FEV1 ranging between 

29 to 50% compared to placebo during a two-week course of methylprednisolone (62). 

Combination therapy of inhaled budesonide and formoterol increased FEV1 (~15%) and 

improved morning peak expiratory flow in patients with moderate to severe COPD over 

a 12-month period (64). In the Towards a Revolution in COPD Health (TORCH) trial, 

COPD patients treated with a combination of fluticasone propionate and salmeterol also 

had an average increase of 0.029L in FEV1 (mean baseline of 1.236L) as compared to 

placebo group that showed a decrease of 0.062L in FEV1 (mean baseline 1.257L) over a 

3-year period (65). However, it must be noted that the use of corticosteroids increased 

the risk of pneumonia in COPD patients (66). 

In contrast to these studies, others have shown that treatment of corticosteroids 

did not have any beneficial effects on lung function or mortality rates of COPD patients 

(67–70). Two weeks of treatment with prednisone daily did not improve pulmonary 

symptoms or function in 16 patients with COPD (67). Moreover, treatment with 

methylprednisolone daily also did not produce any significant improvement in 

spirometric parameters or minute ventilation, oxygen consumption, carbon dioxide 

production or heart rate during incremental exercise in 13 patients with clinically 

diagnosed stable COPD (68). In addition, a study also reported that there was no 

significant improvement or change in the rate of decline of FEV1 in 290 patients with 

mild to moderate COPD following daily budesonide treatment for 6 months, followed 



13 

 

by twice daily for 30 months (69). Inhaled triamcinolone also did not affect the rate of 

decline in FEV1 in 559 patients with COPD compared to 557 in the placebo group (70). 

However, it was reported that secondary symptoms (e.g. airway reactivity and 

respiratory symptoms) were improved and physician visits due to respiratory 

illness were reduced following triamcinolone treatment (70).  

These discrepancies among studies with corticosteroids may be due to previous 

studies overestimating the number of COPD patients who might benefit from 

corticosteroids and bias resulting from the selection of severely obstructed subjects (67). 

The use of corticosteroids should also be weighed against potential long-term adverse 

effects. Chronic use of corticosteroid is associated with various side-effects in patients 

including hyperglycaemia, myopathy, hypertension, oral candidiasis, pneumonia and 

osteoporosis (70–73). Thus, the use of corticosteroids as a therapy for COPD remains 

controversial due to discrepancies between studies, limited evidence of long-term 

benefits and potential drug toxicity issues. In addition, high doses of corticosteroids are 

often required to achieve a relatively small beneficial effect on lung function, which 

appears to be restricted to certain COPD patients. 

 

1.1.4.4 Combination therapy 

Therapy using a combination of medications (components) with different 

mechanisms (e.g. β2-agonist with muscarinic antagonist), durations (e.g. short-acting 

with long-acting bronchodilators) and drugs (e.g. corticosteroids with bronchodilators) 

have also been touted to be more effective than single component therapy for COPD 

(65, 72, 74–76). It was shown that an add-on dose of fenoterol (SABA) following 

tiotropium (LAMA) maintenance therapy significantly improved FEV1 and peak FVC in 

60 COPD patients (FEV1 40% of predicted) compared to tiotropium only therapy (74). 



14 

 

In addition, a recent study also showed that combination therapy of SABA and/or 

SAMA with LAMA in stable COPD patients significantly improved airflow limitation, 

dynamic hyperinflation and exercise capacity compared to placebo treated with LAMA 

(75). Moreover, a randomised controlled trial showed that combining fluticasone 

(inhaled corticosteroid) with salmeterol (LABA) was more effective than individual 

component therapy in improving lung function (increased FEV1), health-related quality 

of life and dyspnoea among COPD patients in two independent, randomised trials (65, 

72, 76). However, combination therapy did not significantly alter the rate of mortality of 

COPD patients (65) and may be associated with an increased risk of oral candidiasis 

and  pneumonia (66, 72). The long-term benefits of these combinations remain unclear 

as there is a lack of long-term clinical studies. Hence, more long-term studies on the 

effects of combination therapies are required to define long term effects. Indeed, such 

studies will help to determine whether these therapies are effective in managing and 

alleviating symptoms in COPD patients. 

 

1.1.4.5 Other interventions 

Lung volume reduction surgery has been proposed as a surgical intervention for 

patients with severe emphysema. This procedure involves the resection of parts of 

emphysematous lung tissue from both left and right sides to reduce hyperinflation and 

increase airflow. The benefits of lung volume reduction surgery include improved lung 

function (reduced lung volume and increased FEV1) and increased exercise tolerance 

(77, 78). However, in a large, randomised clinical trial patients with very severe 

emphysema (an FEV1⩽20% of predicted with either a homogenous distribution of 

emphysema or a carbon monoxide diffusion capacity <20% of predicted) who 
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underwent this procedure were at higher risk of death and had only minor respiratory 

improvements/benefits (78). However, these patients did have very severe disease. 

Lung transplantation (single or bilateral) is an intervention for patients with 

severe COPD who remain symptomatic despite optimal therapy (79–81). When 

performed in selected patients, lung transplantations greatly improved lung function, 

health-related quality of life and survival (79–81). This intervention was, however, 

limited to strict eligibility criteria that increased the likelihood of favourable post-

transplant outcomes (79–81). Transplant patients are normally required to undergo 

immunosuppressive therapy to prevent chronic allograft dysfunction (82). This is likely 

to predispose to other complications including opportunistic infection, obliterative 

bronchiolitis, pulmonary hypertension and malignancy (82). 

Oxygen therapy, antibiotics, vaccines and mucolytic are among other 

interventions use in COPD (77, 83–87). Supplemental oxygen therapy has been 

associated with increased survival, improved exercise tolerance and better health-related 

quality of life (77, 83). Both antibiotics and vaccines are prescribed to reduce the 

exacerbation rate in COPD patients (84–87). Mucolytic agents may be useful in certain 

COPD patients with viscous sputum production (88). The overall benefits of these 

interventions are, however, controversial and their long-term benefits on patient health 

are debatable until much larger clinical trials are performed to assess these therapeutic 

options for COPD. 

Taken together, the current therapies and management of COPD are largely 

ineffective. Most provide symptomatic relieve to COPD patients but do not target/alter 

the underlying causal factors that drive the pathogenesis of COPD. Moreover, these 

therapies also provide limited beneficial effects on lung function and do not reverse 

lung structural pathologies, namely emphysema, in COPD patients. Surgical 
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intervention and lung transplantation are treatments for COPD. However, these 

practices are generally limited and impractical in healthcare. In addition, they may also 

predispose patients to increased risk of lung infections and mortality. Thus, there is a 

serious lack of effective treatments for COPD and urgent research is needed to identify 

and develop effective therapeutic interventions. 

 

1.1.5 Risk factors 

1.1.5.1 Cigarette smoke 

It is estimated that tobacco and cigarette use leads to 5.4 million deaths a year 

and accounts for 10% of adult mortality worldwide (89). If this is left unchecked, 

tobacco-related mortality is predicted to increase to more than 8 million a year by 2030 

(89). Moreover, 80% of these deaths will occur in developing countries (89). In China 

tobacco is responsible for 12% of mortality in middle aged men with projections 

suggesting that this rate could increase to 33% in 2030 (90). In addition, in India 

approximately 195 million people (30% of the population) either smoke or chew 

tobacco (91). In 2010, smoking caused around 930,000 adult mortalities in India, where 

approximately 70% of the deaths (90,000 women and 580,000 men) are in the 30-69 

year old age group (92).  

COPD is a major and growing cause of morbidity and mortality in both 

developed and developing countries and cigarette smoke (CS) is widely regarded as an 

important causative factor (93). It was traditionally viewed that 15% of smokers would 

developed COPD (94). However, new evidence shows that this may be an 

underestimate and that most smokers will develop lung function impairment due to 

COPD (95–97). It was recently shown that one in two (50%) life-long smokers 

developed COPD based on the GOLD guidelines (97). Hence, it is clearly established 
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that CS is a major risk factor for COPD, with disease developing in at least one in two 

life-long smokers if they choose to continue smoking. Nevertheless, other factors are 

emerging to be associated with increased risk of developing COPD.  

 

1.1.5.2 Air pollution 

Air pollution can be split into two categories; outdoor and indoor (98). Outdoor 

air pollution is largely due to emissions of air pollutants from motor vehicles and heavy 

industries, whilst indoor air pollution is caused by environmental tobacco smoke 

exposure (passive smoking), wood smoke, household products with volatile organic 

compounds and biological allergens (e.g. dust) (98). Air pollution is known to have an 

adverse effects on lung development in young children (aged 10-18 years) (99, 100). A 

few studies associated outdoor air pollution with the risk of developing COPD (101–

105). A study showed that women living within a radius of 100m to a major road are 

exposed to significantly higher levels of nitrogen dioxide (air pollutants from motor 

vehicles) (103). These women are at greater risk of developing impaired lung function 

(increased FEV1 and FVC) and COPD (103). Moreover, a decreased in prevalence of 

COPD was associated with improved air quality with decreasing nitrogen dioxide 

pollution (104). There was also an increase in COPD incidence among men living close 

to busy roads (105). This was associated with increased exposure to hazardous air 

pollutants such as nitrogen dioxide (105). 

Limited data are available on the effect of indoor pollution on the development 

of COPD. A systematic review and meta-analysis found positive associations between 

biomass fuel smoke exposure and COPD (106). Exposure to wood smoke while 

performing domestic work also presents as a risk factor for COPD and chronic 

bronchitis (106). Moreover, a study showed that adults with COPD exposed to higher 
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levels of second hand CS had poorer physical health and lower quality of life (107). 

There was insufficient evidence to attribute air pollution as the causative factor for 

COPD due to the lack of long-term studies with objective spirometric measurements 

(98). This will require further follow up and long term studies with subjects from birth 

to over 60 years of age with serial assessment of their exposure to outdoor air pollutants 

in relation to their lung function (98). 

 

1.1.5.3 Occupational exposure 

Occupational exposures have been casually implicated as a risk factor for 

COPD. A systematic epidemiological review conducted by the American Thoracic 

Society concluded that approximately 15% of COPD may be attributable to 

workplace/occupational exposures (108, 109). These exposures include inorganic dust, 

wood dust, vapours, fumes, gases and irritants (110–113). A study reported that there 

was increased COPD risk and mortality among construction workers due to 

occupational exposure to vapours, gases, fumes and dust (110–112). Moreover, the 

Swiss Cohort Study on Air Pollution and Lung and Heart Diseases in 

Adults (SAPALDIA) reported that high levels of exposure to occupational vapours, 

gases, dusts and fumes were associated with a 2- to 5-fold higher incidence of GOLD 

Stage II or greater COPD (113).  

 

1.1.5.4 Genetic factors 

The prevalence of COPD was much higher in smoking siblings of patients with 

severe COPD (31.5%) when compared to current or ex-smoking siblings without a 

known family history of COPD (9.3%) (114). This highlights a significant familial risk 

of airflow limitation and COPD. Currently, the only known and well documented 
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genetic risk factor for COPD is homozygosity for the Z allele of the alpha 1-antitrypsin 

gene (115–117). Alpha 1-antitrypsin mutation was diagnosed in 48 out of 328 (14.63%) 

Central Eastern European COPD patients (117). In addition, several single nucleotide 

polymorphisms (SNPs) have been associated with increased risk of COPD (118–121). 

Two SNPs in the promoter region of transforming growth factor (TGF)-β1 (rs2241712 

and rs1800469) and one SNP in exon 1 of TGF-β1 (rs1982073) were found to be 

significantly associated with COPD (119). Six SNPs in the Serpin peptidase inhibitor, 

clade E (SERPINE2, [nexin, plasminogen activator inhibitor type 1], member 2) gene 

demonstrated significant associations with COPD phenotypes in family-based 

association analysis (120). In a separate study, eight SNPs (rs1438831, rs7579646, 

rs840088, rs7562213, rs920251, rs3795877, rs6747096 and rs3795879) of SERPINE2 

were also found to be strongly associated with COPD (121). Moreover, a functional 

SNP variant in the promoter region of the gene encoding matrix metalloproteinase 

(MMP)-12  (rs2276109 [−82A→G]) was strongly associated with reduced lung function 

(FEV1) in a cohort of adult former and current smokers (122). 

 

1.1.5.5 Other risk factors 

Lung growth and development are vital processes that occur during gestation, 

birth, and early adolescence/childhood life. Any factors (e.g. lung infections and 

maternal smoking) that interfere lung growth during gestation and childhood may have 

dire consequences and potentially increase the risk of developing COPD in later life 

(123). Bronchitis or pneumonia during infancy was associated with reduced FEV1 in 

later life (adult) (123). This was in association with an increased odds ratio of wheezing 

and persistent sputum production in adult life (123). Moreover, maternal smoking 

during pregnancy was prevalent in prematurely born children with lower birth weight 
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and impaired respiratory function (increased residual volume [RV] and residual 

volume/total lung capacity [RV/TLC]) (124). We also showed that early-life respiratory 

infections predispose mice to chronic lung diseases in later-life (125–131). 

Controversially, asthma or airway hyperresponsiveness (AHR) has been 

identified as a risk factor for the development of COPD. In a cohort of 3,099 adult 

subjects, adults with asthma were found to have 10-times-higher risk for acquiring 

symptoms of chronic bronchitis, 17-times-higher risk of developing emphysema and 

12.5-times-higher risk of acquiring COPD over time compared to those without asthma 

(132). In another study, 16% of asthmatics developed irreversible airway obstruction 

and reduced transfer coefficient (carbon monoxide transfer factor/alveolar volume, 

<80% predicted), both of which are characteristics of COPD (133). Interestingly, AHR 

was the second (15–17% of cases) only to CS (29-39% of cases) a risk factor for COPD 

in the European Community Respiratory Health Survey (ECRHS) (134).  

Socioeconomic status is also a possible risk factor for the development of COPD 

(135). In the Copenhagen City Heart Study, improved FEV1 and FVC were associated 

with increased levels of education and household income (135). Moreover, household 

income and socioeconomic index were predictors of hospital admission due to COPD, 

whereby the risk was three-fold higher in the lowest socioeconomic group compared to 

the higher socioeconomic group (135). However, it is unclear whether this association 

was influenced by other factors related to low socioeconomic status such as exposures 

to indoor and outdoor air pollutants, crowding, poor nutrition and infections. 

Nevertheless, a study suggested that men with no schooling had 5.6 times higher 

unadjusted odds of smoking, whilst in women the unadjusted odds were 41 times higher 

for smoking (91).  
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Taken together, these studies clearly show that various risks and factors 

contribute to the pathogenesis of COPD. Nevertheless, CS remains the most significant 

and important risk. Contrary to the traditional view (15% of smokers developed COPD), 

recent studies have emerged that suggest that COPD will develop in 50% (one in two) 

of life-long smokers. Thus, there is an urgent need to further investigate and elucidate 

the immunological and cellular processes that are activated and regulated by CS 

exposure. Elucidating critical immunological pathways that govern the pathophysiology 

and immunopathology in CS-induced pathogenesis of COPD will provide new insights 

into the underlying mechanisms and identify new avenues for therapeutic development. 

 

1.1.6 Pathogenesis of COPD 

1.1.6.1 Pathophysiology 

COPD is a term given to a series of pathological changes that collectively cause 

chronic airway limitation and breathing difficulties (93, 136–141). The pathologies of 

COPD include chronic pulmonary inflammation (chronic bronchitis), mucus 

hypersecretion, thickening and narrowing of the airways (chronic obstructive 

bronchiolitis), destruction of the pulmonary parenchyma and alveolar enlargement 

(emphysema) (93, 136–141). These pathologies lead to rapid lung function decline that 

progressively worsen with severity of disease (93, 136–141). As a result, COPD patients 

suffer rapid impairment of lung function that leads to severe disability (impaired 

productivity and quality of life) and ultimately death.  

COPD primarily affects the lower airways and lung parenchyma. Exposure of 

the airways to noxious irritants, result in an ongoing inflammatory response causing 

repeated cycles of injury and repair leading to fibrosis and airway remodelling. This 

induces the airways to become thickened and narrowed (93, 136–141). Over time 
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airway epithelial cell thickening (hypertrophy), increased cell numbers (hyperplasia) 

and goblet cells metaplasia, that lead to excess mucus secretion (142). Chronic 

inflammation also causes the alveolar spaces to enlarge while the surrounding 

parenchymal tissue collapses due to loss of elastic tissue attachment (93, 136–141). 

These pathologies, coupled with impaired mucocilliary clearance, causes airflow 

limitation and impairs gaseous exchange in the lungs. Consequently, this leads to the 

symptoms of dyspnoea, decreased lung perfusion, difficulties in breathing, chest pain 

and chronic cough following sputum accumulation (93, 136–141).  

Alveolar enlargement, commonly referred as emphysema, is one of the 

characteristic features of COPD (138, 143–148). It refers to increases in alveolar size 

caused by excessive tissue destruction, loss of tissue elastic recoil and connective 

attachments that support the alveolar wall (138, 143–148). Several studies show that 

emphysema is a significant predictor of mortality in patients with COPD (143, 148–

150). COPD patients with emphysema have more severe lung function impairment, 

lower body-mass index and fat-free mass index and poorer quality of life (144, 147). 

Emphysema is also strongly associated with greater smoking history (>21 pack-years) 

(144). The mechanisms that induce these pathological changes are not fully understood, 

but may involve the induction of programmed cell death or apoptosis (138, 145, 151–

153). Consequently, symptoms of pulmonary distress, shortness of breath, fatigue and 

difficulties in breathing often arise due to impaired gaseous exchange and lung function 

(e.g. increased total lung capacity, increased compliance and decreased pulmonary 

resistance) (93, 136–141).  
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1.1.6.2 Immunopathology 

1.1.6.2.1 Airway epithelium 

The lining of epithelial cells along the airways are constantly exposed to the 

external environment (138, 154–158). Traditionally, the airway epithelium has been 

regarded as an important physical barrier to potential infectious agents and inhaled 

noxious particles, including CS (138, 154–158). However, it is emerging now that the 

airway epithelium plays an active role in protecting against the effects of exposures by 

acting as a physiochemical barrier in lungs. Various studies have shown that airway 

epithelial cells initiate and augment pulmonary inflammatory mechanisms by producing 

and secreting a wide array of immune mediators (138, 154–158). These mediators 

include pro-inflammatory cytokines, chemokines and other factors that are associated 

with COPD or CS exposure (138, 154–157). Exposure to CS leads to significantly 

increased pro-inflammatory cytokine production, including tumour necrosis factor 

(TNF)-α, interleukin (IL)-1β and IL-6, in human bronchial epithelial cells isolated from 

healthy subjects and/or patients with COPD (155, 159, 160). In addition, the level of 

TNF-α is also elevated in the sputum of patients with COPD compared with  smoking 

and non-smoking control subjects (161). Numerous studies have shown that CS also 

induces the production of potent neutrophil chemoattractants such as IL-8 or chemokine 

(C-X-C motif) ligand (CXCL)8 in human bronchial epithelial cells isolated from 

healthy and/or patients with COPD (162–165). Moreover, airway epithelial cells are 

important sources of chemokine (C-C motif) ligands (CCLs). These chemokines 

including CCL2 (also known as monocyte chemotactic protein [MCP]-1), CCL3 (also 

known as macrophage inflammatory protein [MIP]-1α) and CCL20 (also known as 

MIP-3α) are increased in the sputum of COPD patients (166–169). Interestingly, 

previous studies also showed that TNF-α plays a central role in mediating and 
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regulating the release of other pro-inflammatory chemokines such as CXCL8, CCL2 

and CCL3 (170, 171). 

 

1.1.6.2.2 Alveolar macrophages 

A combination of pro-inflammatory cytokine and chemokine production and 

secretion in the lungs leads to the recruitment of both innate and adaptive immune cells 

into the airways and lung (93, 136–141). This further amplifies and aggravates chronic 

pulmonary inflammation. Resident (alveolar) macrophages make up the greatest 

percentage (95%) of immune cells in the normal healthy lung. Like airway epithelial 

cells, these macrophages are also constantly exposed to external stimuli from the 

environment due to their localisation in the alveolar wall/septa (172–174). Studies show 

that alveolar macrophages may be an important source of TNF‐α (175, 176) and CS 

increases the production and secretion of TNF‐α (161, 177). Alveolar macrophages 

from COPD patients also release significantly elevated levels of IL‐8 at steady state 

whilst stimulation with IL‐1β and CS extract lead to a further increased in secretion of 

IL-8 from both smokers and patients with COPD (178). Moreover, sputum macrophages 

from COPD patients had increased messenger ribonucleic acid (mRNA) expression and 

protein levels of CCL2, CCL7 and CCL22 (179). 

Others also have shown that the function of alveolar macrophages may be 

compromised or impaired by CS or in patients with COPD (172, 180–182). In 

phagocytosis assays with alveolar macrophages from COPD patients, these cells had 

significantly reduced capacity to ingested apoptotic airway epithelial cells compared 

with controls (172). In addition, the phagocytosis of Escherichia coli by alveolar 

macrophages from COPD patients were also reduced compared to non-smoking or 
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smoking patients (180). Following stimulation with lipopolysaccharide (LPS), alveolar 

macrophages from CS-exposed mice were also shown to produce significantly reduced 

levels of the inflammatory cytokines (TNF-α and IL-6) and these effects were not 

associated with survival or viability of cells (181). These findings may in part explains 

the predisposition of COPD patients to increased risk of infectious exacerbations (183–

186). 

 

1.1.6.2.3 Peripheral blood monocytes/macrophages 

Importantly, both alveolar macrophages and airway epithelial cells can initiate 

and potentiate the recruitment and influx of inflammatory cells from pulmonary 

vasculature into the alveolar space (187–189). Cytokines and chemokines such as 

CCL2, CCL3, CCL7, CCL12, CCL22 and CXCL8 are known to be potent 

chemoattractants of peripheral blood monocytes and/or neutrophils and these factors are 

increased in the lungs of smokers and COPD patients (162–169, 179, 190). We, and 

others, have previously showed that CS induced a significant increase in total number of 

leukocytes in bronchoalveolar lavage fluid (BALF) and that this was largely associated 

with increased numbers of infiltration of peripheral blood monocytes and neutrophils 

into the lungs (186, 191–193). Moreover, CS increased the surface expression of cluster 

of differentiation (CD)11b on peripheral blood monocytes (also known as Mac-1) that 

potentiated adherence of monocytes to endothelial cells and trafficking into the lungs 

(194). These CD11b+ peripheral blood monocytes or macrophages were associated with 

pulmonary inflammation induced by acute exposure (~4 days) to CS exposure and were 

implicated in mouse model of spontaneous chronic lung disease (e.g. unchallenged 

chronic pulmonary inflammation and emphysema) (195, 196).  
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Both alveolar macrophages and infiltrating blood peripheral monocytes are 

known to have the capacity to synthesise and secrete various elastolytic enzymes, in 

particular MMP-2, MMP-9 and MMP-12 (also known as macrophage elastase) (197, 

198). These MMPs were shown to be increased in experimental models and human 

COPD (122, 192, 195, 199–201). However, recent studies suggested that CS exposure 

suppressed the activity of extracellular MMP-2 (202) whilst the expression of MMP-9 

did not correlate with emphysema severity in humans (203). In contrast, mice deficient 

in macrophage elastase (MMP-12) were protected against chronic (six month) CS-

induced increases in the numbers of macrophages in lungs and CS-induced emphysema 

(199). This was also supported by findings from our laboratory and others that showed 

the expression of MMP-12 was concomitantly increased in mice that developed 

emphysema (192, 195, 201). Moreover, the levels and/or enzymatic activity of MMP-12 

in BALF and sputum were increased in patients with COPD (204, 205). Interestingly, 

individuals with gain-of-function SNP of the gene MMP-12 (e.g. homozygous for the 

A/A allele of rs652438) were over-represented among patients with severe COPD (206) 

whilst loss-of-function SNP of MMP-12 (e.g. minor allele of rs2276109) was associated 

with protection and reduced risk of COPD in adult smokers (122).  

 

1.1.6.2.4 Neutrophils 

Neutrophils are key participants in chronic inflammation and sources of various 

pro-inflammatory factors, including TNF-α, IL-1β, IL-17A, chemokines (e.g. CCL2 and 

CCL3) and proteases (e.g. neutrophil elastase) (170, 207–209). Importantly, neutrophils 

are also often observed in high numbers in the sputum of COPD patients (210–213). 

Moreover, various neutrophil-associated inflammatory mediators, including human 

neutrophil peptides, neutrophil elastase, IL-8 and MMP-9 are increased in COPD 
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sputum samples (214). These inflammatory mediators were also associated with lung 

function decline (reduced FEV1) (214). Interestingly, intratracheal (i.t) administration of 

human neutrophil elastase induced tissue destruction and alveolar enlargement in mice 

(215), and CS-induced recruitment of monocytes and neutrophils were impaired in the 

absence of neutrophil elastase (216). It has also been shown that neutrophil elastase 

promoted inflammation by inducing the expression of IL-8 mRNA in human alveolar 

epithelial cells in vitro (217). These studies demonstrated the importance of neutrophils 

in mediating chronic inflammation and alveolar enlargement in COPD. Infiltrating 

neutrophils and peripheral blood monocytes may be important during the acute phase of 

the disease or in response to CS exposure. These infiltrating immune cells can 

potentiate and aggravate pulmonary inflammation further by secreting various 

inflammatory cytokines and chemokines, which in turn attract even more inflammatory 

cells into the lungs and further promote the ‘vicious cycle’ of pulmonary inflammation.  

 

1.1.6.2.5 Dendritic cells 

Various studies have also implicated dendritic cells (DCs) in the pathogenesis of 

COPD (169, 218–220). DCs are often referred as professional antigen presenting cells 

that link and orchestrate innate and adaptive immunity (169, 218–220). These cells are 

mainly found localized close to mucosal surfaces (e.g. airway epithelium) and act as 

sentinels by sampling constituents or stimuli from the external environment and that 

breach the mucosal barrier (169, 218–220). The numbers of CD83+ cells and expression 

of CD207 mRNA (markers associated with mature DCs) were increased in patients with 

COPD (169). Moreover, human monocyte-derived and murine lung-derived DCs 

exposed to CS exhibited increased survival in vitro (169). In another study, CS extract 

was also shown to induce the mRNA expression and secretion of pro-inflammatory 
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chemokines CCL3 and CXCL2 in DCs in vitro (221). CS exposure also increased the 

expression of CCL20 (potent DC chemotactic factor) and consequently resulted in the 

accumulation and activation of DCs in the lung of mice (222). In contrast, others also 

reported that the numbers of DCs were either not altered or reduced in the airways of 

patients with COPD (223). In addition, studies also showed that there was increased 

accumulation of immature DCs in the lungs of COPD patients, which may suggest 

impaired activation and function of DCs (224–226). This may play a significant role in 

increased susceptibility of COPD patients to infectious exacerbations (85, 184, 185, 

227, 228). Nevertheless, the role and underlying mechanisms of DCs in the 

pathogenesis of COPD remains poorly understood.  

 

1.1.6.2.6 CD4+ and CD8+ T cells 

CD4+ and CD8+ T cells have been shown to be increased in the lungs of patients 

with mild to severe COPD (229–232). However, others have reported that either CD4+ 

T, CD8+ or both T-cell subsets were not altered in the sputum of patients with COPD 

(232–234). These discrepancies between studies may be in part due to T cells being 

prone to apoptosis in COPD (235–237). Nevertheless, CS condensate was shown to 

activate CD8+ T cells isolated from COPD patients and led to increased release of IL-

1β, IL-6 and TNF-α (238). These cytotoxic CD8+ T cells have the potential to release 

cytotoxic granules and express apoptosis-inducing ligands (e.g. Fas) (239), that can 

damage epithelial and endothelial cells in the lungs and airways. Interestingly, adoptive 

transfer of CD4+ or CD8+ T cells sensitised to antigens expressed on alveolar or 

endothelial epithelial cells led to lung injury and development of COPD in mice (240, 

241). Notably, transfer of T cells from the lungs of CS-exposed mice into mice deficient 
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in Rag2 (deficient of adaptive immune cells) led to increased pulmonary inflammation 

and emphysema (242).  

 

1.1.6.2.7 Natural killer and gamma delta T cells 

In recent years, natural killer (NK), natural killer T (NKT) and gamma delta 

(γδ)T cells have been implicated in the pathogenesis of COPD. NK and NKT cells are 

important subsets of lymphocytes with protective functions against infections and 

cancer (243, 244). These cells are important sources of interferon (IFN)-γ and IL-17, 

both of which are known to be important in the pathogenesis of COPD (245, 246). 

 However, the role of NK cells in COPD patients is controversial and there is a lack of 

studies that focused on the role of NKT cells in COPD. A few studies have suggested 

that the numbers of peripheral NK and NKT cells were either not altered or reduced in 

COPD patients compared to healthy subjects (247, 248). In addition, the cytotoxic and 

other functions of these NK and NKT cells were also reduced (247, 248). In contrast, 

more recent studies found that the numbers of activated NK and NKT-like cells were 

significantly increased in COPD patients (246, 249, 250).  

The role of γδT cells remains unclear in the context of COPD. One study did 

show that the numbers of γδT cells were significantly increased in the lung of smokers 

and their function may be impaired in smokers with COPD (234). In contrast, the 

numbers of γδT cells were shown to be reduced in the sputum and BALF of COPD 

patients and their relative numbers did not correlate with FEV1/FVC in COPD (230). 

However, studies are emerging to show that γδT cells may be protective in other chronic 

lung diseases, namely asthma and idiopathic pulmonary fibrosis (IPF) (251–254). Thus, 

more detailed studies are required to elucidate the exact role(s) of these immune cells in 

pathogenesis of COPD.  
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1.1.6.2.8 Mast cells 

Mast cells are innate immune cells that have critical roles in the pathogenesis of 

allergic and non-allergic disorders in chronic lung diseases, including asthma, 

pulmonary fibrosis and recently COPD (255–260). These immune cells produce and 

secrete potent immune mediators, including pro-inflammatory cytokines (e.g. TNF-α 

and IL-1β), chemokines (e.g. IL-8 and CCL2) and mast cell-restricted proteases such as 

mast cell-specific protease-6 (mMCP-6) and -7, and Prss31 in mice and tryptase- and -

in humans (191, 261–264). The numbers of mast cells were reported to be increased in 

COPD patients and associated with lung function impairment (257, 258). Studies from 

our laboratory also showed that mast cell proteases are critical in the induction and 

trafficking of macrophages in an experimental model of COPD (191, 261). Importantly, 

mice deficient in these mast cell proteases had reduced inflammation, alveolar 

destruction and airway remodelling following chronic CS exposure (191, 261). 

Although the underlying mechanism is not fully understood, these studies clearly 

demonstrate the importance of mast cells and their mediators during the pathogenesis of 

COPD. 

 

1.1.7 Relevance for further investigation into COPD pathogenesis 

Taken together, all of these studies have made important insights and 

advancement of the understanding of COPD pathogenesis at the cellular level. 

However, the underlying immunological and destructive processes that mediate the 

development of the disease remain poorly understood. In contrast to asthma 

management, there are only a few therapeutic options for drug treatment for COPD. 

Given the global impact of COPD on healthcare and socioeconomic burdens, there is an 
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urgent need to identify and develop new treatments for COPD. As discussed earlier, 

current therapies only provide symptomatic relieve to COPD patients and do not reduce 

the progression of the disease.  

Therefore, a better understanding of the cellular and molecular mechanisms of 

the underlying disease processes is required to identify and develop new and effective 

treatments for COPD. In this thesis, the molecular and immunological mechanisms of 

COPD will be investigated and explored through a combination of the use of our CS-

induced mouse model of COPD and analysis of pre-existing microarray gene expression 

data from human. After a systematic and rational review of the literature, this thesis 

focusses on investigating the role of Tumour necrosis factor-related apoptosis-inducing 

ligand (TRAIL) and Toll-like receptors (TLRs) in the pathogenesis of COPD. These 

immune factors are known to be important in other inflammatory disorders and chronic 

lung diseases such as asthma and pulmonary fibrosis. 

 

1.2 Tumour necrosis factor-related apoptosis-inducing ligand 

TRAIL is a member of the TNF family of cytokines and was first described 

based on its sequence homology to other members of the TNF family (265–267). The 

TNF superfamily, which also includes TNF-α and Fas ligands, is a small subset of pro-

apoptotic protein ligands that induces cell death or apoptosis upon binding to death 

receptors on the cell surface (265–267). TRAIL is a type II transmembrane protein and 

also known as apoptosis ligand 2 or TNF superfamily member 10 (TNFSF10) (265–

267). 

 TRAIL first became of interest due to its unique ability to target and induce 

apoptosis in cancerous cells whilst leaving healthy cells relatively unharmed (268–270). 

In humans, the expression of TRAIL appears to be restricted to certain specific cells or 
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tissues whilst its receptors are expressed in a wide range of tissues (265, 271, 272). 

Immunohistochemistry staining revealed that TRAIL and its receptors are expressed on 

various lung cells, including lung bronchial epithelial cells, alveolar septa and vascular 

endothelial cells (271, 272). Moreover, TRAIL and its receptors are expressed on the 

cell surface of various immune cells such as monocytes/macrophages, neutrophils, DCs 

and T cells (273–277). In addition, TRAIL and its receptors are also expressed by a 

variety of extra-pulmonary tissues, including brain neurons, cardiomyocytes, liver 

hepatocytes and gut mucosa (271). In contrast, TRAIL and its receptors are largely not 

detectable in certain ‘immuno-privileged’ sites including placental tissue, kidney 

glomeruli and testis sertoli cells (271, 278).  

 

1.2.1 TRAIL receptors  

TRAIL is known to interact with one of its 5 corresponding receptors; namely 

death receptor (DR)4 (also known as TRAIL-R1 or TNFRSF10A, which is not 

expressed in mice), DR5 (TRAIL-R2 or TNFRSF10B), decoy receptor (DcR)1 

(TRAIL-R3 or TNFRSF10C), DcR2 (TRAIL-R4 or TNFRSF10D) and a recently 

described soluble receptor called osteoprotegrin (TNFRSF11B) (267, 279–284). Mice 

express a TRAIL death receptor that shares 79% sequence homology to human DR5, 

thus aptly named mDR5 or KILLER (285). In addition, mice also expressed decoy 

receptors, namely mDcR1 and mDcR2. The latter can be found expressed in a 

transmembrane form (mDcR2L) or a soluble splice variant form (mDcR2S) (286). 

TRAIL induces apoptosis by interacting with DR4 and/or DR5 that possess 

intracellular death domains (267, 283). Both DcR1 and DcR2 are expressed in humans 

(279, 280, 284). However, DcR1 completely lacks a death domain whilst DcR2 

possesses a truncated cytosolic version (279, 280, 284). Thus, it is thought that DcR1 
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and DcR2 act as decoy receptors and negatively regulate TRAIL signalling. However, 

several reports showed that TRAIL may play a role in inflammatory responses by 

interacting with DcR2 and activating the nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-κB) pathway (284, 287, 288). This mechanism is yet to be fully 

explored and understood.  

 

1.2.2 TRAIL signalling 

Upon TRAIL ligation with DR4 or DR5, the adaptor protein Fas-associated 

death domain (FADD) is recruited to the cytoplasmic death domain (289–292). This is 

followed by the proteolytic activation of the effector caspase-8 and -10 (289–292). In 

addition, FADD-like interleukin-1 beta-converting enzyme inhibitory protein (FLIP) is 

also recruited to the receptor complex (289–292). The recruitment of FADD, caspase-8 

and FLIP to the death receptor lead to the formation of the death inducing signalling 

complex (DISC), which subsequently recruits and activates the effector caspases-3 and -

7 (289–292). These effector caspases cleave intracellular substrates and consequentially 

induce cellular apoptosis. This process is often referred to as the extrinsic apoptosis 

pathway (Figure 1.2) (289–292).  
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Figure 1.2: The extrinsic pathway of TRAIL-induced apoptosis. The extrinsic 

pathway involves the interaction of TRAIL with its death receptors (DRs). Only DR4 

and DR5 possess the death domain (DD) necessary to induce cellular apoptosis, which 

occurs via the formation of the death inducing signalling complex (DISC). Decoy 

receptor (DcR)1 and DcR2 are thought to be decoy receptors because they either lack a 

DD or have a truncated DD (tDD), thus act as negatively regulators of TRAIL 

signalling. Upon ligating with TRAIL, DR4/5 recruits the adaptor protein Fas-

associated death domain (FADD) and forms the intracellular DISC. Rapid cell death 

occurs when sufficient DISC is formed and generates active caspase-8 or -10 that in turn 

activates effector caspases (e.g. caspase-3 or -7) to induce apoptosis.  
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In some cells the extrinsic pathway is insufficient to initiate cellular apoptosis. 

These cells require an additional signal amplification from mitochondria, known as the 

intrinsic apoptosis pathway (289–292). This pathway is primarily triggered by external 

insidious agents (e.g. ultraviolet light) that induce deoxyribonucleic acid (DNA) 

damage (Figure 1.3) (289–292). This triggers tumour suppressor p53 activation and 

subsequently the expression of apoptosis-related genes such as Bcl-2-associated X 

protein (Bax), Fas and TRAIL receptors (289–292). This pathway is cross-linked with 

the extrinsic pathway by caspase-8 or -10, which induces proteolytic cleavage of the 

pro-apoptotic Bcl-2 family member Bid into a truncated Bid (tBid) (293–295). tBid also 

interacts with additional pro-apoptotic proteins Bax and Bcl-2 homologous 

antagonist/killer (Bak) and consequently results in the release of cytochrome c and 

Smac/DIABLO from the mitochondria (293–295). In the cytosol, cytochrome c 

interacts with pro-caspase-9 and ATP-dependent proteolysis factor (Apaf)-1 to construct 

an apoptosome complex (caspase-9) (289–292). This effectively leads to further 

proteolytic activation of caspases-3 and -7, resulting in the required signal amplification 

necessary for cellular apoptosis (289–292). Smac/DIABLO also promotes apoptosis by 

binding to and negating the inhibitor of apoptosis proteins (IAPs), in which suppresses 

caspase-3 activity (289–292).  
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Figure 1.3: The intrinsic pathway of TRAIL-induced apoptosis. The intrinsic 

pathway is induced by exposure to ultraviolet or DNA damage that leads to the 

activation of p53. This causes the transcription of pro-apoptotic factors (e.g. Bcl-2-

associated X protein [Bax], Fas and TRAIL receptors). The extrinsic pathway cross-

links into the intrinsic pathway via caspase-8/-10 that proteolytically cleave Bid into 

truncated Bid (tBid), that promote the translocation of pro-apoptotic proteins Bax and 

Bcl-2 homologous antagonist/killer (Bak) to mitochondria. Consequently, cytochrome c 

is released from mitochondria and interacts with ATP-dependent proteolysis factor 

(Apaf)-1 and pro-caspase-9 to form the active caspase-9 (apoptosome). In addition, 

Smac/DIABLO also promotes apoptosis by inhibiting the inhibitor of apoptosis proteins 

(IAPs). Together, these promote the proteolytic activation of pro-apoptotic caspase-3 

and induction of apoptosis. 
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Interestingly, several reports also showed that TRAIL may also induce non-

apoptotic signalling. TRAIL has been shown to activate the nuclear factor kappa-light-

chain-enhancer of activated B cells (NF-κB) pathway by interacting with DcR2 and 

DR4/5 (284, 287, 288, 291). TRAIL also was shown to induce the activation of 

mitogen-activated protein kinases (MAPKs) pathways and prevent apoptosis in certain 

cancer cell lines by inhibiting the release of apoptotic factors (e.g. Smac/DIABLO) from 

mitochondria (296, 297). In addition, TRAIL may also activate the phosphorylation of 

the protein kinase B/Akt pathway to promote cell survival by selectively increasing 

anti-apoptotic factors (e.g. c-FLIP) (297–299).” 

Given that TRAIL induces apoptosis in cancerous cells whilst leaving healthy 

cells relatively unharmed, it is not surprising that TRAIL had been investigated and 

exploited as a potential therapeutic target in the treatment of various cancers (268, 269, 

300, 301). However, TRAIL also has important roles in non-cancerous diseases as well. 

Recent studies have demonstrated the importance of TRAIL in respiratory infections, 

including those induced by influenza and respiratory syncytial viruses (RSV). 

Moreover, TRAIL is also implicated in chronic lung diseases such as asthma and 

pulmonary fibrosis. 

 

1.2.3 The role of TRAIL in respiratory infections 

The expression of TRAIL and its receptors can be induced by viral infection or 

certain cytokines (e.g. IFN-γ and TNF-α) (302–304). Human cytomegalovirus induced 

the mRNA and surface expression of TRAIL and promoted cell death in infected 

primary human fibroblast cells (304). Moreover, there was increased cell death in 

human cytomegalovirus-infected primary human fibroblast cell cultures when treated 

with TRAIL or TRAIL plus IFN-γ whilst uninfected controls remained normal and 
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healthy (304). In contrast, recent studies have shown that TRAIL may also limit anti-

viral immunity. Human cytomegalovirus infection induced the expression of TRAIL in 

mature DC, which in turn promoted apoptosis of anti-viral T cells and reduced anti-viral 

responses (305). Blocking of TRAIL with a chimeric TRAIL receptor 2 significantly 

reduced apoptosis of these anti-viral T cells (305). Furthermore, chronic 

cytomegalovirus infection in mice was shown to promote the accumulation of TRAIL-

expressing NK cells in salivary glands (306). Consequently, these TRAIL-expressing 

NK cells limited anti-viral responses by suppressing the numbers of infiltrating anti-

viral T cells (306). TRAIL was also shown to play a role in reducing the risk of mouse 

cytomegalovirus infection-induced systemic autoimmune disease by restraining the T 

cell responses (306). Taken together, these studies demonstrated that the role of TRAIL 

may be cell-specific and dependent on the cell-to-cell interactions involved, thus 

highlighting the complexity and importance of this signalling pathway in respiratory 

infections. 

Although data was not shown, the authors noted that the effects of TRAIL-

induced apoptosis of infected cells were not restricted to human cytomegalovirus 

infection as this was observed in RSV-infected human bronchial epithelial cell cultures 

as well (304). This was supported by another study that showed that RSV induced the 

cell surface expression of DR4 and DR5 and sensitised human alveolar basal epithelial 

cells (A549) and primary lung epithelial cells to TRAIL-mediated apoptosis (307). 

Moreover, it was also found that soluble TRAIL in BALF was increased in patients with 

RSV-induced respiratory failure (308). Primary bronchial epithelial cell cultures from 

healthy subjects expressed both DR4 and DR5 and were susceptible to human 

recombinant TRAIL-induced apoptosis in vitro (308). Hence, these studies showed the 

importance of TRAIL in cytomegalovirus and RSV respiratory infections and suggested 
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that it may be potential important in other respiratory infections. 

Several subsequent murine experimental studies have highlighted the role of 

TRAIL in mediating apoptosis of cells infected with influenza A virus (IAV) (274, 309–

312). These studies have shown that the mRNA expression of TRAIL and DR5 were 

increased in the lungs of mice infected with IAV (309, 311–313). These increases in 

TRAIL mRNA expression were associated with concomitant increases in the surface 

expression of TRAIL on various immune cells, including alveolar macrophages, 

peripheral blood monocytes, NK cells and cytotoxic CD8+ T cells in the lungs of mice 

(309, 311–313). Moreover, mice deficient in TRAIL or treated with anti-TRAIL 

monoclonal antibody had delayed viral clearance in the lungs (309, 312) and this was 

associated with increased disease severity (312). In addition, cytotoxic CD8+ T cells 

were impaired in IAV-infected mice deficient in TRAIL (312). By contrast, mice treated 

with neutralising anti-TRAIL antibody had attenuated airway epithelial cell apoptosis, 

reduced alveolar leakage and enhanced survival following infection (274). Moreover, 

IAV infection-induced airway epithelial cell apoptosis and  alveolar leakage were also 

reduced in chimeric mice that were transplanted with TRAIL-deficient bone marrow 

(274).  Antibody-mediated inhibition of alveolar exudate macrophage recruitment also 

resulted in reduced alveolar leakage in mice transplanted with wild-type (WT) but not 

TRAIL-deficient bone marrow (274). Hence, these studies suggested that IAV 

infection-induced lung injury was largely depended on the presence of TRAIL-

expressing macrophage in the lungs. 

Notably, TRAIL has also been implicated in the pathogenesis of bacterial lung 

infections. Mice deficient in TRAIL and infected with Streptococcus pneumoniae had 

increased mortality, poorer survival and impaired bacterial clearance (276). 

Interestingly, neutrophils produced and secreted high levels of TRAIL protein when 
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challenged with S. pneumoniae and depletion of these neutrophils resulted in reduced 

macrophage apoptosis and increased disease severity (276). Administration of 

recombinant mouse TRAIL or agonistic anti-DR5 monoclonal antibody significantly 

improved the survival of S. pneumoniae challenged mice (276). In contrast, in another 

study, blockade of TRAIL with monoclonal antibody or in the absence of TRAIL-

expressing monocytes significantly improved survival and reduced lung damage in mice 

co-infected with IAV and S. pneumoniae (314). We, and others, have shown that early-

life neonatal respiratory infection of mice with the natural mouse respiratory 

pathogen Chlamydia muridarum led to the development of chronic lung disease in later 

life (125, 126, 128–130, 315–317). Crucially, this infection  increased the mRNA 

expression of TRAIL in the lungs (131, 316). It also led to increases in the total number 

of epithelial cells, alveolar macrophages, and inflammatory monocytes expressing 

TRAIL in the lungs (131). Monoclonal antibody neutralisation of TRAIL or DcR2 

resulted in reduced histopathology associated with neonatal Chlamydia respiratory 

infection (131). It is also likely that increased TRAIL-mediated apoptosis of alveolar 

macrophages may promote chlamydial growth in the lungs of mice (316). 

 

1.2.4 The role of TRAIL in asthma 

A role for TRAIL in asthma was first proposed in a study when it and its 

receptors were found to be differentially expressed in asthmatic patients following 

segmental allergen challenge (318). Bronchial biopsies from asthmatic patients showed 

marked increases in immunohistochemical staining for TRAIL protein on airway 

epithelial cells and interstitial tissue following allergen challenge (318). Moreover, these 

patients also had significantly increased levels of soluble TRAIL in BALF and this 

correlated with increased number of inflammatory cells (318). These BALF 
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inflammatory cells also had increased survival associated with increased expression of 

TRAIL and DcR2 but reduced expression of DR4 and DR5 (318). These findings were 

supported by recent genotyping studies that demonstrated an association of SNPs in the 

TRAIL allele with asthma (319, 320). In a study cohort of 498 Caucasian subjects living 

in Southern Germany, it was reported that a combination of SNPs in the TNFSF10 allele 

may regulate the function of TRAIL and, thus, influencing the risk of asthma 

development (319). Moreover, in another study population of 51 asthmatic patients, the 

TRAIL Arg141His G422A (rs6557634), but not TNF-α-308 G/A polymorphism was 

associated with increased susceptibility to asthma (320). 

 In mouse model of ovalbumin (OVA)-induced allergic airway disease (AAD), 

mice deficient in TRAIL or treated with TRAIL-specific synthetic small interfering 

ribonucleic acid (siRNA) had significantly reduced inflammation, mucus-secreting cells 

number, OVA-specific T helper (Th)2-associated cytokine (e.g. IL-4, IL-5 and IL-13) 

secretion and AHR (273, 321). Mice deficient in TRAIL also had significantly reduced 

chemokine expression (e.g. CCL3 and CCL4) and collagen deposition around the 

airways of when sensitised and chronically challenged with OVA (321). It was shown 

that that these effects were mediated by the TRAIL-dependent production of CCL20 in 

lungs, which drives the recruitment of myeloid DCs (mDCs) and T cells into the 

airways (273). Conversely, intranasal (i.n) administration of recombinant mouse TRAIL 

induced these features in lungs of WT mice (273). Consistent with previous report, this 

study also found that the levels of TRAIL were increased in the sputum of asthmatic 

children and adults and that TRAIL stimulated the production/secretion of CCL20 from 

primary bronchial epithelial cells from asthmatic children (273). In a subsequent study, 

TRAIL was shown to induce the expression of the E3 ubiquitin ligase midline-1 (MID1) 

in the airway wall and that siRNA-induced knockdown of MID1 reduced NF-κB 
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activity in a house dust mite (HDM)-induced model of AAD (322).  

Other studies have shown contrasting results for the role of TRAIL in AAD 

(323, 324). The mRNA expression of TRAIL was increased and shown to promote 

resolution of allergic airway inflammation in mice following chronic exposure to OVA 

(323). This effect appeared to be due to the increased expression of mRNA of pro-

apoptotic factors, including insulin-like growth factor-binding protein-3, apical caspase-

8 and effector caspase-3, in infiltrating airway leukocytes which suggested increased 

apoptosis (323). Moreover, this study also showed that neutralisation of TRAIL with 

antibody increased BALF inflammatory cell numbers and, thus, promoted allergic 

airway inflammation (323). Conversely, these effects were reversed in allergic mice 

treated with recombinant mouse TRAIL (323). Similarly, it was also reported that i.n 

administration of recombinant mouse TRAIL reduced OVA-induced airway 

inflammation in mice (324). Pre-treatment with recombinant mouse TRAIL prior to 

allergen challenge led to a reduced percentage of inflammatory cells in BALF whilst 

treatment during allergen challenge attenuated this effect (324). Interestingly, the 

percentage of apoptotic cells varied between experiments and were not significantly 

altered in allergic mice following treatment with recombinant mouse TRAIL (324). 

 

1.2.5 The role of TRAIL in pulmonary fibrosis 

TRAIL has also been shown to be an important factor in regulating tissue repair 

and remodelling in certain diseases, including IPF, pulmonary hypertension, liver 

fibrosis and chronic pancreatitis (325, 326). Alveolar club cells were shown to express 

TRAIL in 90% of IPF patients (18 out of 21) and were common in the alveolar 

epithelium region overlying fibrotic foci in lungs (325). In vitro studies showed that 

alveolar club cells (H441 cells) induced apoptosis in A549 cells in a direct-contact co-
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culture. This was attenuated when A549 cells were pre-incubated with blocking 

antibody specific to TRAIL, but not FasL (325). TRAIL, DR4 and DR5 mRNA were 

detected in both H441 and A549 cells but were differentially expressed, whereby 

immunohistochemical analysis detected higher levels of DR4 and DR5 expression on 

A549 cells while TRAIL was expressed at greater levels in H441 cells (325). In a 

subsequent  study, immunohistochemical analysis of lung tissues from 21 IPF patients 

showed that the expression of TRAIL, DR4 and DR5 were significantly increased on 

airway epithelial cells, but not inflammatory cells, within the vicinity of the fibrotic 

lesions in lungs (326). The level of nuclear p53 expression and terminal 

deoxynucleotidyl transferase dUTP nick end labelling (TUNEL)+ were also increased in 

airway epithelial cells around these lesions (326). These studies collectively indicated 

that TRAIL may impair tissue repair and induce remodelling in the lungs. 

 In a mouse model of pulmonary fibrosis, TRAIL was reported to be expressed 

on bronchial and airway epithelium, bronchus-associated lymphoid tissue and alveolar 

macrophages in mice following bleomycin administration (275). However, mice 

deficient in TRAIL were shown to have more severe pulmonary inflammation 

characterised by increased total inflammatory cells in BALF (275). This was associated 

with reduced apoptosis of these inflammatory cells infiltrating the lung interstitial 

following bleomycin administration (275). In addition, administration of bleomycin into 

lungs of mice deficient in TRAIL led to a greater increase in collagen accumulation 

compared to WT mice (275). In contrast to the previous studies, this study showed that 

the protein level TRAIL in lung sections and serum were reduced in IPF patients. 

Moreover, the serum levels of TRAIL also significantly correlated with the level of total 

diffusing capacity of the lung for carbon monoxide (275). It should be noted that the 

difference in serum level of TRAIL between IPF patients and healthy controls was very 
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minor in this study (275). Notably, the control lung tissues from the previous study was 

from patients who undergone tumour lung resection (325). This may, in part, explain 

the discrepancy between studies on the expression of TRAIL in human IPF.  

Nevertheless, other studies have shown that therapeutic targeting of TRAIL may 

reduce inflammation and fibrosis in other diseases (327–329). Antibody blockade or 

genetic deletion of TRAIL prevented the development of pulmonary hypertension 

(327). Moreover, anti-TRAIL antibody treatment reversed pulmonary vascular 

remodelling and increased survival of mice with established pulmonary hypertension 

(327). Moreover, TRAIL regulated the survival, migration and proliferation of human 

vascular endothelial and smooth muscle cells (328, 329). TRAIL was also highly 

expressed on pancreatic stellate cells and these cells promoted apoptosis of parenchymal 

cells that showed increased expression of DR4 and DR5 in regions with active fibrosis 

in chronic pancreatitis (330). Hepatic injury, hepatocytes apoptosis and fibrosis induced 

by either bile ducted ligation or concanavalin A were also reduced in mice deficient in 

TRAIL (331, 332). Interestingly, concanavalin A-induced hepatitis was significantly 

ameliorated in mice following injection of soluble DR5 (332). Taken together, these 

studies highlight the potential role of TRAIL in mediating diseases with fibrotic features 

such as in asthma and COPD. However, this remains to be explored in the context of 

COPD. 

 

1.2.6 The role of TRAIL in emphysema and COPD 

In contrast to other respiratory-associated diseases (e.g. asthma), the role of 

TRAIL in the pathogenesis of emphysema and COPD is poorly understood. Only a few 

previous studies have been performed and suggested that TRAIL may play a role in the 

development of emphysema in smokers (152, 153). The mRNA expression of TRAIL 
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receptors (DR4, DR5 and DcR1) were increased in subjects with emphysema (smokers 

and ex-smokers) compared to non-emphysematous non-smokers (152).  

Surprisingly, the mRNA expression of TRAIL was reduced in the lung 

parenchyma of smokers compared to non-smokers (152). Nevertheless, a subsequent 

follow-up study showed that both A549 cells exposed to CS extract or resected lung 

explants from emphysematous patients were sensitive to recombinant human TRAIL-

mediated apoptosis (153). The reduction in TRAIL expression in lung parenchyma may 

be associated with increased apoptosis of cells in the lungs in response to CS exposure, 

which may lead to the loss of TRAIL-expressing cells in the lung. TRAIL-induced 

apoptosis of resected lung explants also significantly correlated with reduced alveolar 

density index (increased alveolar destruction) in emphysematous patients (153). 

Moreover, a recent study showed that the level of circulating TRAIL and DR5 were 

increased in the serum of COPD patients (333). The serum levels of TRAIL and DR5 

were also associated with impaired lung function (reduced predicted FEV1 and 

FEV1/FVC) and increased pro-inflammatory markers (TNF-α and C-reactive protein) in 

COPD patients (333). Furthermore, we also showed that early-life neonatal respiratory 

infection with Chlamydia muridarum led to the development of emphysema in later and 

this was dependent on TRAIL (131). Antibody-mediated neutralisation or deficiency of 

TRAIL led to protection against infection-induced alveolar enlargement (131).  

Taken together, these studies suggest that TRAIL may play a role in the 

pathogenesis of COPD. However, more studies are required to elucidate the 

pathophysiological role of and potential for therapeutic targeting of TRAIL in the 

pathogenesis of COPD.   
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1.3 Toll-like receptors 

TLRs play critical roles in innate immune responses by detecting invading 

pathogens and sensing endogenous danger signals, and inducing protective immune 

responses (334–337). TLRs are type I transmembrane receptors that are expressed on 

the cell surface or are bound to intracellular compartments (e.g. vesicles) (334–337). 

Eleven TLRs (TLR1 to TLR11) have been identified in humans whilst thirteen TLRs 

(TLR1 to TLR13) occur in mice (334, 338). TLRs recognise highly conserved structural 

motifs derived from endogenous and exogenous sources (Table 1.2) (334–337). 

Endogenous sources include molecules derived during tissue injury or stress such as 

damage-associated molecular patterns and heat shock protein (HSP)70 (334–337). 

Exogenous sources are from foreign molecules derived from pathogens or allergens 

such as pathogen-associated molecular patterns such as lipopeptides, LPS and viral 

single-stranded RNA (ssRNA) (334–337).  

Major advances in defining the importance of TLRs in various respiratory 

infections have been made in recent years. However, this is outside the scope of this 

thesis and has been extensively reviewed by others (339, 340). This thesis focusses on 

the investigation of the role of TLRs, in particular TLR2, TLR4 and TLR7 in the 

pathophysiology and pathogenesis of COPD. This has not been widely studied, 

therefore, the following sections focus on the importance of these TLRs in other chronic 

lung diseases such asthma and pulmonary fibrosis. 
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Table 1.2: Toll-like receptors and their known ligands in humans.  

Toll-like 
Receptor 

Localisation Known Ligands 

Exogenous Endogenous 
TLR1 Extracellular Bacterial 

lipopeptides 
- 

TLR2 Extracellular Bacterial 
lipoprotein and 
glycolipids 

HMGB1, HSP70, 
Eosinophil-
derived 
neurotoxin, 
Hyaluronan, 
Heparan sulfate 

TLR2/TLR1 Extracellular Bacterial diacyl 
lipopeptides 

- 

TLR2/TLR6 Extracellular Bacterial triacyl 
lipopeptides 

- 

TLR3 Intracellular Viral double-
stranded RNA 

- 

TLR4 Extracellular Bacterial LPS HMGB1, HSP60, 
HSP70, 
Eosinophil-
derived 
neurotoxin, 
Hyaluronan, 
Heparan sulfate, 
Fibrinogen, S100 
protein 

TLR5 Extracellular Bacterial flagellin - 

TLR6 Extracellular Bacterial triacyl 
lipopeptides, 
Fungal zymosan 

- 

TLR7 Intracellular Viral single-
stranded RNA 

- 

TLR8 Intracellular Viral single-
stranded RNA 

- 

TLR9 Intracellular Bacterial and viral 
CpG-DNA 

- 

TLR10 Extracellular Unknown Unknown 

TLR11 Intracellular Profilin - 

Abbreviations: HMGB1, High mobility group box 1; HSP, Heat shock protein. 

Adapted from reference (334). 
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1.3.1 TLR2 and TLR4 

1.3.1.1 TLR2 and TLR4 signalling 

TLR2 and TLR4 play vital roles in innate immune responses and are responsible 

for the detection and initiating responses to microbial membrane components including 

lipids, lipoproteins and proteins (335–337). Both TLR2 and TLR4 are type I 

transmembrane receptors expressed on the surface of a variety of cells, including 

structural (e.g. airway epithelial cells) and immune cells (e.g. alveolar macrophages) 

(335–337). 

TLR2 and TLR4 primarily signal through the adaptor protein myeloid 

differentiation primary response gene 88 (MyD88)-dependent or MyD88 adaptor-like 

(Mal)-1-dependent pathways (335–337).  Unlike TLR2, TLR4 may also signal through 

the TIR-domain-containing adapter-inducing interferon-β (TRIF) under certain 

conditions (341, 342). When TLR2 ligates with its ligands (e.g. bacterial 

peptidoglycan), it forms a heterodimer with either TLR1 or TLR6 and interacts with 

CD14 to form a functional complex (343, 344). In contrast, TLR4 forms a homodimer 

when it ligates with its ligands (e.g. bacterial LPS) and forms a complex with CD14 

and/or MD2 (also known as lymphocyte antigen 96 [LY96] in humans) (345, 346). 

When TLR2 or TLR4 interact with their respective ligands, a conformational 

change occurs in the intracellular Toll–interleukin 1 receptor (TIR) domain that initiates 

the recruitment of MyD88 to the TIR domain (Figure 1.4) (336, 337). This facilitates 

the binding of MyD88 with the interleukin-1 receptor-associated protein kinase 

(IRAK)4, that leads to IRAK4 activation through its phosphorylation (336, 337). 

IRAK1 in turn undergoes activation and forms a complex with the TNF receptor-

associated factor (TRAF)6 (336, 337). This IRAK1-TRAF6 complex then dissociates 
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from the receptor and interacts with another preformed complex consisting of TGF-β-

activated kinase 1 (TAK1) and TAK1-binding proteins (TAB1 and TAB2/3). This leads 

to the translocation of TAK1-TAB1-TAB2/3 complex into the cytoplasm, and the 

activation of TAK1. Consequently, activating protein (AP)1 from MAPK family and 

NF-κB are activated, translocated into the nucleus and promote the expression of pro-

inflammatory mediators such as TNF, IL-6 and IL-1β (335–337). 

Given that these TLRs mediate inflammatory responses, it is not surprising that 

TLR2 and TLR4 have been widely implicated in other inflammatory disorders and 

chronic lung diseases such as asthma and pulmonary fibrosis. However, the roles of 

TLR2 and TLR4 in COPD remain controversial and unclear. Indeed, there is conflicting 

evidence in the literature on the roles of TLR2 and TLR4 in CS-induced inflammation 

and/or the pathogenesis of COPD (193, 211, 238, 347–356).  
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Figure 1.4: TLR2/4 signalling pathway. When ligand binds to TLR2 or TLR4 a 

conformational change occurs in the intracellular Toll–interleukin 1 (IL-1) receptor 

(TIR) domains. This induces the recruitment of MyD88, interleukin-1 receptor-

associated protein kinase 1 (IRAK1) and IRAK4 to the TIR domain. Subsequently, 

IRAK1 undergoes activation through phosphorylation and forms a complex with the 

tumour necrosis factor receptor-associated factor 6 (TRAF6). The IRAK1-TRAF6 

complex dissociates from the TIR domain and interacts with another complex consisting 

of TGF-β-activated kinase 1 (TAK1) and TAK1-binding proteins (TAB1 and TAB2/3). 

The TAK1-TAB1-TAB2/3 complex translocates into the cytoplasm and TAK1 becomes 

activated. Consequently, members of the mitogen-activated protein kinase (MAPK) 

family such as activating protein 1 (AP1) and transcriptional factor nuclear factor 

kappa-light-chain-enhancer of activated B cells (NF-κB) are activated and promote the 

production of pro-inflammatory mediators. 



51 

 

1.3.1.2 The roles of TLR2 and TLR4 in asthma 

Both TLR2 and TLR4 have been implicated in human asthma (357–359). It was 

found that children who carry a T allele in TLR2/−16934 compared with those with 

genotype AA were less likely to develop asthma and allergies (357). Moreover, 

TLR2 and TLR4 SNPs were found to be strongly associated with the prevalence and 

risk of asthma development in 916 children from the Prevention and Incidence of 

Asthma and Mite Allergy birth cohort (358). The expression of TLR2, TLR4 and co-

receptor CD14 were also found to be increased in adults with bronchiectasis and asthma 

(359, 360). The TLR4 (Asp299Gly) polymorphism was associated with a 4-fold higher 

prevalence of asthma in Swedish school-aged children (361). In another study, TLR4-

A896G and TLR4-C1196T polymorphisms were more frequent in a cohort of 613 

asthmatic children (362). 

These findings were also supported by experimental studies that investigated the 

role of TLR2 and TLR4 in mouse models of asthma (363, 364). Mice immunised with a 

combination of OVA and Pam3Cys (TLR2/TLR1 agonist) had increased OVA-induced 

production of Th2-associated pro-inflammatory cytokines (e.g. IL-5 and IL-13), allergic 

inflammation and AHR (363). These effects were abrogated in mice deficient in TLR2 

(363). These findings were supported by another study that also showed OVA-

sensitised mice deficient in TLR2 exhibited reduced airway inflammation, whole lung 

pro-inflammatory cytokine levels, peri-bronchial fibrosis and AHR following OVA 

challenge (364).  

Contrary to these reports, others have reported that TLR2 activation may be 

protective against the development of asthma (365–367). Administration of Pam3CSK4 

(another TLR2/TLR1 agonist) markedly reduced OVA-induced total inflammatory cell 

infiltrates and airway inflammation in OVA-sensitised mice (365). These effects were 
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also associated with reductions in OVA-induced pro-inflammatory cytokines secretion, 

airway inflammation and AHR (365). Although Th2-associated cytokine levels and lung 

function were not altered in mice deficient in TLR2 following i.t inhalation of 

cockroach frass (a putative TLR2 agonist/allergen), allergic airway inflammation were 

increased, again suggesting that TLR2 plays a role in some aspects of allergen-induced 

allergic inflammation (366).  

Interestingly, a recent study showed that i.n administration of Pam3Cys prior to 

the first series of OVA challenges did not alter OVA-induced allergic inflammation in 

BALF or AHR (367). However, the numbers of inflammatory cell numbers and AHR 

were reduced following a second series of OVA-challenges in these mice that received 

prior Pam3Cys treatment during the first series of OVA challenge (367). Notably, 

CD25+Foxp3+ regulatory T cells were increased in BALF following administration of 

Pam3Cys prior during the first series of OVA challenges and the increases in regulatory 

T cells persisted in BALF after the second series of challenge (367). This indicates that 

TLR2 activation may promote long-term protection against asthma by increasing the 

numbers of regulatory T cells (367). These inconsistencies between studies on the role 

of TLR2 in asthma may be in part due to potential differences that arise from the 

heterogeneity and different subsets of asthma (e.g. eosinophilic vs. neutrophilic asthma), 

differences in type of agonist (e.g. synthetic vs. cockroach frass), agonist treatment 

regimens (e.g. during vs. prior to OVA-sensitisation) and route of administration (e.g. 

i.p vs. i.n or i.t). 

The absence of TLR4 on airway structural (epithelial) cells, but not 

haematopoietic cells, significantly reduced HDM-induced airway inflammation and 

reduced the production of pro-inflammatory cytokines in BALF (368). Moreover, 

intrapulmonary administration of a TLR4 antagonist reduced inflammatory cell 
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numbers and pro-inflammatory cytokine production in BALF, peri-bronchovascular 

inflammation and reduced AHR in sensitised mice (368). These findings were 

supported by another study that showed HDM-induced AHR was suppressed in 

sensitised mice deficient in TLR4 and was also associated with reductions in the 

numbers of inflammatory cells infiltrating the airways (369). In addition, HDM is 

known to induce the expression of MID1, a key co-factor known to promote allergic 

inflammation and AHR in mice, in a TLR4-dependent manner (322). Moreover, TLR4 

was also shown to promote contraction of primary human airway smooth muscle cell 

isolated from asthmatics and this effect was inhibited when cells were treated with a 

TLR4 antagonist (370). In contrast, others reported that OVA-sensitisation of mice 

deficient in TLR4 had exaggerated allergic airway inflammation and AHR following 

daily OVA aerosol challenges and these effects were associated with increased 

accumulation of pulmonary DCs (371). 

 

1.3.1.3 The roles of TLR2 and TLR4 in pulmonary fibrosis 

Both TLR2 and TLR4 have been implicated in fibrotic diseases, in particular 

pulmonary fibrosis (372–380). TLR2 expression was increased on bronchial epithelial 

cells in bleomycin-administered mice (372). Studies using bone marrow-chimeric mice 

showed that bronchial epithelial cells, rather than immune cells infiltrating the lungs, 

were responsible for the production of pro-fibrotic factors such as IL-27 and TGF-β1 

following bleomycin administration in mice and were reduced in mice deficient in 

TLR2 (372). Bleomycin-induced pulmonary inflammation, lung injury and fibrosis and 

mortality were markedly reduced in mice deficient in TLR2 (373). Moreover, blockade 

of TLR2 with a neutralising antibody also significantly reduced bleomycin-induced 

pulmonary inflammatory, collagen deposition in lungs and mortality in mice (373). 
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These effects were also observed in another study whereby antibody-mediated blockade 

of TLR2 significantly attenuated bleomycin-induced increases in BALF inflammatory 

cells, pulmonary inflammation and fibrosis and reduced mortality in mice (374).  

The mRNA and protein levels of TLR4 were also increased in the lungs of mice 

with bleomycin-induced lung fibrosis (375). In addition, inhibition of TLR4 expression 

with a small hairpin RNA lentivirus vector significantly reduced LPS-induced 

pulmonary inflammation and interstitial fibrosis, which was associated with reduced 

levels of type I pro-collagen in BALF and hydroxyproline levels in whole lung 

homogenates (376). siRNA-mediated TLR4 knockdown was also shown to inhibit 

primary mouse lung fibroblast proliferation and secretion of collagen following 

exposure to LPS (377, 378). Moreover, mice deficient in TLR4 also had reduced 

irradiation-induced pulmonary fibrosis and collagen (379). In contrast, others have 

shown that TLR4 activity may be required for the resolution of pulmonary fibrosis. 

Mice deficient in TLR4 or antibody-mediated blockade of TLR4 exhibited more severe 

lung injury and fibrosis, characterised by increased inflammatory scores, lung 

hydroxyproline levels and mortality following administration of bleomycin, due to 

impaired autophagy-associated apoptosis (380). Conversely, activation of TLR4 with an 

agonist (Ec-LPS, purified from Escherichia coli 0111: B4 strain) promoted autophagic 

activity in lung tissue and, in turn, reduced bleomycin-induced infiltration of immune 

cells into the lungs, lung hydroxyproline levels and mortality in mice (380). The 

discrepancies between these studies may be in part due to differences in the 

experimental models (e.g. in vitro vs. in vivo), genetic background of mice (e.g. 

C57BL/6 vs. C3H) and potential ligand-specific effects (e.g. bleomycin vs. LPS). 

Moreover, global deficiency, as opposed to tissue-specific inhibition, of TLR4 may alter 

the intrinsic immune responses of mice that potentially predisposed them to chronic 
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lung diseases (381). 

 

1.3.1.4 The roles of TLR2 and TLR4 in emphysema and COPD 

The roles of TLR2 and TLR4 in the pathogenesis of COPD are controversial 

with conflicting evidences in the literature. In some studies, TLR2 and/or TLR4 were 

reported to be increased by CS exposure in experimental and/or human COPD (348, 

349). TLR2 expression is reported to be increased on peripheral blood monocytes and 

sputum neutrophils from patients with COPD (211, 353). In contrast, others have shown 

that the expression of TLR2 was not induced on 16-human bronchial epithelial (16-

HBE) cells following CS exposure (347). Alveolar macrophages isolated from smokers 

and COPD patients were also shown to have reduced cell surface expression of TLR2 

(354). In another study, TLR2 was reduced on sputum neutrophils from COPD patients 

(355). 

TLR4 expression is shown to be increased on human monocyte-derived 

macrophages exposed to CS extract or in lung resections from advanced (GOLD Stage 

III or greater) COPD patients (350–352). CS also induced the expression of TLR4 on 

16-HBE cells (347). Moreover, eight weeks of CS exposure also led to increased 

expression and protein levels of TLR4 in the lung tissues of mice and rabbits (351). 

However, others also reported that TLR4 were either unaltered or reduced in patients 

with COPD or by CS exposure (211, 238, 353–356). TLR4 expression is unaltered on 

peripheral blood monocytes and sputum neutrophils from patients with COPD (211, 

353, 355). Cell surface expression of  TLR4 was also reduced on alveolar macrophages 

isolated from smokers and COPD patients (354). The number of airway epithelial cells 

or inflammatory cells expressing TLR4 were not significantly different between control 
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and COPD endobronchial biopsies (238). However, it should be noted that some of the 

control subjects included in this study were ex-smokers with normal lung function. 

TLR4 expression was also reported to be decreased on nasal epithelial cell cultures from 

smokers and A549 cultures exposed to CS (356). 

These discrepancies in results are likely due to differences between experimental 

analytes (e.g. peripheral blood monocytes vs. macrophages), cohorts of patients of with 

varying medical backgrounds, experimental models (e.g. acute vs. chronic CS exposure) 

or potential tissue-specificity of TLR expression. Surprisingly, the pathophysiological 

role of TLR2 has not been assessed in the context CS-induced pathogenesis of COPD 

using mice deficient in TLR2. In contrast, TLR4 has been assessed in various models of 

CS exposure. However, many of these models utilised either acute or whole body 

exposure models, which do not replicate mainstream CS exposure associated with the 

induction of COPD in humans (193, 348, 352). Furthermore, these models also did not 

report or demonstrate chronic CS-induced impairment of lung function, which is a key 

feature of human COPD. Hence, these models were not representative of human COPD. 

Thus, roles of TLR2 and TLR4 in pathogenesis of COPD remain unclear and requires 

further investigation. Using an established mouse model of CS-induced COPD, we 

aimed to address some of these discrepancies and elucidate the pathophysiological roles 

of TLR2 and TLR4 in experimental COPD.  

Taken together, these studies clearly demonstrate that both TLR2 and TLR4 

play significant roles in chronic respiratory diseases such asthma and pulmonary 

fibrosis. However, the pathophysiological role of these TLRs in COPD remains unclear 

and poorly understood. Nevertheless, TLR2 and TLR4 have been shown to be important 

in other chronic lung diseases such as asthma and pulmonary fibrosis.  This highlights 
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the potential pathophysiological roles of TLR (TLR2 and TLR4) in CS-induced 

pathogenesis and COPD that warrants further investigation. New insights and 

understanding of the roles of TLRs in the pathogenesis of COPD may identify new 

therapeutic avenues and development of new treatments for COPD. 

 

1.3.2 TLR7 

1.3.2.1 TLR7 signalling 

TLR7 is a member of the intracellular TLRs (others include TLR3 and TLR9) 

and is expressed on intracellular compartments such as vesicles (337, 382). TLR7 is 

highly expressed in plasmacytoid DCs (pDCs) (383–387) but recent studies also found 

that TLR7 was expressed on other immune cells, including airway epithelial cells, 

macrophages and mast cells (388–395). TLR7 plays a pivotal role in the detection and 

defence against ssRNA viruses such as RSV or IAV whilst other intracellular TLRs 

were shown to be important in the detection of double stranded RNA viruses (TLR3) 

and bacterial unmethylated DNA (TLR9) (335–337, 382, 396). TLR7 is also known to 

recognise synthetic poly(U) RNA, certain siRNAs and imidazoquinoline derivatives 

such as imiquimod (R837) and resiquimod (R848) (390, 397–401).   

  Upon internalisation of a ssRNA virion, maturation and acidification of the 

endosomal vesicle leads to release of ssRNA from virions, which is detected and bound 

by TLR7 (382, 396). This leads to the activation of the MyD88-dependent pathway 

(Figure 1.5), whereby the adaptor MyD88 is recruited and promotes the activation of 

IRAK4 and TRAF6 (337, 382, 396). TRAF6 then propagates the signalling cascade that 

consequently leads to NF-κB activation and transcription of pro-inflammatory 

mediators (337, 382, 396). TLR7 also activates a MyD88-independent pathway through 

the activation of TIR-domain-containing adapter-inducing interferon-β (TRIF) that 
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culminates in the activation of both NF-κB and interferon regulatory factors (IRFs) 

(337, 382). TRIF recruits and forms a multiprotein signalling complex with TRAF6, 

TNFRSF1A-associated death domain (TRADD) and receptor-interacting protein (RIP)1 

to activate TAK1. Consequently, TAK1 activates the NF-κB pathway. In addition to 

NF-κB activation, the TRIF-dependent pathway also induces IRF3 and drives the 

transcription of anti-viral Type I IFNs (e.g. IFN-α and IFN-β) (337, 382). This occurs 

through the recruitment of TRAF3 and formation of a complex consisting of two IκB 

kinase (IKK)-related proteins, namely IKK-ε (also known as inducible IKK, IKKi) and 

TRAF-family-member-associated NF-κB activator-binding kinase 1 (TBK1; also 

known as NF-κB-activating kinase, NAK) (382, 396). Consequently, the activation of 

TBK1 leads to the activation of IRF3 and the transcription of anti-viral Type I IFNs 

(382, 396). 
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Figure 1.5: TLR7 signalling pathway. Single stranded RNA (ssRNA) viruses are 

internalised and contained in an endosome bound with TLR7. Upon maturation and 

acidification of endosomes, virion ssRNA is released and detected by TLR7. This leads 

to the recruitment of MyD88 that activates the NF-κB pathway through the 

phosphorylation of IRAK4 and TRAF6. TLR7 also may signal through TIR-domain-

containing adapter-inducing interferon-β (TRIF) to induce the activation of NF-κB 

pathway through death domain (TRADD) and receptor-interacting protein 1 (RIP1) and 

phosphorylation of TGF-β-activated kinase 1 (TAK1). TRIF also activates IRF3 and 

drives the transcription of anti-viral Type I IFNs. This occurs through recruitment of 

TRAF3 and a complex that consist of two IκB kinase (IKK)-related proteins, namely 

IKK-ε and TRAF-family-member-associated NF-κB activator-binding kinase 1 (TBK1). 
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Whilst the roles of TLR7 in respiratory infection-induced exacerbations are 

well-established, the roles in the context of COPD have not been widely studied. 

Interestingly, TLR7 has been implicated in asthma (402–407) and pulmonary fibrosis 

(408–411). Therefore, further investigations that elucidate the potential roles of TLR7 in 

the pathogenesis of COPD and provide new insights and further understanding of the 

underlying mechanism of disease is required and may identify new therapeutic 

approaches. 

 

1.3.2.2 The role of TLR7 in asthma 

In contrast to COPD, the role of TLR7 has been widely explored and 

investigated in asthma (402–407, 412, 413). In a cohort of children with asthma, it was 

found that their blood mononuclear cells had impaired responses to imiquimod 

stimulation, and TLR7-induced myxovirus resistance protein A and 2′5′ oligoadenylate 

synthetase mRNA expression and protein levels of IFN-γ-inducible protein 10 were 

significantly reduced (412). Moreover, the susceptibility to the development of asthma 

in children was strongly associated with SNPs and haplotypes of TLR7 (413). These 

observations were supported by findings using mouse models of experimental asthma, 

where activation of TLR7 with synthetic agonists (e.g. S28463, imiquimod or 

resiquimod/R848) led to the suppression of key pathologies associated with asthma 

(402–407). Treatment with S28463 (a synthetic TLR7 ligand) significantly reduced 

infiltration of inflammatory cells into the lungs and allergic inflammation in mice 

sensitised and challenged with OVA (402). These effects were accompanied by reduced 

pro-inflammatory cytokines following OVA challenge (402). Moreover, mice treated 

with S28463 also had reduced AHR following OVA sensitisation and challenge (402). 

These findings were also observed in a Brown Norway rat model of chronic asthma 
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(403). In this model, treatment with S28463 prior to allergen challenge with OVA 

resulted in a marked decrease in inflammatory cell infiltration into the airways and was 

associated with reduced pro-inflammatory cytokine production (403). Interestingly, 

S28463 treatment also prevented allergen-induced airway epithelial cell proliferation 

and remodelling (403).  

Treatment with other known TLR7 agonists, including imiquimod and R848 

also demonstrated similar findings (404–407). Imiquimod treatment in combination 

with siRNA specific for the natriuretic peptide receptor A resulted in significantly 

reduced levels of pro-inflammatory cytokines in BALF that, in turn, reduced tissue 

inflammation, lung histopathology and AHR (404). Notably, daily aerosol delivery of 

imiquimod alone attenuated chronic airway inflammation in mice sensitised and 

challenged with OVA (405). Imiquimod also reduced the production of pro-

inflammatory cytokines in BALF, inhibited peri-bronchial fibrosis and reduced total 

lung hydroxyproline content in OVA-sensitised mice following OVA challenges (405). 

In addition, OVA-sensitised mice treated with R848 prior to OVA challenge also had 

significantly reduced allergic inflammation, characterised by reduced numbers of 

inflammatory cell infiltrates in the lungs, decreased production of pro-inflammatory 

cytokines and AHR (406, 407). It was proposed that the suppressive effect of R848 on 

allergic asthma development may depend on IFN-γ-producing invariant NKT Cells 

(406) or associated with the recruitment and expansion of regulatory T cells populations 

in the lungs following agonist treatment (407). 

 

1.3.2.3 The role of TLR7 in pulmonary fibrosis 

In contrast to asthma, the roles of TLR7 in pulmonary fibrosis are poorly 
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understood. Only a few studies have been performed to date that have investigated the 

roles of TLR7 in pulmonary fibrosis. TLR7 mRNA was increased in BALF cells from 

patients with IPF (408, 409). In line with these findings, others have previously 

described TLR7 with a potential role in other fibrotic diseases. TLR7 SNPs, in 

particular the c.1-120G TLR7 allele variant, were enriched in male patients with no or 

little chronic hepatitis C virus infection-induced liver fibrosis (410). However, mice 

deficient in TLR7 were shown to be more susceptible to chronic liver fibrosis and 

inflammation in murine liver fibrosis models induced by either bile duct ligation or 

carbon tetrachloride injection methods (411). Moreover, imiquimod protected allergic 

mice against OVA-induced peri-bronchial fibrosis and increased total lung 

hydroxyproline (405). Collectively, these studies suggest that TLR7 may have a 

protective role in chronic lung diseases, whereby the induction of TLR7 signalling 

appears to suppress inflammation and reduce pulmonary remodelling. Therefore, these 

studies provide evidence to warrant further investigation and explore the role of TLR7 

in COPD.  

 

1.3.2.4 The role of TLR7 in emphysema and COPD 

The roles of TLR7 in emphysema and COPD are poorly understood. One study 

showed that CS extract suppressed TLR7 mRNA expression in pDCs following RSV 

infection (384). Others reported that TLR7 mRNA and protein levels were not different 

in lung tissues of healthy non-smokers, smokers and COPD patients (414). In contrast, a 

recent study showed that TLR7 expression was increased on the small airway 

epithelium of lung tissues from patients with GOLD stage IV COPD compared to 

never-smoker controls (415). In support of this study, others found that CS exposure of 

Unc93b1 mutant mice (deficient in functional TLR3/7/9) had reduced CS-induced 
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airway inflammation, infiltration of inflammatory cells into lungs and reduced alveolar 

airspace enlargement (416). Moreover, the TLR7 agonist imiquimod is pro-apoptotic 

against certain cancer cells, including human basal cell carcinoma and squamous cell 

carcinoma cells (383, 417–419). Imiquimod treatment also induced apoptosis in non-

cancerous cells such as human epithelial cell lines (HeLa S3) and keratinocytes 

(HaCaT, A431 cells), and in mouse fibroblasts (McCoy cells) (420). Taken together, 

these studies suggested that TLR7 may be important in the pathogenesis of COPD. 

Given that TLR7 has pro-apoptotic ability, it may be involved regulating apoptosis and 

in promoting CS-induced emphysema-like alveolar enlargement. Whilst its role in 

COPD is poorly understood, TLR7 has been implicated in other chronic lung diseases, 

in particularly asthma. 

 

1.4 Study rationales 

COPD is the third leading cause of death and imposes an enormous burden on 

global economies and healthcare agencies. Patients suffer severely from this debilitating 

and progressive disease, their quality of life is seriously reduced and many eventually 

die from their condition. There is a lack of effective treatments for COPD. Hence, there 

is an urgent need to identify new therapeutic targets for COPD. The studies outlined 

hereafter were designed to elucidate targeted immunological mechanisms that underpin 

the pathogenesis of CS-induced COPD. Investigations of the underlying immunological 

mechanisms that drive pathogenesis were performed in vivo using a murine model of 

CS-induced COPD that we established in our laboratory. Mice were exposed to tightly 

controlled nose-only mainstream CS that is representative of human exposure (7). This 

protocol induces the development of hallmark features of the disease, namely chronic 

pulmonary inflammation, small airway remodelling, emphysema-like alveolar 
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enlargement and impaired lung function (7, 186, 191, 192, 261, 421, 422). Thus, our 

model recapitulates key pathological features observed in human COPD.  

We proposed that TRAIL and TLRs, in particularly TLR2, TLR4 and TLR7, are 

key immune factors that may be important in driving the underlying mechanism(s) of 

pathogenesis that leads to the development and progression of COPD. Several novel 

studies were carried out to specifically investigate; 

1. The pathogenic roles of TRAIL in CS-induced experimental COPD using TRAIL-

deficient mice and neutralising monoclonal anti-TRAIL antibody. 

2. The role of TLR2 and TLR4 in the pathogenesis of CS-induced COPD using TLR2-, 

TLR4- and MyD88-deficient mice. 

3. The role of TLR7 in the pathogenesis of CS-induced COPD using TLR7-deficient 

mice, a synthetic TLR7 agonist (imiquimod), mMCP-6-deficient mice and 

neutralising monoclonal anti-TLR7 antibody. 
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CHAPTER 2: A PATHOGENIC ROLE FOR TUMOUR NECROSIS FACTOR-

RELATED APOPTOSIS-INDUCING LIGAND IN CHRONIC OBSTRUCTIVE 

PULMONARY DISEASE 

 

In this chapter, TRAIL was found to play a critical role in promoting CS-induced 

pulmonary inflammation, expression of pro-inflammatory mediators, emphysema-like 

alveolar enlargement and impaired lung function. This may provide novel insights into 

the mechanisms that underpin CS-induced pathogenesis of COPD and that 

therapeutically targeting of TRAIL may be an effective treatment for COPD.  
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antibody for experiments. Dr. Jay Horvat advised on experimental design, analysis of 

data and reviewed the manuscript. Prof. Philip Hansbro oversaw the project and advised 
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2.1. Abstract  

COPD is a life-threatening inflammatory respiratory disorder, often induced by 

CS exposure. The development of effective therapies is impaired by a lack of 

understanding of the underlying mechanisms. TRAIL is a cytokine with inflammatory 

and apoptotic properties. We interrogated a mouse model of CS-induced experimental 

COPD and human tissues to identify a novel role for TRAIL in COPD pathogenesis. 

CS-exposure of WT mice increased TRAIL and its receptor mRNA expression and 

protein levels, as well as the number of TRAIL+CD11b+ monocytes in the lung. TRAIL 

and its receptor mRNA were also increased in human COPD. CS-exposed TRAIL-

deficient mice had decreased pulmonary inflammation, pro-inflammatory mediators, 

and emphysema-like alveolar enlargement, and improved lung function. TRAIL-

deficient mice also developed spontaneous small airway changes with increased 

epithelial cell thickness and collagen deposition, independent of CS exposure. 

Importantly, therapeutic neutralisation of TRAIL, after the establishment of early-stage 

experimental COPD, reduced pulmonary inflammation, emphysema-like alveolar 

enlargement and small airway changes. These data provide further evidence for TRAIL 

being a pivotal inflammatory factor in respiratory diseases, and the first preclinical 

evidence to suggest that therapeutic agents that target TRAIL may be effective in 

COPD therapy. 
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2.2 Introduction 

COPD is the third leading cause of morbidity and death worldwide and imparts a 

major socioeconomic burden (423). It is a complex, heterogeneous disease characterised 

by chronic pulmonary inflammation, airway remodelling and emphysema, that are 

associated with progressive lung function decline (424). It is primarily caused by CS 

exposure in Western countries but additional factors are also important in other areas 

(8). Once induced the patient’s condition often continues to deteriorate, even after 

smoking cessation (425). Glucocorticoids, anticholinergic agents and long acting 

muscarinic antagonists are the current mainstay therapies for COPD. However, these 

agents are poorly effective and do not modify the inducing factors or halt the 

progression of disease even at high doses (426). The lack of effective treatments for 

COPD is largely due to the poor understanding of the underlying mechanisms of disease 

pathogenesis.  

 TRAIL, also known as tumour necrosis factor superfamily member 10 

(TNFSF10), is a cytokine that induces both inflammation and apoptosis (131). TRAIL is 

expressed by a variety of cells including epithelial cells, monocytes/macrophages, 

neutrophils, dendritic cells, and T cells (273–277). Four cell surface receptors have been 

identified for TRAIL; DR4 (also known as TRAIL-R1, which is not expressed in mice), 

DR5 (TRAIL-R2), DcR1 (TRAIL-R3) and DcR2 (TRAIL-R4) (267, 280, 283). Both 

DR4 and DR5 possess an intracellular death domain that induces apoptosis (267, 283). 

In contrast, DcR1 and DcR2 lack a functional death domain and, therefore, act as decoy 

receptors (280). Emerging evidence from us, and others, implicate TRAIL in chronic 

lung diseases such as asthma and pulmonary fibrosis (131, 273, 275, 321, 427). 

Experimental studies show that TRAIL promotes AAD by increasing CCL20 

production and mDCs migration into the lungs resulting in increased inflammation and 



68 

 

AHR (273). TRAIL-dependent signalling pathways are also critical for rhinovirus-

induced AAD exacerbations (322). Furthermore, TRAIL promotes Chlamydia 

respiratory infection-induced pulmonary inflammation, AHR and emphysema-like 

alveolar enlargement (131). It is also implicated in collagen deposition in a mouse 

model of OVA-induced AAD (321), but conversely appears to protect against lung 

injury and fibrosis in some situations in mice (275). The role of TRAIL in CS-induced 

inflammation, airway remodelling, emphysema, impaired lung function and the 

pathogenesis of COPD is unknown.  

Here, we investigated the role of TRAIL using our recently established mouse 

model of chronic CS-induced experimental COPD that recapitulates the critical features 

of human disease (7, 186, 191, 261, 421, 422). TRAIL and its receptors were increased 

in the model and in lung samples from human COPD patients. The absence of TRAIL 

in deficient mice or the treatment of WT mice with an anti-TRAIL neutralising 

antibody, significantly reduced the severity of experimental COPD. The mechanisms 

involved were investigated. This study is the first to characterise the role of TRAIL in 

COPD pathogenesis and identifies TRAIL as a potential therapeutic target for this 

disease. 

 

2.3 Methods 

2.3.1 Ethics statement 

This study was performed in accordance with the recommendations issued by 

the National Health and Medical Research Council of Australia. All protocols were 

approved by the animal ethics committee of The University of Newcastle, Australia. 

 

 



69 

 

2.3.2 Experimental COPD 

Female, 7-8-week-old, WT or Tnfsf10-/- BALB/c mice were exposed to normal 

air or CS through the nose only for eight weeks as we have previously described (7, 

186, 191, 261, 421, 422). Some mice were exposed to CS or normal air for twelve 

weeks and treated with anti-TRAIL neutralising or isotype control antibodies from 

Week 7 to 12 (191). In recent years, some studies have shown that COPD prevalence 

and mortality is higher in females, and in the USA in 2009 women accounted for 53% 

of COPD deaths. It is for this and logistics reasons that female mice are used (428). 

 

2.3.3 Isolation of RNA and protein 

Total RNA was extracted from whole lung tissue and blunt-dissected airway and 

parenchyma as described previously (322). Briefly, the trachea and lungs were excised, 

and lung parenchyma was carefully separated from the airways with sterile forceps. 

Whole lungs, airways and parenchyma were then snap frozen and stored at -80°C. 

Tissues were thawed and homogenized in 500μL of sterile Dulbecco’s phosphate-

buffered saline (Life Technologies, Mulgrave, Victoria, Australia) using a Tissue-

Tearor stick homogenizer (BioSpec Products, Bartesville, OK) on ice. Tissue 

homogenates were then split equally (250μL) for RNA and protein extraction. Total 

RNA was extracted using TRIzol (Invitrogen, Mount Waverly, Victoria, Australia) 

according to manufacturer’s instructions and stored at -80°C. For protein extraction, 

tissue homogenates were mixed with equal portions of sterile Dulbecco’s phosphate-

buffered saline (Life Technologies) supplemented with PhosSTOP phosphatase and 

Complete ULTRA protease inhibitors cocktails (Roche Diagnostics, Mannheim, 

Germany). Tissue homogenates were then centrifuged at 8,000xg for 10mins at 4°C. 

Supernatants were collected and stored at -20°C for assessment by enzyme-linked 
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immunosorbent assay (ELISA). 

 

2.3.4 Real-time quantitative polymerase chain reaction  

Total RNA from whole lungs, airway and parenchyma (1,000ng) were reversed 

transcribed using Bioscript (Bioline, Alexandria, New South Wales, Australia) and 

random hexamer primers (Invitrogen) (125, 126, 129, 131, 261, 429). The mRNA 

expression of TRAIL, DR5, DcR1, TNF-α, CCL2, 3, 7, 12 and 20, MMP-12, serum 

amyloid A3 (SAA3), DcR2, IL-33, CXCL1, CXCL3, CCL4, CCL22 and Muc5ac were 

determined by real-time quantitative polymerase chain reaction (qPCR, ABIPrism7000, 

Applied Biosystems, Scoresby, Victoria, Australia) and expressed as relative abundance 

to the reference gene hypoxanthine-guanine phosphoribosyltransferase (125, 126, 129, 

131, 261, 429). Custom designed primers (Integrated DNA Technologies, Baulkham 

Hills, New South Wales, Australia) were used (Supplementary Table E2.1). 

 

2.3.5 ELISA 

TRAIL protein levels in airway and parenchyma were quantified with mouse 

TRAIL/TNFSF10 DuoSet ELISA kits (R&D Systems, Gymea, New South Wales, 

Australia) with normalization to total protein determined using the BCA Protein Assay 

Kit (PIERCE, Scorsby, Victoria, Australia) as per manufacturer’s instructions.  

 

2.3.6 NF-κB assays 

The active NF-κB p65 subunit was measured using the TransAM NF-κB family 

transcription factor assay kit (Active Motif, Carlsbad, CA) according to the 

manufacturer’s instructions (131, 322). 
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2.3.7 Immunohistochemistry 

Lungs were perfused, inflated, formalin-fixed, paraffin-embedded and sectioned 

(4-6μm). Longitudinal sections of the left lung were incubated with primary antibody 

(anti-TRAIL, Abcam, Melbourne, Victoria, Australia) overnight at 4°C and followed by 

anti-rabbit horseradish peroxidase-conjugated secondary antibody (R&D Systems) as 

per manufacturer’s instructions. 3,3'-Diaminobenzidine chromogen-substrate buffer 

(DAKO, North Sydney, New South Wales, Australia) was applied to sections and 

incubated. Sections were counterstained with hematoxylin, mounted and analysed with 

a BX51 microscope (Olympus, Tokyo, Shinjuku, Japan) and Image-Pro Plus software 

(Media Cybernetics, Rockville, MD). 

 

2.3.8 Flow cytometry  

Numbers of CD11b+ monocytes, neutrophils, γδT cells, NKT cells, CD4+ T 

cells, CD8+ T cells, mDCs, AMs and pDCs in lung homogenates were determined based 

on surface marker expression using flow cytometry (Table 2.1) (126, 128, 131, 430). 

Flow cytometric analysis was performed using a FACSAriaIII with FACSDiva software 

(BD Biosciences, North Ryde, Australia). Flow cytometry antibodies were from 

Biolegend (Karrinyup, Western Australia, Australia) (Supplementary Table E2.2). 

OneComp compensation beads (eBioscience) were used to set up assays. 

 

2.3.9 Analysis of differential gene expression 

Differential gene expression analysis of published datasets (accession numbers 

GSE5058 and GSE27597) (431–433) was performed with the Array Studio software 

(Omicsoft Corporation, Research Triangle Park, NC) applying a general linear model 

adjusting for age and gender and the Benjamini–Hochberg method for p-value 
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adjustment.  

 

2.3.10 Airway and parenchymal inflammation  

Airway inflammation was assessed by differential enumeration of inflammatory 

cells in BALF (128, 191, 429, 434, 435). Longitudinal sections of lung were stained 

with periodic acid-Schiff (PAS) and parenchymal inflammation was assessed by 

enumerating the numbers of inflammatory cells in 20 randomised, high-powered fields 

(191).  

 

Table 2.1: Surface antigens used to characterise mouse lung cell subsets by flow 

cytometry 

Cell subset Cell surface antigens 

CD11b+ monocyte CD45+ F4/80+ CD11c− CD11b+ TRAIL+/− 

Neutrophil CD45+ F4/80− CD11c− CD11bhi GR-1hi TRAIL+/− 

γδT cell CD45+ CD3+ CD4− CD8− γδTCR+ TRAIL+/− 

NKT cell CD45+ CD3+ αGalCer tetramer+ TRAIL+/− 

CD4+ T cell CD45+ CD3+ CD4+ CD8− γδTCR− TRAIL+/− 

CD8+ T cell CD45+ CD3+ CD4− CD8+ γδTCR− TRAIL+/− 

mDC CD45+ F4/80− CD11c+ CD11b+ PDCA− TRAIL+/− 

Alveolar macrophage CD45+ F4/80+ CD11c+ CD11b− TRAIL+/− 

pDC CD45+ F4/80− CD11clo CD11b− PDCA+ TRAIL+/− 

Abbreviations: γδT cell, gamma delta T cell; NKT cell, natural killer T cell; mDC, 

myeloid dendritic cell; pDC, plasmacytoid dendritic cell. 
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2.3.11 Emphysema-like alveolar enlargement 

Lungs were perfused, inflated, fixed, paraffin-embedded and sectioned (4-6μm). 

Longitudinal sections of the left single-lobe lung were stained with hematoxylin and 

eosin (H&E) to assess alveolar diameter using the mean linear intercept technique (125, 

131, 186, 191, 261, 422).  

 

2.3.12 TUNEL assay 

Longitudinal sections of the left single-lobe lung were stained with TUNEL 

assay kits (Promega, Sydney, New South Wales, Australia) according to manufacturer’s 

instructions. Apoptosis in lung parenchyma was assessed by enumerating the numbers 

of TUNEL+ cells in 20 randomised, high-powered fields.  

 

2.3.13 Lung function 

Lung compliance was assessed by quasi-static PV-loops from oscillation 

manoeuvres (Flexivent [SCIREQ, Montreal, Québec, Canada]) as the volume of air that 

entered the lungs when the airway pressure was increased from 2 to 30 cmH20 by the 

ventilator (PVs-P Flexivent manoeuvre). Compliance was calculated as the measured 

change in volume divided by this applied pressure change. Three inflations were 

performed and averaged per mouse (436). 

 

2.3.14 Airway remodelling  

Longitudinal sections of the left single-lobe lung were stained with PAS or 

Masson’s Trichrome. Airway epithelial area (μm2) and cell (nuclei) number, and 

collagen deposition area (μm2) was assessed in a minimum of four small airways 

(basement membrane [BM] perimeter <1,000μm) per section (191, 261, 321). Data 
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were normalised to BM perimeter (μm) and quantified using ImageJ software (Version 

1.50, NIH). 

 

2.3.15 TRAIL neutralisation 

Mice were treated with 12.5 mg/kg body weight of neutralising anti-TRAIL 

monoclonal antibody (clone N2B2) or rat IgG2a isotype control (clone 2A3, BioXCell, 

West Lebanon, NH) from Week 7 to 12 (six weeks), by i.p injections three times per 

week (131). 

 

2.3.16 Statistical analysis 

Data are presented as means ± SEM and are representative of two independent 

experiments with 5-6 mice per group. Statistical significance was determined with two-

tailed Mann-Whitney test or by one-way analysis of variance with Bonferroni post-test 

using GraphPad Prism Software version 6 (San Diego, CA). 

 

2.4 Results 

2.4.1 TRAIL mRNA expression and protein levels increase in CS-induced 

experimental COPD 

To investigate whether TRAIL expression is altered during the pathogenesis of 

COPD, we interrogated our established model of experimental COPD in mice (7, 186, 

191, 261, 421, 422, 437). Chronic CS exposure for eight weeks to induce experimental 

COPD significantly increased TRAIL mRNA (Figure 2.1A and B) and protein levels 

(Figure 2.1C and D) in the airways and parenchyma, compared to control mice that 

breathed normal air, determined using qPCR and ELISA assay. These data were 

supported by increases in TRAIL expression on small airway epithelial cells and 
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parenchyma-associated inflammatory cells in histology sections in COPD groups 

detected by immunohistochemistry (Figure 2.1E and Supplementary Figure E2.1). 

CD11b+ monocytes were the predominant TRAIL expressing cells in lung homogenates 

by flow cytometry (Figure 2.1F and G). Minimal changes were observed in the 

numbers of TRAIL+ neutrophils, γδT cells, NKT cells or CD4+ and CD8+ T cells. 

Chronic CS exposure also increased DR5 mRNA expression in the airways (Figure 

2.1H) but not parenchyma (Supplementary Figure S2.2A). DcR1 mRNA was 

increased in parenchyma (Figure 2.1I) but not airways and DcR2 expression was 

unaltered in both the airways and parenchyma (Supplementary Figure E2.2B-D).  



76 

 

 

Figure 2.1: TRAIL and TRAIL receptor levels increase in CS-induced 

experimental COPD. Wild-type (WT) BALB/c mice were exposed to CS or normal air 

for eight weeks. TRAIL mRNA levels in blunt-dissected airway (A) and parenchyma 

(B) expressed as relative abundance to normal air-exposed controls. TRAIL protein 

levels in airway (C) and parenchyma (D). Immunohistochemistry for TRAIL protein in 

whole lung sections (arrowheads indicate TRAIL+ epithelial cells in the small airways 

or inflammatory cells in the parenchyma, E). Cell surface expression of TRAIL on 
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inflammatory cell subsets in whole lung homogenates determined by flow cytometry 

(F). Representative flow cytometry histogram of TRAIL expression on CD45+F4/80+ 

CD11c−CD11b+ cells in lung homogenates from normal air- (Red) and CS-exposed 

(Cyan) WT mice (G).  Death receptor 5 (DR5, H) and decoy receptor 1 (DcR1, I) 

mRNA levels in airways or parenchyma. Data are presented as means ± SEM and are 

representative of two independent experiments with 5-6 mice per group. *p<0.05; 

**p<0.01; ****p<0.0001 compared to normal air-exposed controls. 
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2.4.2 TRAIL expression increases in human COPD  

Given that TRAIL was increased in the airways and parenchyma in CS-induced 

experimental COPD, we next sought to determine whether the expression of TRAIL and 

its receptor mRNA was altered in equivalent tissues and cells from humans with COPD. 

TRAIL mRNA expression was assessed in pre-existing microarray data from COPD 

patients and non-COPD subjects (431–433). TRAIL expression was significantly 

increased ~2.3-fold in airway epithelial brushings from patients with COPD compared 

to both non-smokers and healthy smokers without COPD (Affymetrix Human Genome 

U133 Plus 2.0 Array, Accession: GSE5058 (432), Figure 2.2A). TRAIL mRNA 

expression was also significantly increased ~4-fold in the parenchyma of COPD 

patients compared to subjects without COPD (Affymetrix Human Exon 1.0 ST Array, 

Accession: GSE27597 (431, 433), Figure 2.2B). The mRNA expression of human 

TRAIL receptors was also assessed in the same data. The TRAIL receptors DR4 

(TNFRSF10A) and DR5 (TNFRSF10B), but not DcR1 (TNFRSF10C) or DcR2 

(TNFRSF10D) were increased in epithelial brushings of COPD patients compared to 

non-smokers and healthy smokers (Figure 2.2C-F). However, the expression of these 

receptors was not altered in the parenchyma (Supplementary Figure E2.3A-D). These 

data show increased TRAIL mRNA expression in the airways and parenchyma and 

DR5 expression in the airways in both experimental and human COPD. 
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Figure 2.2: TRAIL and TRAIL receptor mRNA levels increase in human COPD. 

Parenchymal cores or airway epithelial cells were collected from human COPD patients. 

TRAIL mRNA expression was assessed by microarray profiling in airway epithelial 

brushings from patients with GOLD stage I or II disease compared to non-smokers (NS) 

and healthy smokers without COPD (Smoker) (A) and parenchyma from non-COPD 

controls or patients with severe COPD (B). mRNA expression of TRAIL receptors 

death receptor (DR)4 (C), DR5 (D), decoy receptor (DcR)1 (E) and DcR2 (F) in airway 
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epithelium from patients with early-stage, GOLD stage I and II COPD compared to NS 

and healthy smokers without COPD. The numbers in the figures represent the false 

discovery rate (FDR), whereby ‘*’ denotes FDR of COPD versus NS; and ‘#’ denotes 

FDR of COPD versus Smoker. 
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Pulmonary inflammation is reduced in TRAIL-deficient mice exposed to CS 

Given that TRAIL increased in experimental COPD, we next determined 

whether this cytokine plays a role in CS-induced pulmonary inflammation. WT and 

TRAIL-deficient (Tnfsf10-/-) mice were exposed to CS to induce experimental COPD 

and pulmonary inflammation was assessed in BALF by staining and differential 

inflammatory cell enumeration. CS exposure of WT mice significantly increased total 

leukocytes, macrophages, neutrophils and lymphocytes in BALF compared to normal 

air-exposed WT controls (Figure 2.3A-D). In contrast, CS did not significantly increase 

total leukocytes or macrophages in Tnfsf10-/- mice, whereas neutrophils and 

lymphocytes were elevated compared to normal air-exposed Tnfsf10-/- controls. CS-

exposed Tnfsf10-/- mice also had decreased total leukocytes and macrophages, but not 

neutrophils or lymphocytes, compared to CS-exposed WT controls (Figure 2.3A-D).  

Next, we assessed inflammatory cell numbers in the parenchyma by histology. 

CS exposure of WT mice significantly increased inflammatory cell numbers in the 

parenchyma compared to normal air-exposed WT controls (Figure 2.3E). CS exposure 

of Tnfsf10-/- mice also increased inflammatory cell numbers compared to normal air-

exposed Tnfsf10-/-controls. However, CS-exposed Tnfsf10-/- mice had significantly 

reduced inflammatory cells compared to CS-exposed WT controls.  

Since CS-exposed Tnfsf10-/- mice had marked reductions in both BALF and 

parenchymal inflammatory cells, we next determined if there were any differences in 

the numbers of individual inflammatory cell types in the lung by flow cytometry (Table 

2.1). CS exposure of WT mice increased the numbers of CD11b+ monocytes, mDCs and 

γδT cells in lung compared to normal air-exposed WT controls (Figure 2.3F-H). CS 

exposure of Tnfsf10-/- mice also increased CD11b+ monocytes and mDCs, but not γδT 

cells compared to normal air-exposed Tnfsf10-/- controls. However, CS-exposed Tnfsf10-
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/- mice had reduced CD11b+ monocytes, mDCs and γδT cells compared to CS-exposed 

WT controls. There were no differences in the numbers of alveolar macrophages, pDCs, 

NKT cells, CD4+ or CD8+ T cells between CS-exposed Tnfsf10-/- and WT mice 

(Supplementary Figure E2.4A-E).   
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Figure 2.3: Pulmonary inflammation is reduced in TRAIL-deficient mice exposed 

to CS. Wild-type (WT) or TRAIL-deficient (Tnfsf10-/-) mice were exposed to CS or 

normal air for eight weeks. Total leukocytes (A), macrophages (B), neutrophils (C), and 

lymphocytes (D) were enumerated in May-Grunwald Giemsa stained bronchoalveolar 

lavage fluid (BALF). The numbers of parenchymal inflammatory cells (arrowheads) 
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were enumerated in periodic acid-Schiff (PAS)-stained lung sections (E). CD11b+ 

monocytes (F), myeloid dendritic cells (mDCs, G) and γδT cells (H) were determined 

in single cell suspension of whole lung homogenates by flow cytometry. Data are 

presented as means ± SEM and are representative of two independent experiments with 

5-6 mice per group. ns; not significant. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001 

compared to normal air-exposed WT or Tnfsf10-/- controls. #p<0.05; ##p<0.01; 

###p<0.001 compared to CS-exposed WT controls. 
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2.4.3 Pro-inflammatory cytokine, chemokine and COPD-related factor mRNA 

expression are reduced in TRAIL-deficient mice exposed to CS 

Given that CS-exposed Tnfsf10-/- mice had decreased pulmonary inflammatory 

cells, we next assessed the mRNA expression of inflammatory cytokines and 

chemokines and COPD-related factors in the lung. CS exposure of WT mice increased 

the mRNA expression of the cytokine TNF-α (Figure 2.4A), the chemokines CCL2, 3, 

7, 12 and 20 (Figure 2.4B-F) and other COPD-related factors MMP-12 and SAA3 

(Figure 2.4G and H) compared to normal air-exposed WT controls. CS exposure of 

Tnfsf10-/- mice also increased the mRNA expression of these cytokines, chemokines and 

COPD-related factors compared to normal air-exposed Tnfsf10-/- controls. However, 

CS-exposed Tnfsf10-/- mice had significantly reduced expression of all of these factors 

compared to CS-exposed WT mice. We also profiled other factors including IL-33, 

CXCL1 and 3, CCL4 and 22 and Muc5ac (Supplementary Figure E2.5A-F). These 

were increased by CS but were not different between CS-exposed WT and Tnfsf10-/- 

mice. 

 

2.4.5 Active NF-κB p65 is reduced in TRAIL-deficient mice exposed to CS 

We, and others, have previously shown that TRAIL induces inflammatory 

responses by mediating NF-κB activity (131, 284). In this study, CS exposure of WT 

mice increased the level of active NF-κB p65 in the lung compared to normal air-

exposed WT controls (Figure 2.4I). In contrast, active NF-κB p65 did not increase in 

CS-exposed Tnfsf10-/- mice compared to normal air-exposed Tnfsf10-/- or WT controls. 

Consequently, active NF-κB p65 was decreased in CS-exposed Tnfsf10-/- compared to 

CS-exposed WT controls. We also assessed other NF-κB subunits (p50, p52 and RelB) 

but these were not altered by CS exposure or in the absence of TRAIL (data not shown). 
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Figure 2.4: Pro-inflammatory cytokine, chemokine and COPD-related factor 

mRNA expression are reduced and NF-κB p65 activity is inhibited in TRAIL-

deficient mice exposed to CS. Wild-type (WT) or TRAIL-deficient (Tnfsf10-/-) mice 

were exposed to CS or normal air for eight weeks. Tumour necrosis factor-α (TNF-α, 

A), chemokine (C-C motif) ligand (CCL)2 (B), CCL3 (C), CCL7 (D), CCL12 (E), 

CCL20 (F), matrix metalloproteinase-12 (MMP-12, G) and serum amyloid A3 (SAA3, 

H) mRNA expression was determined in whole lung homogenates by qPCR. NF-κB 

p65 activity in whole lung homogenates (I). mRNA data are presented as relative 

abundance compared to normal air-exposed WT controls. Data are presented as means ± 
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SEM and are representative of two independent experiments with 5-6 mice per group. 

*p<0.05, **p<0.01; ***p<0.001; ****p<0.0001 compared to normal air-exposed WT or 

Tnfsf10-/- controls. #p<0.05; ##p<0.01; ###p<0.001; ####p<0.0001 compared to CS-

exposed WT controls. 
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2.4.6 Emphysema-like alveolar enlargement and cell death are reduced and lung 

function is improved in TRAIL-deficient mice exposed to CS 

We previously showed that WT mice with experimental COPD have 

emphysema-like alveolar enlargement and impaired lung function (191, 261). Here, we 

again show that CS exposure of WT mice increased alveolar diameter compared to 

normal air-exposed WT controls (Figure 2.5A). CS exposure of Tnfsf10-/- mice also 

increased alveolar diameter compared to normal air-exposed Tnfsf10-/- controls. 

However, CS-exposed Tnfsf10-/- mice had significantly reduced alveolar diameter 

compared to CS-exposed WT controls. Reduced alveolar diameter in CS-exposed 

Tnfsf10-/- mice was associated with reduced numbers of TUNEL+ cells in the 

parenchyma, indicating reduced apoptosis, compared to CS-exposed WT controls 

(Figure 2.5B).  

We next assessed the role of TRAIL in impaired lung function. CS exposure of 

WT mice increased compliance, determined during a pressure volume loop (PV-loop) 

manoeuvre compared to normal air-exposed WT controls (Figure 2.5C and D). In 

contrast, CS exposure did not increase PV-loops or lung compliance in Tnfsf10-/- mice 

compared to normal air-exposed Tnfsf10-/- controls or, importantly, CS-exposed WT 

controls. 
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Figure 2.5: Emphysema-like alveolar enlargement is reduced, apoptosis inhibited 

and lung function is preserved in TRAIL-deficient mice exposed to CS. Wild-type 

(WT) or TRAIL-deficient (Tnfsf10-/-) mice were exposed to CS or normal air for eight 

weeks. Alveolar diameter (μm) was determined in hematoxylin and eosin-stained lung 

sections using the mean linear intercept technique (A). The numbers of TUNEL+ cells 

(arrowheads) enumerated in whole lung sections (B). Lung function was assessed in 

terms of pressure-volume loops (C) and lung compliance at 30cmH2O (D). Data are 

presented as means ± SEM and are representative of two independent experiments with 

5-6 mice per group. *p<0.05; **p<0.01; ****p<0.0001 compared to normal air-exposed 

WT or Tnfsf10-/- controls. ##p<0.01; ####p<0.0001 compared to CS-exposed WT 

controls. 
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2.4.7 Spontaneous small airway changes occur in TRAIL-deficient mice 

We previously showed that mice develop small airway remodelling in 

experimental COPD (191, 261). Here, we replicate our previous observations and show 

that CS exposure of WT mice increased small airway epithelial cell area compared to 

normal air-exposed WT controls (Figure 2.6A). CS exposure of Tnfsf10-/- mice also 

increased small airway epithelial cell area compared to normal air-exposed Tnfsf10-/- 

controls, which was not different to CS-exposed WT smoke controls. Notably, however, 

small airway epithelial cell area increased spontaneously in normal air-exposed Tnfsf10-

/- compared to WT controls. 

We then determined whether increased epithelial area was associated with 

increased numbers of nuclei in the small airways, which is an indicator of increases in 

the numbers of epithelial cells. Consistent with expanded small airway epithelial cell 

area, CS exposure of WT mice increased nuclei numbers in the small airways compared 

to normal air-exposed WT controls (Figure 2.6B). The numbers of nuclei in the small 

airways of CS-exposed Tnfsf10-/- mice were not different to normal air-exposed Tnfsf10-

/- or CS-exposed WT controls. The former observation was because normal air-exposed 

Tnfsf10-/- controls had increased nuclei numbers in the small airways compared to WT 

air controls. 

We next examined airway fibrosis in terms of collagen deposition around the 

small airways. CS exposure of WT mice increased collagen deposition compared to 

normal air-exposed WT controls (Figure 2.6C). CS exposure of Tnfsf10-/- mice did not 

alter collagen deposition compared to normal air-exposed Tnfsf10-/- or CS-exposed WT 

controls. The former observation was because normal air-exposed Tnfsf10-/- mice had 

increased collagen deposition compared to normal air-exposed WT air controls. 
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Figure 2.6: Spontaneous airway remodelling occurs in TRAIL-deficient mice. 

Wild-type (WT) or TRAIL-deficient (Tnfsf10-/-) mice were exposed to cigarette smoke 

or normal air for eight weeks. Small airway epithelial thickness in terms of epithelial 

cell area (μm2) per basement membrane (BM) perimeter (μm) was determined in 

periodic acid-Schiff (PAS)-stained whole lung sections (A). The number of epithelial 

cells in PAS-stained lung sections was assessed by enumerating the number of nuclei 

per 100μm of BM perimeter (B). Area of collagen deposition (μm2) per BM perimeter 

(μm) was determined in Masson’s Trichrome-stained lung sections (C). Data are 

presented as means ± SEM and are representative of two independent experiments with 

5-6 mice per group. *p<0.05; ****p<0.0001 compared to normal air-exposed WT or 

Tnfsf10-/- controls. ϕϕp<0.01; ϕϕϕp<0.001; ϕϕϕϕp<0.0001 compared to normal air-

exposed WT controls. 
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2.4.8 Pulmonary inflammation is suppressed and emphysema-like alveolar 

enlargement is inhibited in experimental COPD by therapeutic neutralisation of 

TRAIL  

We previously showed that the hallmark features of experimental COPD are 

emerging by Week 6, established by Week 8 and progressively worsen by Week 12 of 

CS exposure (191). Hence, to assess the therapeutic potential of targeting TRAIL, WT 

mice were exposed to CS or normal air for 12 weeks and were treated with a 

neutralising anti-TRAIL monoclonal antibody or isotype control i.p from Week 7 to 

Week 12.  

 We first examined the effect of TRAIL neutralisation on pulmonary 

inflammation in BALF. As expected CS exposure of isotype-treated WT mice increased 

total leukocytes, macrophages, neutrophils and lymphocytes in BALF compared to 

isotype-treated normal air-exposed WT controls (Figure 2.7A-D). CS-exposure of anti-

TRAIL-treated mice only partially increased total leukocytes, macrophages, neutrophils 

and lymphocytes in BALF compared to anti-TRAIL-treated air controls. Furthermore, 

anti-TRAIL-treatment significantly reduced all inflammatory cells compared to isotype-

treated CS-exposed controls, although levels remained increased compared to normal 

air-exposed controls. 

 Next, we examined the effect of neutralising TRAIL on inflammatory cell 

numbers in the parenchyma. As expected CS exposure of isotype-treated mice increased 

inflammatory cells in the parenchyma compared to isotype-treated normal air-exposed 

controls (Figure 2.7E). CS exposure of anti-TRAIL-treated mice partially increased 

inflammatory cells compared to anti-TRAIL-treated normal air-exposed controls.  

Furthermore, anti-TRAIL treatment significantly reduced inflammatory cells compared 

to isotype-treated CS-exposed controls. 
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Next, we assessed the effect of neutralising TRAIL on active NF-κB p65 levels 

in the lung. Active NF-κB p65 was increased in CS-exposed isotype-treated mice 

compared to normal air-exposed isotype-treated controls (Figure 2.7F). In contrast, CS-

exposed anti-TRAIL-treated mice completely inhibited the increase in active NF-κB 

p65 compared to anti-TRAIL-treated normal air-exposed or isotype-treated CS-exposed 

controls. 

 We then assessed the effect of neutralising TRAIL on CS-induced emphysema-

like alveolar enlargement. CS exposure of isotype-treated mice increased alveolar 

diameter compared to isotype-treated normal air-exposed controls (Figure 2.7G). In 

contrast, CS-exposed anti-TRAIL-treated mice were completely protected against 

increased alveolar diameter with no increase compared to anti-TRAIL-treated normal 

air-exposed or isotype-treated CS-exposed controls. Similarly, CS exposure of isotype-

treated mice resulted in increased numbers of TUNEL+ cells in the parenchyma 

compared to normal air-exposed isotype-treated controls (Figure 2.7H). However, CS-

exposed anti-TRAIL-treated mice were protected against increases in TUNEL+ cells in 

the parenchyma with no increase compared to CS-exposed isotype-treated controls. 
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Figure 2.7: Pulmonary inflammation is suppressed and emphysema-like alveolar 

enlargement inhibited in experimental COPD by therapeutic neutralisation of 

TRAIL. Wild-type (WT) mice were exposed to cigarette smoke or normal air for 

twelve weeks and treated with neutralising anti-TRAIL monoclonal antibody or isotype 
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control, intraperitoneally three times per week, from Week 7 to 12. Total leukocytes 

(A), macrophages (B), neutrophils (C) and lymphocytes (D) were enumerated in May-

Grunwald Giemsa-stained bronchoalveolar lavage fluid (BALF). The numbers of 

parenchymal inflammatory cells (arrowheads) were determined in periodic acid-Schiff 

(PAS)-stained lung sections (E). NF-κB p65 activity in whole lung homogenates (F). 

Alveolar diameter (μm) was determined in hematoxylin and eosin-stained lung sections 

using the mean linear intercept technique (G). The numbers of TUNEL+ cells 

(arrowheads) enumerated in whole lung sections (H).  Data are presented as means ± 

SEM and are representative of two independent experiments with 5-6 mice per group. 

**p<0.01; ***p<0.001; ****p<0.0001 compared to isotype-treated or anti-TRAIL-

treated normal air-exposed controls. #p<0.05; ##p<0.01; ###p<0.001; ####p<0.0001 

compared to isotype-treated CS-exposed controls. 
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2.4.9 Airway remodelling is suppressed in experimental COPD by therapeutic 

neutralisation of TRAIL  

We then assessed the effects of neutralising TRAIL on airway remodelling in 

experimental COPD. As expected CS exposure of isotype-treated mice increased small 

airway epithelial cell area and nuclei numbers compared to isotype-treated normal air-

exposed controls (Figure 2.8A-B). CS exposure of anti-TRAIL-treated mice only 

partially increased small airway epithelial cell area and nuclei numbers compared to 

anti-TRAIL-treated normal air-exposed controls. Furthermore, CS-exposed anti-

TRAIL-treated mice had significantly reduced small airway epithelial cell area and 

nuclei numbers compared to isotype-treated CS-exposed controls. In addition, unlike in 

normal air-exposed Tnfsf10-/- mice, administration of anti-TRAIL to normal air-exposed 

WT mice did not increase airway epithelial cell area or nuclei numbers compared to 

isotype-treated controls. 

Finally, we examined the effect of neutralising TRAIL on airway fibrosis. As 

expected CS exposure of isotype-treated mice increased collagen deposition around the 

small airways compared to isotype-treated normal air-exposed controls (Figure 2.8C). 

In contrast, CS-exposed anti-TRAIL-treated mice did not have increased collagen 

deposition compared to anti-TRAIL-treated normal air-exposed controls. In addition, 

unlike in normal air-exposed Tnfsf10-/- mice, administration of anti-TRAIL to normal 

air-exposed WT mice did not increase collagen deposition around the small airways 

compared to isotype-treated controls. 
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Figure 2.8: Airway remodelling is reduced in experimental COPD by therapeutic 

neutralisation of TRAIL. Wild-type (WT) mice were exposed to cigarette smoke (CS) 

or normal air for twelve weeks and treated with neutralising anti-TRAIL monoclonal or 

isotype control antibodies, intraperitoneally three times per week, from weeks 7-12. 

Small airway epithelial thickness in terms of epithelial cell area (μm2) per basement 

membrane (BM) perimeter (μm) was determined in periodic acid-Schiff (PAS)-stained 

lung sections (A). The number of epithelial cells in PAS-stained lung sections was 

assessed by enumerating the number of nuclei per 100μm BM perimeter (B). Area of 

collagen deposition (μm2) per BM perimeter (μm) in Masson’s Trichrome-stained lung 

sections (C). Data are presented as means ± SEM and are representative of two 

independent experiments with 5-6 mice per group. **p<0.01; ****p<0.0001 compared 

to anti-TRAIL or isotype normal air-exposed controls. #p<0.05; ###p<0.001 compared 

to isotype-treated CS-exposed controls. 
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2.5 Discussion 

In this study, we discovered a previously unrecognised role for TRAIL in CS-

induced experimental COPD. TRAIL and its receptors were increased in mice with 

chronic CS-induced experimental COPD and in human COPD patients. Using a 

combination of CS-exposure of WT and Tnfsf10-/- mice and a neutralising antibody, we 

demonstrate that TRAIL increases pulmonary inflammation and expression of pro-

inflammatory mediators, emphysema-like alveolar enlargement and impairs lung 

function in experimental COPD. Inflammation and alveolar enlargement were 

associated with TRAIL-induced increases in active NF-κB p65 and apoptosis, 

respectively. Surprisingly, Tnfsf10-/- mice developed spontaneous airway remodelling 

characterised by increased epithelial area and collagen deposition. Importantly, 

therapeutic targeting of TRAIL with a neutralising monoclonal antibody reduced CS-

induced pulmonary inflammation and emphysema-like alveolar enlargement, without 

inducing airway remodelling (i.e. in normal air-exposed WT mice). This study advances 

the emerging knowledge of the roles of TRAIL in inflammatory and respiratory 

diseases, and its potential for therapeutic targeting. 

To investigate the role of TRAIL in the pathogenesis of COPD, we used an 

established mouse model of experimental COPD (7, 186, 191, 261, 421, 422, 437). 

Mice were exposed via the nose-only to tightly controlled doses of CS. This protocol 

induces the development of hallmark features of human COPD, namely chronic 

bronchitis (pulmonary inflammation), small airway remodelling, emphysema-like 

alveolar enlargement and impaired lung function (7). Hence, our model recapitulates 

key pathological features observed in human disease. 

We first showed that chronic CS exposure of WT mice resulted in concomitant 

increases in TRAIL mRNA and protein levels in the airways and parenchyma. Our 
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examination of lung tissue sections stained for TRAIL identified airway epithelial cells 

and parenchymal-associated monocytes as sources of TRAIL. We have previously 

shown that mouse airway epithelial cells express TRAIL following allergen challenge 

or respiratory infection with Chlamydia muridarum (131, 273, 322). Subsequent flow 

cytometric analysis of lung homogenates from mice with experimental COPD identified 

CD11b+ monocytes as a major source of cell surface-bound TRAIL. Consistent with 

these observations, we, and others, have shown that TRAIL expressing macrophages are 

recruited to the lung following respiratory bacterial (e.g. Chlamydia, Streptococcus 

pneumoniae) and viral (e.g. influenza) infections (131, 274, 276). We also showed that 

TRAIL receptor expression was elevated in experimental COPD with increases in 

mRNA levels of DR5 in the airways and DcR1 in the parenchyma. Notably, in support 

of the data in mice there were also increases in the mRNA levels of TRAIL and its 

receptors DR4 and DR5 in human COPD lung tissue and airway epithelial cells (431–

433). There were some species-specific differences in TRAIL receptor expression with 

increases in DcR1 in mice and DR4 in humans. Mice do not produce DR4, and so 

compensatory mechanisms may be present. 

Tnfsf10-/- mice had reduced CS-induced pulmonary cellular inflammation 

characterised by reduced influx of total leukocytes and macrophages into the airways 

and decreased numbers of parenchymal-associated inflammatory cells and CD11b+ 

monocytes, mDCs and γδT cells in the lung. All of these cells have been previously 

shown to be increased in experimental models of, or in human COPD (195, 222, 438, 

439). These data are supported by our previous studies that show TRAIL drives 

pulmonary inflammation (131, 273, 321). Indeed, intranasal administration of 

recombinant TRAIL to WT mice increased the numbers of mDCs and CD4+ T cells in 

the lung (273). Furthermore, silencing of TRAIL using small interfering RNA reduced 
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pulmonary inflammation in a mouse model of acute asthma (OVA-induced AAD) 

(273). We also showed that Tnfsf10-/- mice had reduced infiltration of CD11b+ 

monocytes, mDCs, CD4+ and CD8+ T cells into the lung following neonatal Chlamydia 

muridarum respiratory infection (131). 

In support of our inflammatory cell data, Tnfsf10-/- mice also had reduced CS-

induced mRNA expression of key pro-inflammatory cytokines (TNF-α), chemokines 

(CCL2, 3, 7, 12 and 20) and other COPD-related factors (MMP-12 and SAA3) in the 

lungs. We, and others, have shown increased expression of TNF-α following CS-

exposure in mice and humans, and this cytokine is known to induce the expression of 

the monocyte chemokines CCL2, 7 and 12 and the neutrophil chemoattractant CCL3 

(191, 439–441). These chemokines have all been associated with increasing the severity 

of cellular inflammation and emphysema in COPD (179, 442). CCL20 was increased by 

CS and was decreased in Tnfsf10-/- mice, which correlated with decreased numbers of 

mDCs in the lung. We previously showed that inhibition of TRAIL reduced CCL20 and 

subsequent homing of mDCs to the airways, which was associated with reduced 

inflammation and AHR in AAD (273). We, and others, have also shown that the 

protease MMP-12 and SAA3, an acute phase protein, are increased in experimental and 

human COPD (191, 204, 443, 444). To investigate the mechanisms involved in TRAIL-

mediated inflammation we assessed the activity of the transcription factor NF-κB. 

TRAIL is known to induce NF-κB activity and promote inflammatory responses (131, 

284, 322). Consistent with these observations, our current study demonstrated that 

TRAIL-deficiency or inhibition reduced CS-induced NF-κB p65 activity and this was 

associated with reduced pulmonary inflammation. This indicates that in CS-induced 

experimental COPD, TRAIL induces NF-κB p65 activity causing the transcription of 

the mRNA of pro-inflammatory factors that drive inflammation and disease 
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pathogenesis. CS-exposure has been shown to promote NF-κB nuclear localization in 

mice, which was associated with increased pulmonary inflammation and induction of 

multiple pro-inflammatory and COPD-related genes (e.g. TNF-α and MMP-12) (441). 

We previously showed that TRAIL-deficiency or administration of neutralising anti-

DcR2 antibody in mice reduced NF-κB activity and pulmonary inflammation in the 

lung following neonatal Chlamydia muridarum respiratory infection (131). We also 

recently showed that TRAIL induces the expression of the E3 ubiquitin ligase MID1 in 

the airway wall and that siRNA-induced knockdown of MID1 reduces NF-κB activity 

in AAD and RV infection models (322). Collectively, our current study advances our 

understanding of the roles of TRAIL as a pro-inflammatory mediator by showing that it 

regulates inflammation in CS-induced experimental COPD. 

As in humans, chronic CS exposure causes emphysema-like alveolar 

enlargement in experimental COPD (7, 186, 191, 261, 421, 422, 437). Here we show 

that Tnfsf10-/- mice are protected against CS-induced alveolar enlargement. We also 

show that CS increases TRAIL+ monocytes and that Tnfsf10-/- mice have less TUNEL+ 

cells, indicating a reduction in apoptosis, in the parenchyma. Others have shown that 

TRAIL receptors are increased in the lungs of patients with emphysema and resected 

lung explant cultures from emphysematous patients or A549 cells exposed to CS extract 

displayed increased TRAIL-mediated apoptosis (152, 153). These data indicate that in 

CS-induced experimental COPD, TRAIL induces apoptosis of parenchymal cells that is 

involved in emphysema-like alveolar enlargement.  

We then go on to show that the suppression of pulmonary inflammation and 

alveolar enlargement in the absence of TRAIL leads to protection against impaired lung 

function with the inhibition of increases in lung volumes and compliance. These are 

important features of human COPD. We previously showed that Tnfsf10-/- mice were 
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protected against neonatal Chlamydia respiratory infection-induced emphysema-like 

alveolar enlargement and impaired lung function (131). TRAIL has also been shown to 

impair lung function in models of AAD (273, 321, 322). 

We previously showed that depletion of macrophages with clodronate-loaded 

liposomes reduced CS-induced airway remodelling, emphysema-like alveolar 

enlargement and improved lung function in experimental COPD (191). Macrophages 

expressing TRAIL that are recruited to the lung during influenza virus infection induce 

acute lung injury and alveolar epithelial cell apoptosis (274). Collectively, these data 

indicate that TRAIL induced pulmonary inflammation and that TRAIL+ monocytes may 

contribute to CS-induced emphysema by promoting apoptosis in the parenchyma, which 

together reduce lung function.  

 Surprisingly, Tnfsf10-/- mice had spontaneous small airway changes 

characterised by increased airway epithelial cell area and numbers and collagen 

deposition, which were not further increased by CS exposure. In this regard, we 

previously showed that TRAIL induced airway epithelial thickening and goblet cell 

metaplasia in neonatal Chlamydia respiratory infection and AAD in mice (131). Others 

have shown that Tnfsf10-/- mice had increased total collagen in the lung in a bleomycin-

induced mouse model of pulmonary fibrosis (275). Furthermore, recombinant TRAIL 

treatment inhibited the expression of the collagen-specific molecular chaperone HSP47 

and reduced soluble collagen production in human hepatic stellate cells in vitro (445). 

In contrast to these findings, however, Tnfsf10-/- mice had reduced lung collagen in a 

chronic OVA model of AAD (321). These differences may result from the use of female 

versus male mice, and focused on the small rather than central airways in the current 

compared to the previous study (321). 

Importantly, anti-TRAIL treatment of established experimental COPD 
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substantially reduced CS-induced pulmonary inflammation, alveolar enlargement, and 

small airway remodelling. Anti-TRAIL treatment of normal air-exposed WT mice did 

not induce airway remodelling. This is in contrast to the small airway changes that 

occurred in Tnfsf10-/- mice. This suggests that therapeutic neutralisation of TRAIL may 

be effective in suppressing hallmark features of COPD, without causing unwanted 

airway remodelling that occurs with early-life or lifelong deficiency. Treatment may be 

further improved with increasing doses or optimizing treatment regimes. The 

therapeutic benefit in suppressing TRAIL is supported by our previous studies. We 

showed that TRAIL neutralisation protected mice from neonatal Chlamydia respiratory 

infection-induced pulmonary inflammation and emphysema-like alveolar enlargement 

(131). Moreover, inhibition of TRAIL suppressed inflammation and improved lung 

function in mouse models of AAD (273, 322). Long-term selective inhibition of TRAIL 

may be contraindicated as a treatment for COPD due to the increased risk of lung cancer 

and respiratory infections (276). However, these issues may be overcome by optimizing 

dosing regimens. TRAIL is an important inducer of apoptosis in a variety Tumour cells 

(268). Furthermore, both COPD patients and mice with experimental COPD are more 

susceptible to bacterial (e.g. Streptococcus pneumoniae) and viral (e.g. influenza) 

infections (184, 186, 191) and TRAIL is required for the clearance of such infections 

(276, 312). These potential side effects could be minimised by short-term dosing or with 

optimized treatment regimes. Furthermore, additional studies may identify specific 

signalling factors and pathways downstream of TRAIL, which when inhibited do not 

increase cancer risk or susceptibility to infection. This could be initially assessed in 

mouse models of cancer and infections.  

In summary, our study reveals for the first time that TRAIL has important 

pathogenic roles in CS-induced experimental COPD. It is pivotal in promoting 
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pulmonary inflammation and NF-κB p65 activation, and emphysema-like alveolar 

enlargement and apoptosis, which lead to impaired lung function (Supplementary 

Figure E2.6). TRAIL also regulates small airway remodelling independent of CS 

exposure. Importantly, therapeutic neutralisation of TRAIL in established experimental 

COPD reduced hallmark features of the disease. Collectively, our data suggest that 

therapeutic targeting of TRAIL may be beneficial in COPD. 
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2.6 Supplementary methods and data 

 

 

Supplementary Figure E2.1: Representative images of TRAIL protein expression 

in lung tissue sections. Wild-type (WT) BALB/c mice were exposed to CS or normal 

air for eight weeks. Arrowheads indicate TRAIL+ epithelial cells in the small airways or 

inflammatory cells in the parenchyma. 
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Supplementary Figure E2.2: TRAIL receptor mRNA expression in CS-induced 

experimental COPD. Wild-type (WT) BALB/c mice were exposed to CS or normal air 

for eight weeks. Death receptor 5 (DR5, A), decoy receptor 1 (DcR1, B) and DcR2 (C 

and D) mRNA expression in blunt-dissected airway or parenchyma. Data are presented 

as means ± SEM and are representative of two independent experiments with 5-6 mice 

per group. *p<0.05; **p<0.01 compared to normal air-exposed controls. 
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Supplementary Figure E2.3: TRAIL receptor mRNA levels in the parenchyma in 

human COPD. Parenchymal cores were collected from human COPD patients. mRNA 

expression of TRAIL receptors death receptor (DR)4 (A), DR5 (B), decoy receptor 

(DcR)1 (C) and DcR2 (D) in parenchyma from non-COPD controls or patients with 

severe COPD. 
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Supplementary Figure E2.4: Inflammatory cell subsets in the lung are altered in 

experimental COPD. Wild-type (WT) or TRAIL-deficient (Tnfsf10-/-) mice were 

exposed to CS or normal air for eight weeks. Alveolar macrophages (AMs, A), 

plasmacytoid dendritic cells (pDCs, B), natural killer T (NKT) cells (C), CD4+ (D) and 

CD8+ T cells (E) were enumerated per 106 CD45+ cells in single cell suspensions of 

whole lung homogenates by flow cytometry. Data are presented as means ± SEM and 

are representative of two independent experiments with 5-6 mice per group. *p<0.05; 

***p<0.001; ****p<0.0001 compared to normal air-exposed WT or Tnfsf10-/- controls. 

ϕp<0.05 compared to normal air-exposed WT controls. 
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Supplementary Figure E2.5: Pro-inflammatory cytokine, chemokine and COPD-

related factor mRNA expression induced by CS. Wild-type (WT) or TRAIL-deficient 

(Tnfsf10-/-) mice were exposed to CS or normal air for eight weeks. Interleukin (IL)-33 

(A), chemokine (C-X-C motif) ligand 1 (CXCL1, B), CXCL3 (C), chemokine (C-C 

motif) ligand 4 (CCL4, D), CCL22 (E) and mucin 5ac (Muc5ac, F) mRNA expression 

was determined in whole lung homogenates by qPCR. Data are presented as means ± 

SEM and are representative of two independent experiments with 5-6 mice per group. 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 compared to anti-TRAIL- or isotype-

treated normal air-exposed controls. 
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Supplementary Figure E2.6:  Schematic representation of proposed mechanisms of 

how TRAIL contributes to CS-induced experimental COPD. Chronic CS exposure 

increases TRAIL production by small airway epithelial cells and promotes the 

accumulation of TRAIL+CD11b+ monocytes in the lungs. TRAIL increases NF-κB 

activity resulting in increased transcription of pro-inflammatory genes that promote 

pulmonary inflammation. TRAIL also binds to its receptors to induce apoptosis of 

alveolar epithelial cells causing emphysema-like alveolar enlargement and impaired 

lung function. Collectively, these TRAIL dependent effects promote the development of 

COPD. 
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Supplementary Table E2.1: Custom-designed primers used in qPCR analysis 

Primer Primer sequence (5’ → 3’) 

TRAIL forward CCCTGCTTGCAGGTTAAGAG 

TRAIL reverse GGCCTAAGGTCTTTCCATCC 

DR5 forward AACGGCTTGGGCATCTTGGCA 

DR5 reverse TGCACAGAGTTCGCACTTTCGGG 

DcR1 forward TTTCCGGAATCATGCCGCCCA 

DcR1 reverse AGGAACAGCCAGTTTCTGGGATTTG 

TNF-α forward TCTGTCTACTGAACTTCGGGGTGA 

TNF-α reverse TTGTCTTTGAGATCCATGCCGTT 

CCL2 forward TGAGTAGCAGCAGGTGAGTGGGG 

CCL2 reverse TGTTCACAGTTGCCGGCTGGAG 

CCL3 forward CTCCCAGCCAGGTGTCATTTT 

CCL3 reverse CTTGGACCCAGGTCTCTTTGG 

CCL7 forward GGGCCCAATGCATCCACATGC 

CCL7 reverse TTCAGCGCAGACTTACATGCCC 

CCL12 forward CCGGGAGCTGTGATCTTCA 

CCL12 reverse AACCCACTTCTCGGGGT 

CCL20 forward CGACTGTTGCCTCTCGTACA 

CCL20 reverse AGGAGGTTCACAGCCCTTTT 

MMP-12 forward CCTCGATGTGGAGTGCCCGA 

MMP-12 reverse CCTCACGCTTCATGTCCGGAG 

SAA3 forward TGATCCTGGGAGTTGACAGCCAA 

SAA3 reverse ACCCCTCCGGGCAGCATCATA 
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DcR2 forward TGGCTTCTTCTGCAGCTTGGTGT 

DcR2 reverse GGGATTTCGCAGGGCGCCTT 

IL-33 forward CCTCCCTGAGTACATACAATGACC 

IL-33 reverse GTAGTAGCACCTGGTCTTGCTCTT 

CXCL1 forward GCTGGGATTCACCTCAAGAA 

CXCL1 reverse CTTGGGGACACCTTTTAGCA 

CXCL3 forward GGACCCCACTGCACCCAGACA 

CXCL3 reverse GGGGCTTCCTCCTTTCCCGGC 

CCL4 forward GTGGCTGCCTTCTGTGCTCCA 

CCL4 reverse AGCTGCCGGGAGGTGTAAGAGAA 

CCL22 forward TGGCTACCCTGCGTCGTGTCCCA 

CCL22 reverse CGTGATGGCAGAGGGTGACGG 

Muc5ac forward GCAGTTGTGTCACCATCATCTGTG 

Muc5ac reverse GGGGCAGTCTTGACTAACCCTCTT 

HPRT forward AGGCCAGACTTTGTTGGATTTGAA 

HPRT reverse CAACTTGCGCTCATCTTAGGATTT 

Abbreviations: HPRT, hypoxanthine–guanine phosphoribosyltransferase 
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Supplementary Table E2.2: Antibodies used in flow cytometry analysis 

Cell surface antigens Clone Fluorophore Company 

CD3ε 145-2C11 FITC Biolegend 

PDCA 927 FITC Biolegend 

γδTCR GL3 BV421 Biolegend 

CD8a 53-6.7 BV510 Biolegend 

CD11c N418 BV510 Biolegend 

F4/80 BM8 BV605 Biolegend 

CD11b M1/70 PerCPCy5.5 Biolegend 

CD4 RM4-5 APC-Cy7 Biolegend 

Gr-1 RB6-8C5 APC-Cy7 Biolegend 

CD45 30-F11 AF-700 Biolegend 

TRAIL N2B2 PE Biolegend 
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CHAPTER 3: TOLL-LIKE RECEPTOR 2 AND 4 HAVE OPPOSING ROLES IN 

THE PATHOGENESIS OF CIGARETTE SMOKE-INDUCED CHRONIC 

OBSTRUCTIVE PULMONARY DISEASE  

 

In this chapter, an established cigarette smoke-induced mouse model of experimental 

COPD was used to show that TLR2 and TLR4 play critical, but opposing roles, in the 

pathogenesis of COPD. This highlights the differential roles of TLR2 and TLR4 in 

pathogenesis and identify a potential avenue for therapeutic intervention by targeting 

TLR4. 

  

This chapter is currently in revision in the American Journal of Respiratory Cell and 

Molecular Biology, February 2016. I am the co-first author and conducted the majority 

(95%) of the work presented in this publication as part of my studies. I was heavily 

involved in the experimental designs, collected and analysed the data, generated the 

figures and wrote the manuscript. Dr. Malcolm Starkey was co-first author and 

significantly involved in experimental designs, analysis of data and revised the 

manuscript. Dr. Stelios Palvlidis analysed and generated the human data.  Miss Prema 

Mono Nair, Dr. Gang Liu, Dr. Irwan Hanish and Dr. Richard Kim assisted with 

experiments. Laureate  Prof. Paul Foster generously provided Tlr2-/-, Tlr4-/- and MyD88-

/- mice for experiments. Prof. Ian Adcock reviewed the manuscript. Dr. Jay Horvat 

advised on experimental design, analysis of data and reviewed the manuscript. Prof. 

Philip Hansbro oversaw the project and advised on collection and analysis of data and 

reviewed the manuscript. 



115 

 

3.1 Abstract 

COPD is the third leading cause of morbidity and death and imposes major 

socioeconomic burdens globally. It is a progressive and disabling condition that 

severely impairs breathing and lung function. There is a lack of effective treatments for 

COPD, which is a direct consequence of the poor understanding of the underlying 

mechanisms involved in driving the pathogenesis of the disease. TLR2 and TLR4 are 

implicated in chronic respiratory diseases, including COPD, asthma and pulmonary 

fibrosis. However, their roles in the pathogenesis of COPD are controversial and 

conflicting evidence exists. In the current study, we investigated the role of TLR2 and 

TLR4 using a model of CS-induced experimental COPD that recapitulates the hallmark 

features of human disease. TLR2, TLR4 and associated co-receptor mRNA expression 

were increased in the airways in both experimental and human COPD. CS-induced 

pulmonary inflammation was largely unaltered in TLR2-deficient (Tlr2-/-) and TLR4-

deficient (Tlr4-/-) mice. However, Tlr2-/- mice had increased CS-induced emphysema-

like alveolar enlargement, apoptosis and impaired lung function, whilst these features 

were reduced in Tlr4-/- mice compared to CS-exposed WT controls. CS-induced airway 

fibrosis, characterised by increased collagen deposition around small airways, was not 

altered in Tlr2-/- mice but was ablated in Tlr4-/- mice. Taken together, these data 

highlight the complex and multifactorial roles of TLRs in the pathogenesis of COPD 

and in particular a pathogenetic role for TLR4. 
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3.2 Introduction 

COPD is the third leading cause of morbidity and death and imposes significant 

socioeconomic burden worldwide (423). It is a complex, heterogeneous disease 

characterised by chronic pulmonary inflammation, emphysema and airway remodelling, 

which are associated with progressive lung function decline (424). Indeed, the major 

disease features are progressive and become more severe over time that is accelerated 

by infection-induced exacerbations. CS is a major risk factor for COPD (8). The current 

mainstay therapies for COPD are glucocorticoids, β2-adrenergic receptor agonists and 

long acting muscarinic antagonists (426, 446). However, these agents are largely 

ineffective and only provide symptomatic relief rather than modifying the causal factors 

or stopping disease progression (426). There is much current interest in increased 

microbial carriage and altered lung and gut microbiomes in COPD that could be 

modified for therapeutic gain and macrolide antibiotics are currently being tested as new 

treatments (447–449). Nevertheless, there is currently a lack of effective treatments for 

COPD that is largely due to the poor understanding of the underlying mechanisms of 

disease pathogenesis.  

TLR2 and TLR4 play vital roles in the innate immune response and are 

responsible for detecting and initiating responses to microbial membrane components 

including lipids, lipoproteins and proteins (335–337). TLR2 and TLR4 are type I 

transmembrane receptors expressed on the cell surface (335–337). However, in some 

circumstances TLR4 can be internalized or expressed within intracellular compartments 

of certain cells (335–337). TLR2 and TLR4 responses are tightly regulated and 

primarily signal through the adaptor protein MyD88-dependent or Mal-dependent 

pathways (335–337).  Upon agonist ligation (e. g. with bacterial peptidoglycan) TLR2 

forms a heterodimer with either TLR1 or TLR6 and interacts with CD14 to form a 
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functional complex (343, 344). In contrast, upon ligand binding (e.g. to bacterial 

lipopolysaccharide) TLR4 forms a homodimer and interacts with CD14 and/or MD2 

(also known as lymphocyte antigen 96 [LY96] in humans) (345, 346). This induces a 

conformational change in the intracellular Toll–interleukin 1 (IL-1) receptor (TIR) 

domain that initiates the recruitment of MyD88 (336, 337). Simultaneously, members of 

the IRAKs are activated, which leads to the activation of TRAF6 (336, 337).  This 

causes the activation of a complex of TAK1 and TAK1-binding proteins (TAB1, TAB2, 

and TAB3). Consequently, transcriptional factors of the MAPK family and NF-κB are 

activated leading to the expression of pro-inflammatory mediators (335–337). 

TLR2 and TLR4 are widely implicated in chronic respiratory diseases, including 

asthma and pulmonary fibrosis (322, 357–359, 363, 364, 368, 372, 373, 375, 376, 450). 

Both are associated with increased susceptibility to asthma and allergies in children 

(357, 358). In adults, increased expression of TLR2, TLR4 and CD14 were observed in 

subjects with bronchiectasis and asthma (359). These observations were supported by 

findings from mouse models of allergic airway disease (322, 363, 364, 368, 373) and 

bleomycin-induced pulmonary fibrosis (372, 375, 376, 450). We have also shown that 

TLR2 was essential in protecting against early-life respiratory infection and the 

development of subsequent chronic lung disease in later life (125, 130, 131, 315, 429). 

However, the role of TLR2 and TLR4 in the pathogenesis of COPD remains 

controversial and conflicting evidence exists in the literature. Some studies show that 

TLR2 and TLR4 expression are increased by CS exposure or in patients with COPD 

(193, 211, 238, 347–353). However, others show that these TLRs are either not altered 

or are decreased by CS exposure or in COPD patients (353–356).  

Hence, the role of TLR2 and TLR4 in the pathogenesis of COPD remains 

unclear. Here, we investigated these roles using an established mouse model of chronic 
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CS-induced experimental COPD that recapitulates the critical features of human disease 

(7, 186, 191, 192, 261, 421, 422)  as well as analysis of airway epithelial cells from 

human COPD patients. TLR2, TLR4 and associated co-receptor mRNA were increased 

in the airways in both experimental and human COPD. CS-induced pulmonary 

inflammation was largely unaltered in Tlr2-/- and Tlr4-/- mice. In contrast, Tlr2-/- mice 

had increased CS-induced emphysema-like alveolar enlargement, apoptosis and 

impaired lung function, and no difference in airway fibrosis. These features were 

reduced or completely ablated in Tlr4-/- mice, thus implicating this TLR in the 

pathogenesis of COPD. 

 

3.3 Methods 

3.3.1 Ethics statement 

This study was performed in accordance with the recommendations issued by 

the National Health and Medical Research Council of Australia. All protocols were 

approved by the animal ethics committee of The University of Newcastle, Australia. 

 

3.3.2 Experimental COPD 

Female, 7-8-week-old, WT, Tlr2-/- or Tlr4-/- BALB/c mice were exposed to 

normal air or CS through the nose only for up to twelve weeks (7, 186, 191, 192, 261, 

421, 422). 

 

3.3.3 Isolation of RNA and qPCR 

Total RNA was extracted from whole lung tissue, and blunt-dissected airway 

and parenchyma and reversed transcribed (191, 192, 430). mRNA transcripts were 

determined by qPCR (Applied Biosystems) using custom designed primers (Integrated 
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DNA Technologies) and expressed as relative abundance to the reference gene 

hypoxanthine-guanine phosphoribosyltransferase (Supplementary Table E3.1) (191, 

192, 430). 

 

3.3.4 Immunohistochemistry 

Lungs were perfused, inflated, formalin-fixed, paraffin-embedded and sectioned 

(4-6μm) (130, 191, 192, 261). Longitudinal sections of the left lung were incubated with 

primary anti-TLR2 (Merck Milipore, Bayswater, Victoria, Australia) or anti-TLR4 

(Abcam) antibody followed by horseradish peroxidase-conjugated secondary antibody 

(anti-rabbit; R&D Systems or anti-mouse; Abcam) and then 3,3'-Diaminobenzidine 

chromogen-substrate buffer (DAKO) according to manufacturer’s instructions (192, 

261). Sections were counterstained with hematoxylin and analysed with a BX51 

microscope (Olympus) and Image-Pro Plus software (Media Cybernetics). 

 

3.3.5 Gene expression in human tissues 

Analysis of differential gene expression of published datasets (accession 

numbers GSE5058 and GSE27597) (431–433) used Array Studio software (Omicsoft 

Corporation) applying a general linear model adjusting for age and gender and the 

Benjamini–Hochberg method for p-value adjustment (192). 

 

3.3.6 Airway and parenchymal inflammation and histopathology 

Airway inflammation was assessed by differential enumeration of inflammatory 

cells in BALF (191, 192, 261, 429). Lung sections were stained with PAS and 

inflammation assessed by enumeration of inflammatory cells (191, 192). 

Histopathological score was determined in lung sections stained with H&E based on 
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established custom-designed criteria (130, 261). The maximum score was 13 according 

to: airway inflammation (4 points); vascular inflammation (4 points); and parenchymal 

inflammation (5 points). 

 

3.3.7 Alveolar enlargement 

Lung sections were stained with H&E and alveolar septal damage using the 

destructive index technique (451) and alveolar diameter using mean linear intercept 

technique were assessed (186, 191, 192). 

 

3.3.8 TUNEL assay 

Lung sections were stained with TUNEL assay kits (Promega) according to 

manufacturer’s instructions (192). Apoptosis in lung parenchyma was assessed by 

enumerating the numbers of TUNEL+ cells (192). 

 

3.3.9 Lung function 

Lung function was assessed in term of TLC with Buxco® Forced Manoeuvres 

systems (DSI, St. Paul, Minnesota) (191, 261). 

 

3.3.10 Airway remodelling  

Lung sections were stained with PAS or Masson’s Trichrome. Airway epithelial 

area (μm2) and cell (nuclei) number, and collagen deposition area (μm2) was assessed in 

a minimum of four small airways (BM perimeter <1,000μm) per section (191, 192, 

261). Data were normalised to BM perimeter (μm) and quantified using ImageJ 

software (Version 1.50, NIH). 
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3.3.11 Statistical analysis 

Data are presented as means ± SEM and are representative of two independent 

experiments with 5-6 mice per group. Statistical significance was determined with two-

tailed Mann-Whitney test or one-way analysis of variance with Bonferroni post-test 

using GraphPad Prism Software version 6.  

 

3.4 Results 

3.4.1 TLR2 and TLR4 mRNA expression and protein levels are increased in CS-

induced experimental COPD 

To determine whether TLR2 and TLR4 levels are altered in COPD, we first 

interrogated our mouse model of experimental COPD (7, 186, 191, 192, 261, 421, 422). 

WT mice were exposed to CS for 4, 8 and 12 weeks and TLR2 and TLR4 mRNA 

expression were assessed. TLR2, but not TLR4 mRNA was significantly increased in 

whole lung homogenates after 4, 8 and 12 weeks of CS exposure compared to normal 

air-exposed mice (Figure 3.1A and B). We have previously shown that many of the 

hallmark features of COPD were established in mice after eight weeks of CS exposure 

(7, 186, 191, 192, 261, 421, 422). To determine the compartment of the lung in which 

altered TLR2 and TLR4 expression occurred following establishment of disease, blunt 

dissected airways and lung parenchyma were assessed at this time point. TLR2 mRNA 

was increased in both the airways and parenchyma of CS-exposed mice (Figure 3.1C 

and D). In contrast, TLR4 mRNA was increased in the airways, but not parenchyma 

(Figure 3.1E and F). These mRNA expression data were supported by increased TLR2 

and TLR4 protein levels in small airway epithelial cells and increased infiltration of 

parenchyma-associated inflammatory cells that expressed TLR2 or TLR4 in lung 
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histology sections detected by immunohistochemistry (Figure 3.1G and H). Additional 

representative images are shown in Supplementary Figure E3.1A and B.  
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Figure 3.1: TLR2 and TLR4 mRNA expression and protein levels are increased in 

CS-induced experimental COPD. Wild-type (WT) BALB/c mice were exposed to 

normal air or CS and sacrificed after 4, 8 and 12 weeks. TLR2 (A) and TLR4 (B) 

mRNA expression in whole lung tissues. TLR2 mRNA expression in blunt dissected 

airways (C) and parenchyma (D) after 8 weeks CS exposure. TLR4 mRNA expression 
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in airways (E) and parenchyma (F) after 8 weeks of CS exposure. TLR2 and TLR4 

mRNA were expressed as relative abundance to normal air-exposed controls. 

Immunohistochemistry for TLR2 (G) and TLR4 (H) protein on small airway epithelium 

and lung parenchyma after 8 weeks of CS exposure. Arrowheads indicate TLR2+ or 

TLR4+ parenchymal inflammatory cells. *p<0.05; **p<0.01; ***p<0.001 compared to 

normal air-exposed controls. Data are presented as means ± SEM and are representative 

of two independent experiments with 5-6 mice per group. 
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3.4.2 TLR2 and TLR4 co-receptor mRNA expression are increased in CS-

induced experimental COPD 

When activated, TLR2 and TLR4 interact with co-receptors TLR1, TLR6, CD14 

and/or MD2/Ly96 to mediate inflammatory responses (335–337). Therefore, we next 

determined whether the mRNA expression of these co-receptors were altered by CS 

exposure. TLR1 mRNA was increased in blunt dissected lung parenchyma, but not 

airways compared to normal air-exposed controls (Figure 3.2A and B). In contrast, 

TLR6 and CD14 mRNA were increased in both airways and parenchyma (Figure 3.2C-

F). MD2/Ly96 mRNA expression was not altered by CS exposure (Figure 3.2G and 

H). 
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Figure 3.2: TLR2 and TLR4 co-receptor expression are increased in CS-induced 

experimental COPD. Wild-type (WT) BALB/c mice were exposed to normal air or CS 

for 8 weeks to induce experimental COPD. TLR1 mRNA expression in blunt dissected 

airways (A) and parenchyma (B). TLR6 mRNA expression in airways (C) and 

parenchyma (D). CD14 mRNA expression in airways (E) and parenchyma (F). 

MD2/Ly96 mRNA expression in airways (G) and parenchyma (H). TLR1, TLR6, 

CD14 and MD2/Ly96 mRNA were expressed as relative abundance compared to 

normal air-exposed controls. *p< 0.05; **p< 0.01; ***p< 0.001 compared to normal air-

exposed controls. Data are presented as means ± SEM and are representative of two 

independent experiments of 5-6 mice per group. 
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3.4.3 TLR2, TLR4 and co-receptor mRNA expression are increased in the 

airways in human COPD 

We next sought to determine whether the mRNA expression of TLR2, TLR4 

and their co-receptors were altered in humans with mild to moderate COPD 

(GOLD Stage I or II). Pre-existing microarray data from non-COPD (healthy non-

smokers and healthy smokers) and COPD patients were interrogated (431–433). TLR2, 

TLR4 and co-receptor (TLR1, TLR6, CD14 and LY96) mRNA expression were not 

significantly altered in airway epithelial brushings from healthy smokers compared to 

non-smokers (Accession: GSE5058 (432), Figure 3.3A-F). Importantly, however, 

TLR2 (~2.4-fold), TLR4 (~8.7-fold), TLR1 (~7.1-fold), TLR6 (~1.5-fold), CD14 (~3.9-

fold) and LY96 (~12.9-fold) mRNA expression were increased in airway epithelial 

brushings from patients with mild to moderate COPD compared to non-smokers. 

Notably, TLR2 (~2.4-fold), TLR4 (~7.2-fold), TLR1 (~4.7-fold), CD14 (~3.6-fold) and 

LY96 (~6.8-fold) but not TLR6 (~0.8-fold) mRNA expression were also increased in 

airway brushings from COPD patients compared to healthy smokers.  
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Figure 3.3: TLR2, TLR4 and co-receptor mRNA expression are increased in the 

airways in humans with mild to moderate COPD. Airway epithelial cells were 

collected from human healthy non-smokers (NS), healthy smokers without COPD 

(Smoker) and COPD patients with Global Initiative for Chronic Obstructive Lung 

Disease (GOLD) stage I (Mild) or II (Moderate) disease. TLR2 (A), TLR4 (B), TLR1 

(C), TLR6 (D), CD14 (E) and LY96 (F) mRNA expression were assessed by 

microarray profiling. The numbers in the figures represent the false discovery rate 

(FDR), whereby ‘*’ denotes FDR of COPD versus NS; and ‘#’ denotes FDR of COPD 

versus Smoker. 
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TLR2, TLR4 and co-receptor mRNA expression are decreased in the parenchyma 

in human COPD 

Similarly, we then assess the expression of TLR2, TLR4 and co-receptor 

expression in pre-existing microarray data from lung parenchyma cores from severe 

COPD patients (GOLD Stage IV) compared to non-smokers without COPD (Accession: 

GSE27597 (431, 433). In contrast to the data from the airways, TLR2 (~1.5-fold) and 

TLR4 (~2.0-fold) expression were slightly reduced, whereas co-receptors TLR1, TLR6 

and LY96 were not altered in the parenchyma from severe COPD patients compared to 

non-smokers without COPD (Figure 3.4A-E). CD14 was not detectable in this dataset.  
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Figure 3.4: TLR2 and TLR4, but co-receptor mRNA expression are reduced in 

lung parenchyma in humans with severe COPD. Lung parenchymal cores were 

collected from human healthy non-smokers (NS) and COPD patients with Global 

Initiative for Chronic Obstructive Lung Disease (GOLD) stage IV (severe) disease. 

TLR2 (A), TLR4 (B), TLR1 (C), TLR6 (D) and LY96 (E) mRNA expression were 

assessed by microarray profiling. The numbers in the figures represent the false 

discovery rate (FDR), whereby ‘*’ denotes FDR of COPD versus NS.
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CS-induced pulmonary inflammation is largely unaltered in TLR2-deficient and 

TLR4-deficient mice with experimental COPD 

We next investigated whether TLR2 and TLR4 play a role in the 

pathophysiology of CS-induced experimental COPD using WT, Tlr2-/- and Tlr4-/- mice. 

These mice were exposed to CS for eight weeks to induce experimental COPD using 

our established model (7, 186, 191, 192, 261, 421, 422). We first assessed pulmonary 

inflammation in BALF by staining and differential enumeration of inflammatory cells. 

As expected, CS-exposure of WT mice had significantly increased total leukocytes, 

macrophages, neutrophils and lymphocytes in BALF compared to normal air-exposed 

WT controls (Figure 3.5A-D). CS-exposed Tlr2-/- mice had increased neutrophils and 

lymphocytes, but not total leukocytes and macrophages compared to normal air-exposed 

Tlr2-/- controls. This was due to an increase in total leukocytes and macrophages in 

normal air-exposed Tlr2-/- controls compared to normal air-exposed WT controls. In 

contrast, CS-exposed Tlr4-/- mice had increased total leukocytes, macrophages, 

neutrophils and lymphocytes in BALF compared to their normal air-exposed controls. 

Importantly, total leukocytes, macrophages, neutrophils and lymphocytes in BALF were 

not significantly altered in CS-exposed Tlr2-/- or Tlr4-/- mice compared to CS-exposed 

WT controls. 

We then assessed inflammatory cell numbers in the parenchymal histology. CS 

exposure of WT mice significantly increased inflammatory cell numbers in the 

parenchyma compared to normal air-exposed WT controls (Figure 3.5E). CS-exposed 

Tlr2-/- and Tlr4-/- mice also had increased parenchymal inflammatory cells compared to 

their respective normal air-exposed controls and were not significantly different from 

CS-exposed WT controls.  
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We then profiled the mRNA expression of the pro-inflammatory cytokine TNF-

α, chemokine CXCL1, CCL2, CCL3, CCL4, CCL12, CCL22 and other COPD-related 

factors MMP-12 and SAA3 (Supplementary Figure E3.2A-I). These cytokines, 

chemokines and other factors were induced by CS exposure but were either not altered 

or the differences in expression were not consistent with the inflammatory profile 

observed in Tlr2-/- and Tlr4-/- mice. Notably, however, the mRNA expression of the pro-

fibrosis and emphysema factor MMP12 was substantially reduced in CS-exposed Tlr4-/- 

mice compared to WT controls. 

Next, histopathology was scored according to a set of custom-designed criteria 

as described previously (130, 261). CS exposure of WT mice increased histopathology 

score (Figure 3.5F), which was characterised by increased airway, vascular and 

parenchymal inflammation (Figure 3.5G-I). CS-exposed Tlr2-/- and Tlr4-/- mice also 

had increased histopathology, airway, vascular and parenchymal inflammation scores 

compared to their respective normal air-exposed controls. Tlr2-/-, but not Tlr4-/- mice 

had a small but significantly increased total histopathology score compared to CS-

exposed WT controls, which was driven by increased parenchymal inflammation score. 

Normal air-exposed Tlr2-/-, but not Tlr4-/- mice also had increased vascular inflammation 

compared to normal air-exposed WT mice.  
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Figure 3.5: CS-induced pulmonary inflammation is largely unaltered in TLR2-

deficient and TLR4-deficient mice with experimental COPD. Wild-type (WT), 

TLR2-deficient (Tlr2-/-) or TLR4-deficient (Tlr4-/-) BALB/c mice were exposed to 

normal air or CS for 8 weeks to induce experimental COPD. Total leukocytes (A), 
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macrophages (B), neutrophils (C) and lymphocytes (D) were enumerated in May-

Grunwald Giemsa stained bronchoalveolar lavage fluid (BALF). The numbers of 

parenchymal inflammatory cells (arrowheads) were enumerated in periodic acid-Schiff 

(PAS)-stained lung sections (F). Histopathology score in lung sections and specifically 

in the airway, vascular and parenchymal regions (G-J). *p<0.05; **p<0.01; 

***p<0.001; ****p<0.0001 compared to normal air-exposed WT, Tlr2-/- or Tlr4-/- 

controls. #p<0.05, ##p<0.01 compared to CS-exposed WT controls. ϕp<0.05; ϕϕp<0.01 

compared to normal air-exposed WT controls. Data are presented as means ± SEM and 

are representative of two independent experiments of 5-6 mice per group. 
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3.4.4 CS-induced emphysema-like alveolar enlargement, apoptosis and lung 

function impairment are increased in TLR2-deficient mice and decreased in 

TLR4-deficient mice with experimental COPD 

We have previously shown that CS-exposed WT mice develop emphysema-like 

alveolar enlargement and impaired lung function after 8 weeks of CS exposure (191, 

192, 261). Thus, we next sought to determine whether TLR2 and TLR4 contribute to 

these disease features. In agreement with our previous studies, CS exposure of WT mice 

significantly increased alveolar septal damage and diameter, determined by destructive 

index and mean linear intercept techniques, respectively, compared to normal air-

exposed WT controls (Figure 3.6A and B). CS-exposed Tlr2-/- and Tlr4-/- mice also had 

increased alveolar septal damage and alveolar diameter compared to their respective 

normal air-exposed controls. However, CS-exposed Tlr2-/- mice had increased alveolar 

damage and diameter compared CS-exposed WT controls. Conversely, CS-exposed 

Tlr4-/- mice had reduced alveolar septal damage and diameter compared CS-exposed 

WT controls. 

We have previously shown that increased CS-induced emphysema-like alveolar 

enlargement was associated with increased numbers of TUNEL+ cells in the 

parenchyma, which indicates increased apoptosis (192). In agreement with this, CS-

exposure of WT mice increased TUNEL+ cells in the parenchyma compared to normal 

air-exposed WT controls (Figure 3.6C). CS-exposed Tlr2-/- mice had increased 

TUNEL+ cells in the parenchyma compared to their respective normal air-exposed 

controls. Importantly, and in agreement with the reduced emphysema-like alveolar 

enlargement, CS-exposed Tlr4-/- mice did not have increased apoptosis compared to 

their respective normal air-exposed controls. Accordingly, the numbers of TUNEL+ 
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cells were also increased in CS-exposed Tlr2-/- mice and reduced in CS-exposed Tlr4-/- 

mice compared to CS-exposed WT controls. 

We next assessed the role of TLR2 and TLR4 in CS-induced impairment of lung 

function, measured in terms of TLC. As expected, CS exposure of WT mice increased 

TLC compared with normal air-exposed WT controls (Figure 3.6D). In contrast, CS-

exposed Tlr2-/- or Tlr4-/- mice did not have altered TLC compared to their respective 

normal air-exposed controls. The former was due to increased TLC in normal air-

exposed Tlr2-/- controls compared to normal air-exposed WT controls, whereas the latter 

was due to a lack of increase in TLC in CS-exposed Tlr4-/- mice compared to their 

normal air-exposed Tlr4-/- controls. CS-exposed Tlr2-/- mice had increased TLC 

compared to CS-exposed WT controls, whilst importantly CS-exposed Tlr4-/- mice did 

not. 



137 

 

 

Figure 3.6: CS-induced emphysema-like alveolar enlargement, apoptosis and 

impaired lung function impairment are increased in TLR2-deficient and decreased 

in TLR4-deficient mice with experimental COPD. Wild-type (WT), TLR2-deficient 
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(Tlr2-/-) or TLR4-deficient (Tlr4-/-) BALB/c mice were exposed to normal air or CS for 

8 weeks to induce experimental COPD. Alveolar septal damage and diameter (μm) were 

determined in H&E-stained lung sections using destructive index (A) and mean linear 

intercept (B) techniques, respectively. The numbers of TUNEL+ cells (arrowheads) 

were enumerated in whole lung sections (C). Lung function was assessed in terms of 

total lung capacity (TLC, D). **p<0.01; ***p<0.001; ****p<0.0001 compared to 

normal air-exposed WT, Tlr2-/- or Tlr4-/- controls. #p<0.05; ##p<0.01; ####p<0.0001 

compared to CS-exposed WT controls. ϕϕp<0.01 compared to normal air-exposed WT 

controls. ns denotes not significant. Data are presented as means ± SEM and are 

representative of two independent experiments of 5-6 mice per group.  
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3.4.5 CS-induced collagen deposition is not altered in TLR2-deficient mice but 

was completely ablated in TLR4-deficient mice with experimental COPD 

We have previously shown that mice develop small airway remodelling and 

fibrosis in experimental COPD (191, 192, 261). In agreement with this, CS exposure of 

WT mice increased small airway epithelial cell area (epithelial thickening) compared to 

normal air-exposed WT controls (Figure 3.7A). CS-exposed Tlr2-/- and Tlr4-/- mice also 

had increased small airway epithelial cell thickening compared to their respective 

normal air-exposed controls, but were not different to CS-exposed WT controls. CS-

induced small airway epithelial cell thickening in WT, Tlr2-/- and Tlr4-/- mice was 

associated with increased numbers of nuclei in the small airways, which is an indicator 

of increased numbers of epithelial cells (Figure 3.7B). The numbers of nuclei in CS-

exposed Tlr2-/- and Tlr4-/- mice were not different to CS-exposed WT controls. 

We next assessed airway fibrosis in terms of collagen deposition around small 

airways. As expected, CS exposure of WT mice increased collagen deposition 

compared to normal air-exposed WT controls (Figure 3.7C). However, CS-exposed 

Tlr2-/- and Tlr4-/- mice did not have increased collagen deposition compared to their 

respective normal air-exposed controls. The former was due to an increase in collagen 

deposition in normal air-exposed Tlr2-/- mice compared normal air-exposed WT 

controls. The latter was due to no increase in collagen deposition in CS-exposed Tlr4-/- 

mice compared to normal air-exposed Tlr4-/- controls. Notably, CS-induced collagen 

deposition was completed ablated in CS-exposed Tlr4-/- mice compared to CS-exposed 

WT controls. 
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Figure 3.7: CS-induced airway remodelling and fibrosis is not altered in TLR2-

deficient mice whilst CS-induced airway fibrosis, but not remodelling, is 

completely ablated in TLR4-deficient mice with experimental COPD. Wild-type 

(WT), TLR2-deficient (Tlr2-/-) or TLR4-deficient (Tlr4-/-) BALB/c mice were exposed 

to normal air or CS for 8 weeks to induce experimental COPD. Small airway epithelial 

thickness in terms of epithelial cell area (μm2) per basement membrane (BM) perimeter 



141 

 

(μm) was determined in periodic acid-Schiff (PAS)-stained whole lung sections (A). 

The number of epithelial cells in PAS-stained lung sections was assessed by 

enumerating the number of nuclei per 100μm of BM perimeter (B). Area of collagen 

deposition (μm2) per BM perimeter (μm) was determined in Masson’s Trichrome-

stained lung sections (C). **p<0.01; ****p<0.0001 compared to normal air-exposed 

WT, Tlr2-/- or Tlr4-/- controls. ## p<0.01; compared to CS-exposed WT controls. 

ϕp<0.05 compared to normal air-exposed WT controls. Data are presented as means ± 

SEM and are representative of two independent experiments of 5-6 mice per group. 
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3.5 Discussion 

In this study, we demonstrate that both TLR2 and TLR4 play important, but 

opposing roles, in the pathogenesis of CS-induced experimental COPD. TLR2 and 

TLR4 mRNA were increased in airway epithelium and to a lesser extent the 

parenchyma of mice chronically exposed to CS and in human COPD patients. 

Expression of the co-receptors TLR1, TLR6, CD14 or MD2/Ly96 were also increased 

in CS-exposed mice and human COPD. CS-induced pulmonary inflammation was 

largely unaltered in Tlr2-/- and Tlr4-/- mice. In contrast, Tlr2-/- mice had increased CS-

induced emphysema-like alveolar enlargement, apoptosis and impaired lung function, 

whilst importantly these features were reduced in Tlr4-/- mice. CS-induced airway 

remodelling and fibrosis were not altered in Tlr2-/- mice. In contrast, CS-induced airway 

fibrosis, but not remodelling, was completely ablated in Tlr4-/- mice. This study provides 

new insights into the role of TLR2 and in particular TLR4 in the pathogenesis of 

COPD.  

The role of TLR2 and TLR4 in the pathogenesis of COPD has been 

controversial and with conflicting evidence in the literature. In some studies, TLR2 and 

TLR4 were reported to be increased by CS exposure in experimental COPD and/or in 

COPD patients (348, 349). Other studies showed that only one or the other of these 

TLRs were increased by CS exposure in experimental and/or human COPD (211, 350, 

351, 353). TLR2 expression was increased on peripheral blood monocytes and sputum 

neutrophils from patients with COPD, whilst TLR4 expression was unaltered (211, 

353). In contrast, TLR4 expression was increased on human monocyte-derived 

macrophages exposed to CS extract or in lung resections from advanced (GOLD Stage 

III or greater) COPD patients (350–352). CS also induced the expression of TLR4, but 

not TLR2, on 16-human bronchial epithelial cell (16-HBE) cultures (347). Moreover, 
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eight weeks of CS exposure also led to increased expression and protein levels of TLR4 

in the lung tissues of mice and rabbits (351).  

In contrast to these studies, others have reported that the expression of TLR2 

and/or TLR4 were either reduced or not altered by CS or in COPD patients (238, 354–

356). Cell surface expression of TLR2 and TLR4 were to be reduced on alveolar 

macrophages isolated from smokers and COPD patients (354). In another study, the 

expression of TLR2 was reduced, whilst that of TLR4 was unaltered on sputum 

neutrophils from COPD patients (355). The number of airway epithelial cells or 

inflammatory cells with surface associated TLR4 was not significantly different 

between control and COPD endobronchial biopsies (238). However, it should be noted 

that some of the control subjects included in this study were ex-smokers with normal 

lung function. TLR4 expression was also decreased on nasal epithelial cell cultures 

from smokers and human alveolar basal epithelial cell (A549) cultures exposed to CS 

(356). These discrepancies in results are likely due to differences between experimental 

analytes (e.g. peripheral blood monocytes vs. macrophages), cohorts of patients of with 

varying medical backgrounds, experimental models of COPD (e.g. acute vs. chronic CS 

exposure) or potential tissue-specificity of TLR expression. 

To our knowledge, CS-induced experimental mouse models of COPD have not 

been tested using Tlr2-/- mice. In contrast, mice on a variety of genetic backgrounds (e.g. 

BALB/c, C57BL/6, C57BL/10ScNJ or C3H/HeJ mice) that were deficient in TLR4 

have been previously used in different CS exposure models (193, 348, 352). However, 

these models used either acute (<3 days), sub-acute (~5 weeks) or whole body (e.g. 

side-stream) exposures, which do not replicate the chronic mainstream (active) CS 

exposure that is associated with the induction of COPD in humans (193, 348, 352). 

Crucially, these studies did not report or demonstrate chronic CS-induced impairment of 
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lung function, which is a key feature of human COPD. We aimed to address these 

deficiencies and delineate the pathophysiological roles of TLR2 and TLR4 in the 

pathogenesis of COPD using an established mouse model of tightly controlled chronic 

nose-only mainstream CS-induced experimental COPD (7, 186, 191, 192, 261, 421, 

422) that is representative of human exposures (7). This protocol induces the 

development of hallmark features of the disease, namely chronic bronchitis (pulmonary 

inflammation), emphysema-like alveolar enlargement, small airway remodelling and 

impaired lung function (7, 186, 191, 192, 261, 421, 422). Thus, our model recapitulates 

key pathological features observed in human disease. 

We showed that chronic CS exposure induced the expression of TLR2, but not 

TLR4, mRNA in whole lung homogenates. Given that expression of these TLRs may be 

tissue-specific in lung, we investigated this using a combination of qPCR analysis of 

blunt dissected airway and parenchyma, as well as immunohistochemistry in whole lung 

sections. We showed that TLR2 mRNA was increased in blunt dissected airways and 

parenchyma, whereas TLR4 mRNA was increased only in the airways. This suggests 

that the expression of TLR2 and TLR4 may be tissue-specific within the lung, which 

may in part explain the discrepancies in the literature on the expression of TLR2 and 

TLR4 in COPD. These observations were confirmed with immunohistochemistry that 

showed that TLR2 and TLR4 expressions were detected on small airway epithelial cells 

and parenchymal inflammatory cells, which were significantly increased in 

experimental COPD. These TLR2- and TLR4-expressing inflammatory cells are likely 

to be inflammatory monocytes that infiltrate into the lung tissue in response to CS 

exposure (192). 

Using pre-existing microarray datasets, we also showed similar findings in 

human lung samples, whereby the expression of TLR2 and TLR4 mRNA was increased 
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in airway epithelial cells from bronchial brushings of patients with mild to moderate 

COPD. In contrast, TLR2 and TLR4 mRNA were reduced in lung parenchymal cores 

from patients with severe COPD. Interestingly, a previous study showed that TLR4 

expression was inversely associated with severity of COPD, in which TLR4 expression 

was increased in mild to moderate COPD (FEV1 >1L) but reduced in severe COPD 

(FEV1 <1L) (356). This suggests that the reduction in TLR2 and TLR4 expression in 

lung parenchyma of severe COPD patients may be in part due to increased tissue 

destruction and apoptosis, which may result in the loss of cells expressing these TLRs. 

We also showed that the co-receptors TLR1, TLR6 and CD14 were 

concomitantly increased in experimental COPD and the airway epithelium in patients 

with mild to moderate COPD. MD2/Ly96 expression was increased (although not quite 

reaching statistical significance, p=0.053) in experimental COPD and in patients with 

mild to moderate COPD. TLR1, TLR6 and MD2/LY96 expression were not altered, 

whilst CD14 mRNA was not detected in lung parenchyma of patients with severe 

COPD. Others have shown that TLR1 and TLR6 were increased on CD8+ T cells from 

COPD patients (349), and that CD14 levels were increased by CS and associated with 

impaired lung function in smokers (452, 453). It has been reported that MD2 expression 

was unaltered in small airway epithelium, but was reduced in the large airways of 

smokers and patients with stable COPD (454). These data suggest that the effects of CS 

on the expression of TLR2 and TLR4 co-receptors may also be tissue- or cell-specific 

(e.g. airway epithelium vs. inflammatory cells) in mice and humans. Future studies 

using flow cytometric analysis of specific cell surface markers may help confirm these 

observations and further delineate the cellular source of alterations in TLR2, TLR4 and 

their co-receptors in COPD.  
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 To determine the pathophysiological roles of TLR2 and TLR4 in experimental 

COPD, WT, Tlr2-/- or Tlr4-/- BALB/c mice were subjected to an established model of 

CS-induced experimental COPD. Surprisingly, Tlr2-/- mice developed spontaneous 

airway inflammation and increased CS-induced parenchymal inflammation and 

histopathology. This was in contrast to previous studies that showed that inhibition of 

TLR2 suppressed inflammation in chronic lung diseases (364, 373). In other studies, 

mice deficient in TLR2 or treated with a neutralising antibody had reduced bleomycin-

induced pulmonary inflammation, injury, and pulmonary fibrosis (373). Moreover, Tlr2-

/- mice had reduced airway hyperresponsiveness, airway inflammation, mucus cell 

metaplasia and airway fibrosis in an OVA-induced model of experimental allergic 

asthma (364). These discrepancies may be due to differences in pathogenesis and 

mechanisms and inflammatory cells/responses in these other diseases. Allergic asthma 

is dominated by aberrant Th2-type responses typified by increased infiltration of 

eosinophils and activated mast cells into the airways and increased levels of Th2-

associated cytokines such as IL-5 and IL-13 (127, 128, 130, 315).  In contrast, COPD is 

typically associated with Th1/Th17-type inflammatory responses characterised by 

infiltration of macrophages, neutrophils and cytotoxic T cells and the production of 

Th1/Th17-associated cytokines such as IFN-γ and IL-17A (191, 211, 238, 349, 353). 

Hence, the role of TLR2 in different chronic lung diseases may largely depend on the 

presence and type of specific TLR2-expressing cells. 

CS-induced pulmonary inflammation was also not altered in Tlr4-/- mice. This 

was surprising as, unlike TLR2, TLR4 has been implicated in CS-induced pulmonary 

inflammation. In other studies, acute (3 days) CS exposure of Tlr4-/- C57BL/6 mice 

resulted in reductions in total inflammatory cells in BALF and lung tissue (193). Sub-

acute (5 weeks) exposure of Tlr4defective mice also resulted in reduced numbers of BALF 
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total inflammatory cells compared to WT C3H/HeJ controls (348). However, 

pulmonary inflammation was not significantly different in Tlr4defective mice compared to 

WT C3H/HeJ controls after chronic CS exposure (26 weeks) (348). Collectively these 

data suggest that TLR4 may play a minor role in chronic CS-induced inflammation in 

mice.  

 MyD88 is the common downstream signalling pathway for both TLR2 and 

TLR4 (336, 337). Initially, we subjected MyD88-/- BALB/c mice to our CS-induced 

experimental model of COPD to investigate its role in pathogenesis of COPD. 

However, these mice became very ill and suffered significant weight loss (~15% body 

weight) after 3-4 weeks of CS exposure (data not shown). Tlr2-/- and MyD88-/- mice are 

known to be susceptible to opportunistic infections and this may be the cause of the 

illness (455, 456). Notably, recent studies also highlight the importance and interactions 

of host microbiome, commensal bacteria, infectious exacerbations and TLRs in shaping 

and regulating immune responses in COPD and other chronic respiratory diseases (447, 

448, 457, 458). In this study, we showed that Tlr2-/- mice developed spontaneous 

inflammation, increased CS-induced emphysema-like alveolar enlargement that was 

associated with apoptosis and reduced lung function. Moreover, these mice also 

developed spontaneous small airway fibrosis characterised by increased collagen 

deposition. These features may be in part due to altered intrinsic immune responses in 

Tlr2-/- mice and the microbiome may play a part. It is likely that TLR2 and TLR4 will 

be important in these interactions. This is outside the scope of this study and will 

require further work to delineate the relationships. Models of experimental COPD and 

infectious exacerbations and complimentary analysis of human tissues would be 

valuable in such studies (7, 186, 191, 192, 261, 421, 422, 459). 
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 Others reported that mice with deficiency or mutation of TLR4 on C3H/HeJ, 

C57BL/10ScNJ or C57BL/6J backgrounds developed spontaneous pulmonary 

emphysema after 3 months of age (381, 460). This is in contrast with our study that 

showed Tlr4-/- mice on the BALB/c background did not develop spontaneous 

emphysema at the end of the protocol (15-16 weeks old). In fact, Tlr4-/- mice were 

protected from CS-induced emphysema-like alveolar enlargement, which was 

associated with reduced apoptosis in the lungs. These findings were supported by the 

observation of improved lung function in CS-exposed Tlr4-/- mice. The differences in 

genetic background or mouse strains may contribute to these conflicting results (195, 

196). Other studies have shown that mice deficient in Src homology 2 domain–

containing inositol-5-phosphatase 1 (SHIP-1) developed chronic lung disease 

characterised by severe lung inflammation, increased collagen deposition and alveolar 

wall thickening (195, 196). However, chronic lung disease is background dependent in 

SHIP-1-/- mice, as lung pathologies only manifest in C57BL/6 mice and not BALB/c 

mice (195, 196). This may be relevant to humans as only 25% of people who smoke go 

on to develop COPD. Thus, genetic make-up in combination with environmental 

exposures may be required for disease development. This may also indicate that some 

individuals may respond better to TLR based interventions than others. 

 We also showed that CS-induced small airway fibrosis was significantly reduced 

in Tlr4-/- mice. In support of this, TLR4 was shown to play a critical role in bleomycin-

induced pulmonary fibrosis (375, 376, 450). TLR4 mRNA expression was increased in 

mice administered with bleomycin (375), and treatment with an antagonist (E5564) or 

inhibitory small hairpin RNA significantly reduced collagen synthesis and secretion in 

the lungs (376, 450).  
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In summary, this study highlights the roles of TLR2 and TLR4 in CS-induced 

COPD. We identify roles for TLR2 in suppressing CS-induced pulmonary airway 

fibrosis, emphysema and lung function impairment. In contrast, we showed that TLR4 

may potentiate airway fibrosis, emphysema and impaired lung function.  This study 

adds to the understanding of the roles of TLRs in pathogenesis of COPD that may assist 

in identifying novel therapeutic interventions that promote TLR2 or inhibit TLR4 

pathways in COPD. 
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3.6 Supplementary methods and data 

 

Supplementary Figure E3.1: Representative images of TLR2 (A) and TLR4 (B) 

protein expression in lung tissue sections. Wild-type (WT) BALB/c mice were 

exposed to CS or normal air for 8 weeks. Arrowheads indicate TLR2+ or TLR4+ 

epithelial cells in the small airways or inflammatory cells in the parenchyma. 
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Supplementary Figure E3.2: Pro-inflammatory cytokine, chemokine and COPD-

related factor mRNA expression in CS-induced experimental COPD. Wild-type 

(WT), Tlr2-/- or Tlr4-/- mice were exposed to normal air or CS for 8 weeks to induce 

experimental COPD. Pro-inflammatory cytokine tumour necrosis factor-α (TNF-α, A), 

chemokine (C-X-C motif) ligand 1 (CXCL1, B), chemokine (C-C motif) ligand (CCL)2 

(C), CCL3 (D), CCL4 (E), CCL12 (F), CCL22 (G), and other COPD-related factor, 

matrix metalloproteinase-12 (MMP-12, H) and serum amyloid A3 (SAA3, I) mRNA 

expression was determined in whole lung homogenates by qPCR. mRNA data are 

presented as relative abundance compared to normal air-exposed WT controls. *p<0.05; 

**p<0.01; ***p<0.001; ****p<0.0001 compared to normal air-exposed WT, Tlr2-/- or 

Tlr4-/- controls. #p<0.05; ##p<0.01; ###p<0.001; ####p<0.0001 compared to CS-

exposed WT controls. ns denotes not significant. Data are presented as means ± SEM 

and are representative of two independent experiments of 5-6 mice per group. 
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Supplementary Table E3.1: Custom-designed primers used in qPCR analysis 

Primer Primer sequence (5’ → 3’) 

TLR2 forward TGTAGGGGCTTCACTTCTCTGCTT 

TLR2 reverse AGACTCCTGAGCAGAACAGCGTTT 

TLR4 forward TGGTTGCAGAAAATGCCAGG 

TLR4 reverse GGAACTACCTCTATGCAGGGAT 

TNF-α forward TCTGTCTACTGAACTTCGGGGTGA 

TNF-α reverse TTGTCTTTGAGATCCATGCCGTT 

CXCL1 forward GCTGGGATTCACCTCAAGAA 

CXCL1 reverse CTTGGGGACACCTTTTAGCA 

CCL2 forward TGAGTAGCAGCAGGTGAGTGGGG 

CCL2 reverse TGTTCACAGTTGCCGGCTGGAG 

CCL3 forward CTCCCAGCCAGGTGTCATTTT 

CCL3 reverse CTTGGACCCAGGTCTCTTTGG 

CCL4 forward GTGGCTGCCTTCTGTGCTCCA 

CCL4 reverse AGCTGCCGGGAGGTGTAAGAGAA 

CCL12 forward CCGGGAGCTGTGATCTTCA 

CCL12 reverse AACCCACTTCTCGGGGT 

CCL22 forward TGGCTACCCTGCGTCGTGTCCCA 

CCL22 reverse CGTGATGGCAGAGGGTGACGG 

MMP-12 forward CCTCGATGTGGAGTGCCCGA 

MMP-12 reverse CCTCACGCTTCATGTCCGGAG 

SAA3 forward TGATCCTGGGAGTTGACAGCCAA 

SAA3 reverse ACCCCTCCGGGCAGCATCATA 
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HPRT forward AGGCCAGACTTTGTTGGATTTGAA 

HPRT reverse CAACTTGCGCTCATCTTAGGATTT 

Abbreviaton: HPRT, hypoxanthine–guanine phosphoribosyltransferase 



154 

 

CHAPTER 4: TOLL-LIKE RECEPTOR 7 PROMOTES CIGARETTE SMOKE-

INDUCED EMPHYSEMA IN CHRONIC OBSTRUCTIVE PULMONARY 

DISEASE  

 

In this chapter, an established CS-induced mouse model of experimental COPD was 

used to show that TLR7 plays a critical role in emphysema-like alveolar enlargement 

and apoptosis. This highlights for the first time a previously unrecognised role of TLR7 

in the pathogenesis of COPD and provides novel insights into the mechanisms that 

underpin CS-induced pathogenesis in the disease. It also identifies TLR7 as a potential 

therapeutic target in treating emphysema in COPD. 

 

This chapter is currently in preparation for submission to the Nature Medicine. I am the 

co-first author and conducted the majority (95%) of the work presented in this 

publication as part of my studies. I was heavily involved in the experimental designs, 

collected and analysed the data, generated the figures and preparing the manuscript. Dr. 

Malcolm Starkey was co-first author and significantly involved in experimental designs, 

analysis of data and reviewing manuscript. Dr. Stelios Palvlidis analysed and generated 

the human data. Miss Prema Mono Nair, Dr. Gang Liu, Dr. Irwan Hanish and Dr. 

Richard Kim assisted with experiments. Prof. Ian Adcock reviewed the manuscript. Dr. 

Kensuke Miyake provided anti-TLR7 neutralising antibody for experiments. Prof. 

Richard Stevens and Laureate  Prof. Paul Foster generously provided mMCP-6-/- and 

Tlr7-/- mice respectively.  Dr. Jay Horvat advised on experimental design, analysis of 

data and reviewed the manuscript. Prof. Philip Hansbro oversaw the project and advised 

on collection and analysis of data and reviewed the manuscript. 
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4.1 Abstract 

COPD is the third leading cause of death worldwide. There are no effective 

treatments due to a poor understanding of the underlying mechanisms. The role of 

TLR7 in the pathogenesis of COPD is unknown. This study aimed to determine if 

TLR7 has a role in CS-induced experimental and human COPD. Pre-existing human 

microarray datasets were used to assess TLR7 expression in human COPD. For 

experimental studies female, 7-8-week-old, WT or TLR7-deficient (Tlr7-/-) mice were 

exposed to normal air or nose-only inhalation of CS for up to twelve weeks. Some WT 

and mouse mast cell protease-6-deficient (mMCP-6-/-) mice were administered 

imiquimod (TLR7 agonist) in the absence or presence of CS exposure. For therapeutic 

studies, CS-exposed mice were treated with anti-TLR7 neutralising antibody for the 

last two weeks of CS exposure. TLR7 mRNA expression was increased in both human 

and experimental COPD. CS-induced pulmonary inflammation was not altered in Tlr7-

/- mice. CS-induced small airway epithelial cell thickening was reduced but collagen 

deposition was increased in Tlr7-/- mice. Importantly, CS-induced emphysema and 

apoptosis in the lungs were reduced in Tlr7-/- mice. Conversely, administration of 

imiquimod the lungs of WT mice further increased in CS-induced emphysema and 

apoptosis. Furthermore, imiquimod-induced emphysema and apoptosis were ablated in 

mMCP-6-/- mice. Crucially, therapeutic neutralisation of TLR7 decreased CS-induced 

emphysema and apoptosis in WT mice. Collectively, these data demonstrate a 

previously unrecognised role for TLR7 in COPD pathogenesis and identify it as a novel 

therapeutic target. 
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4.2 Introduction 

COPD is the third leading cause of mortality worldwide and imposes an 

enormous socioeconomic burden worldwide (423). It is a complex, heterogeneous 

disease characterised by chronic pulmonary inflammation, airway remodelling, 

emphysema and progressive declines in lung function (424). A major risk factor is 

cigarette smoking whilst other exposures (e.g. wood smoke and air pollution) are also 

important (8). The current mainstay therapies for COPD include smoking cessation, 

glucocorticoids, β2-adrenergic agonists and anticholinergic antagonists (425, 426, 446). 

However, these agents are poorly effective and provide can only provide some 

symptomatic relief and do not suppress the casual factors or halt the progression of 

disease (426). Hence, there is a lack of effective treatments that reverse COPD or 

prevent its progression, which is largely due to the poor understanding of the underlying 

mechanisms.  

 TLR7 is an intracellular TLR that is expressed on intracellular vesicles (337, 

382). It plays an important role in host defence against ssRNA viruses (337, 382). When 

ssRNA interacts with TLR7, MyD88 is recruited and this interaction leads to the 

activation of NF-κB that drives inflammatory responses (337, 382). TLR7 may also 

signal through TRIF and activates IRFs, which drives the production of anti-viral Type I 

IFNs (e.g. IFN-α and IFN-β) (337, 382).  

TLR7 has been implicated in the pathogenesis of asthma and pulmonary fibrosis 

(402, 404, 405, 407). Administration of TLR7 agonists (e.g. imiquimod) to mice 

suppressed the expression of Th2-associated cytokines (IL-4, IL-5 and IL-13), airway 

inflammation, airway fibrosis and AHR (402, 404, 405, 407). Mast cells are emerging 

as important inflammatory cells in chronic lung diseases, including asthma, pulmonary 

fibrosis and COPD (255–259). These cells express a variety of pattern recognition 



157 

 

receptors, including TLR7 (392, 395), and potent immune mediators, including mMCP-

6 (191, 261, 392, 395). However, it is unclear what role TLR7 plays in the pathogenesis 

of COPD and there are no established links with mast cell-specific factors. 

 Here, we investigated the role of TLR7 in pathogenesis using existing human 

data and an established model of CS-induced experimental COPD (7, 186, 191, 192, 

261, 421, 422). TLR7 mRNA expression was increased in both human and experimental 

COPD. CS-induced pulmonary inflammation was not altered in Tlr7-/- mice. CS-

induced small airway epithelial cell thickening was reduced whilst collagen deposition 

increased in Tlr7-/- mice. Importantly, Tlr7-/- mice had reduced CS-induced emphysema-

like alveolar enlargement, that was associated with attenuated apoptosis. Administration 

of imiquimod synergistically increased CS-induced emphysema and apoptosis in WT 

mice. Notably, imiquimod-induced emphysema and apoptosis were ablated in mMCP-6-

/- mice. Importantly, antibody-mediated neutralisation of TLR7 reduced CS-induced 

emphysema and apoptosis in the lungs. Taken together, these data identify previously 

unrecognised role for TLR7 in the pathogenesis of COPD and its potential as a 

therapeutic target. 

 

4.3 Methods 

4.3.1 Ethics statement 

This study was performed in accordance with the recommendations issued by 

the National Health and Medical Research Council of Australia. All protocols were 

approved by the animal ethics committee of The University of Newcastle, Australia. 
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4.3.2 Experimental COPD 

Female, 7-8-week-old, WT or Tlr7-/- BALB/c mice were exposed to normal air 

or CS through the nose only for eight weeks as described previously (186, 191, 192, 

261, 421, 422). 

 

4.3.3 Isolation of RNA 

Total RNA was extracted from whole lung tissue and blunt-dissected airway and 

parenchyma as described previously (192, 322). Briefly, the trachea and lungs were 

excised, and lung parenchyma was carefully separated from the airways with sterile 

forceps. Whole lungs, airways and parenchyma were then snap frozen and stored at -

80°C. Tissues were thawed and homogenized in 500μl of sterile Dulbecco’s PBS (Life 

Technologies) using a Tissue-Tearor stick homogenizer (BioSpec Products) on ice. 

Total RNA was extracted using TRIzol (Invitrogen) according to manufacturer’s 

instructions and stored at -80°C (191, 192).  

 

4.3.4 qPCR  

Total RNA from whole lungs, airway and parenchyma (1,000ng) were reversed 

transcribed using Bioscript (Bioline) and random hexamer primers (Invitrogen) as 

described previously (125, 126, 129, 131, 191, 192, 261, 429). mRNA expression of 

cytokines, chemokines and factors-related to COPD were determined by qPCR 

(ABIPrism7000) and expressed as relative abundance to the reference gene 

hypoxanthine-guanine phosphoribosyltransferase. Custom designed primers were used 

(Supplementary Table E4.1). 
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4.3.5 Immunohistochemistry 

Lungs were perfused, inflated, formalin-fixed, paraffin-embedded and sectioned 

(4-6μm). Longitudinal sections of the left lung were rehydrated through a series of 

xylene (twice) and ethanol gradient (2x absolute, 90%, 80%, 70%, 50%, 0.85% saline 

and PBS) washes followed by antigen retrieval with citrate buffer (10mM citric acid, 

0.05% Tween 20, pH6.0) at 100°C for 30 mins. Sections were blocked with casein 

blocker (Thermo Scientific, Pittsburgh, PA) for 1 hour. Sections were then washed with 

PBS (5x, 5 mins each) and incubated with primary anti-TLR7 rabbit antibody (Abcam) 

overnight at 4°C and followed by anti-rabbit horseradish peroxidase-conjugated 

secondary antibody at 37°C for 30 mins (R&D Systems) as per manufacturer’s 

recommendations. The 3,3'-diaminobenzidine chromogen-substrate buffer (DAKO) was 

applied to sections and incubated for 8-12 mins. Sections were washed in PBS (5x, 

5mins each), counterstained with hematoxylin, dehydrated, mounted and analysed with 

a BX51 microscope (Olympus) and Image-Pro Plus software (Media Cybernetics). 

 

4.3.6 Airway and parenchymal inflammation  

Airway inflammation was assessed by differential enumeration of inflammatory 

cells in BALF as described previously (128, 191, 192, 429, 434). Longitudinal sections 

of lung were stained with PAS and parenchymal inflammation was assessed by 

enumerating the numbers of inflammatory cells in 20 randomised, high-powered fields 

(191, 192). 

 

4.3.7 Histopathology 

Histopathology was assessed in longitudinal lung sections stained with H&E and 

scored based on a set of custom-designed criteria as described previously (130, 261).  



160 

 

 

4.3.8 Airway remodelling  

Longitudinal sections of the left single-lobe lung were stained with  H&E or 

Masson’s Trichrome. Airway epithelial area (μm2) and cell (nuclei) number, and 

collagen deposition area (μm2) were quantified using ImageJ software (Version 1.50, 

NIH) and normalised to BM perimeter (μm) as described previously (191, 192, 261).  

 

4.3.9 Alveolar enlargement 

Longitudinal sections (4-6μm) of the left single-lobe lung were stained with 

H&E to assess alveolar septal damage and diameter using the destructive index (451) 

and mean linear intercept techniques (186, 191, 192) respectively. 

 

4.3.10 TUNEL assay 

Longitudinal sections of the left single-lobe lung were stained with TUNEL 

assay kits (Promega) according to manufacturer’s instructions. Apoptosis in lung 

parenchyma was assessed by enumerating the numbers of TUNEL+ cells in 20 

randomised, high-powered fields (192). 

 

4.3.11 Mast cells in lung tissue 

Longitudinal sections of the left single-lobe lung were stained with chloroacetate 

esterase and the number of mast cells in lung tissue were enumerated (191, 261). 
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4.3.12 RNA quantification  

The amount of RNA was determined in BALF using Nanodrop® (Thermo 

Scientific) as per manufacturer’s instruction (416). The amount of mouse anti-Smith 

antibody in BALF and serum were determined by ELISA as described previously (461). 

 

4.3.13 TLR7 agonist administration  

WT (BALB/c or C57Bl/6) or mMCP-6-/- mice were administered 50μg of TLR7 

agonist (Imiquimod) in 50μl sterile Dulbecco’s PBS (Life Technologies) (462), by i.n 

under isoflurane-induced anaesthesia, five times per week, chronically for up to eight 

weeks in the absence of CS exposure or acutely during the last two weeks (Week 6 to 

Week 8) of CS exposure protocol. Controls received vehicle (PBS). 

 

4.3.14 TLR7 neutralisation 

WT mice were administered neutralising anti-TLR7 (clone Ba/F3; 4mg/kg of 

body weight) monoclonal antibody or IgG1/κ isotype control (461), by i.v injections 

under isoflurane-induced anaesthesia, once per week, during the last two weeks (Week 

6 to Week 8) of CS exposure.    

 

4.3.15 Statistical analysis 

Data are presented as means ± SEM and are representative of two independent 

experiments of 5-6 mice per group. Statistical significance was determined with two-

tailed Mann-Whitney test or by one-way analysis of variance with Bonferroni post-test 

using GraphPad Prism Software version 6 (San Diego).  
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4.4 Results 

4.4.1 TLR7 mRNA expression is increased in human with COPD 

To determine if TLR7 expression is altered in human COPD patients, pre-existing 

microarray data from mild to moderate (GOLD stage I or II), severe (GOLD stage IV) 

COPD and non-COPD subjects was assessed (431–433). TLR7 expression was 

unaltered in airway epithelial brushings from healthy smokers without COPD compared 

to non-smokers (Accession: GSE5058 (432), Figure 4.1A). In contrast, TLR7 

expression was increased in airway epithelial brushings from patients with 

mild/moderate COPD when compared to non-smoker and healthy smokers without 

COPD. TLR7 mRNA expression was also increased in lung parenchyma of patients 

with severe COPD (GOLD stage IV) compared to subjects without COPD (Accession: 

GSE27597 (431, 433), Figure 4.1B).  
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Figure 4.1: TLR7 mRNA expression is increased in human with COPD. Airway 

epithelial brushings and lung parenchyma cores were collected from healthy non-

smokers, healthy smokers without COPD or patients with COPD. TLR7 mRNA 

expression was assessed by microarray profiling in airway epithelial brushings from 

patients with the Global Initiative for Chronic Obstructive Lung Disease (GOLD) stage 

I (mild) or II (moderate) disease compared to non-smokers (NS) and healthy smokers 

without COPD (Smoker, A) and parenchyma from non-COPD controls or patients with 

severe (GOLD stage IV) COPD (B). The numbers in the figures represent the false 

discovery rate (FDR), whereby ‘*’ denotes FDR of COPD versus NS; and ‘#’ denotes 

FDR of COPD versus Smoker. 
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4.4.2 TLR7 mRNA expression and protein levels are increased in CS-induced 

experimental COPD 

Given that TLR7 mRNA expression was increased in human COPD, we next 

determined whether it was also increased in the lungs of CS-exposed mice with 

experimental COPD (7, 186, 191, 192, 261, 421, 422). TLR7 mRNA was increased 

after 4 (not significant), 6, 8 and 12 weeks of CS exposure (Figure 4.2A). To assess 

tissue specific production of TLR7 within the lung, the airways and lung parenchyma 

were separated by blunt dissection and analysed. TLR7 mRNA was increased in both 

airways and lung parenchyma (Figure 4.2B and C). These data were supported by 

increased TLR7 protein levels in small airway epithelial cells (Figure 4.2D) and 

parenchyma-associated inflammatory cells (Figure 4.2E) in lung tissue sections of CS-

exposed mice.  
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Figure 4.2: TLR7 mRNA expression and protein levels are increased in CS-

induced experimental COPD. Wild-type (WT) mice were exposed to normal air or CS 

and sacrificed after 4, 6, 8 and 12 weeks. TLR7 mRNA expression in whole lungs (A).  

TLR7 mRNA expression in blunt-dissected airway (B) and parenchyma (C) after eight 

weeks CS exposure. TLR7 mRNA was expressed as relative abundance to air controls. 

Immunohistochemistry for TLR7 protein in small airway epithelial cells (D) and lung 

parenchyma (E) after eight weeks CS exposure. Arrowheads indicate TLR7+ small 

airway epithelial cells or parenchymal inflammatory cells. Data are presented as means 

± SEM and are representative of two independent experiments of 5-6 mice per group. 

*p<0.05; **p<0.01; ***p<0.001 compared to normal air-exposed controls. 
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4.4.3 CS-induced pulmonary inflammation is unaltered in TLR7-deficient mice 

with experimental COPD 

We next investigated whether TLR7 plays a role in pathophysiology of CS-

induced experimental COPD. WT and Tlr7-/- mice were exposed to CS for eight weeks 

to induce experimental COPD (Figure 4.3A) (7, 186, 191, 192, 261, 421, 422).CS 

exposure of WT and Tlr7-/- mice increased total leukocytes, macrophages, neutrophils 

and lymphocytes in BALF compared to normal air-exposed WT and Tlr7-/- controls, 

respectively (Figure 4.3B–E). The level of these inflammatory cells were not 

significantly altered between CS-exposed WT and Tlr7-/- mice.  

We then assessed inflammation in the parenchyma by histology. CS-exposed 

WT and Tlr7-/- mice had increased inflammatory cells in the parenchyma compared to 

normal air-exposed WT and Tlr7-/- controls, respectively (Figure 4.3F). However, again 

these inflammatory cells were not altered between CS-exposed WT and Tlr7-/- mice. 

Histopathology in lung tissue was also scored (130, 261). CS-exposure of WT mice 

increased histopathology score, characterised by increased total, airway, vascular and 

parenchymal inflammation (Figure 4.3G–J). CS-exposed Tlr7-/- mice also had 

increased total histopathology, airway, vascular and parenchymal inflammation scores 

compared to normal air-exposed Tlr7-/- controls and were not altered compared to CS-

exposed WT controls. 

We also profiled mRNA expression of pro-inflammatory cytokines, chemokines 

and COPD-related factors in lung homogenates (see Supplementary Figure E4.1A–

K). These factors were all increased in CS-exposed WT and Tlr7-/- mice compared to 

normal air-exposed WT and Tlr7-/- controls respectively, but were not significantly 

altered between CS-exposed WT and Tlr7-/- mice. 
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Figure 4.3: CS-induced pulmonary inflammation is unaltered in TLR7-deficient 

mice with experimental COPD. Wild-type (WT) or TLR7-deficient (Tlr7-/-) BALB/c 

mice were exposed to normal air or CS for eight weeks (A). Total leukocytes (B), 

macrophages (C), neutrophils (D), and lymphocytes (E) were enumerated in May-

Grunwald Giemsa stained bronchoalveolar lavage fluid (BALF). The numbers of 

parenchymal inflammatory cells (arrowheads) were enumerated in periodic acid-Schiff 

(PAS)-stained lung sections (F). Histopathology scores of whole lung sections (G – J). 

Data are presented as means ± SEM and are representative of two independent 

experiments of 5-6 mice per group. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001 

compared to normal air-exposed WT or Tlr7-/- controls. 



168 

 

4.4.4 CS-induced small airway epithelial cell thickening is reduced whilst airway 

fibrosis is increased in TLR7-deficient mice in experimental COPD 

We have previously shown that mice develop small airway remodelling and 

collagen deposition in experimental COPD (191, 192, 261). In line with this, CS 

exposure of WT and Tlr7-/- mice increased small airway epithelial cell area (thickening) 

compared to normal air-exposed WT and Tlr7-/- controls, respectively (Figure 4.4A). 

However, CS-exposed Tlr7-/- mice had reduced small airway epithelial cell thickening 

compared to CS-exposed WT controls.  

Next, we sought to determine whether reduced epithelial thickening was 

associated with decreased numbers of nuclei, which is an indicator of reduced numbers 

of epithelial cells. CS exposure of WT mice increased nuclei numbers compared to 

normal air-exposed WT controls (Figure 4.4B). CS-exposed Tlr7-/- mice also had 

increased nuclei numbers in the small airways compared to normal air-exposed Tlr7-/- 

mice but numbers were significantly reduced compared to CS-exposed WT controls. 

We next assessed collagen deposition around the small airways. CS exposure of 

WT mice increased collagen deposition compared to normal air-exposed WT controls 

(Figure 4.4C). In contrast, collagen deposition was not significantly different between 

CS-exposed and normal air-exposed Tlr7-/- mice. This was due to an increase in collagen 

deposition in normal air-exposed Tlr7-/- mice compared normal air-exposed WT mice. 

Notably, CS-exposed Tlr7-/- mice had increased collagen deposition compared CS-

exposed WT controls.  
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Figure 4.4: CS-induced small airway epithelial cell thickening is reduced whilst 

airway fibrosis is increased in TLR7-deficient mice with experimental COPD. 

Wild-type (WT) or TLR7-deficient (Tlr7-/-) mice BALB/c were exposed to normal air or 

CS for eight weeks. Small airway epithelial thickness in terms of epithelial cell area 

(μm2) per basement membrane (BM) perimeter (μm) was determined in hematoxylin 

and eosin (H&E)-stained whole lung sections (A). The number of epithelial cells in 

H&E-stained lung sections was assessed by enumerating the number of nuclei per 

100μm of BM perimeter (B). Area of collagen deposition (μm2) per BM perimeter (μm) 

was determined in Masson’s Trichrome-stained lung sections (C). Data are presented as 

means ± SEM and are representative of two independent experiments of 5-6 mice per 

group. ns; not significant. *p<0.05; **p<0.01; ****p<0.0001 compared to normal air-

exposed WT or Tlr7-/- controls. ##p<0.01; ####p<0.0001 compared to CS-exposed WT 

controls.  ϕϕϕϕp<0.0001 compared to normal air-exposed WT controls. 
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4.4.5 CS-induced emphysema-like alveolar enlargement and apoptosis are 

reduced in TLR7-deficient mice with experimental COPD 

   We next sought to determine whether TLR7 plays a role in CS-induced 

emphysema-like alveolar enlargement. CS-exposed WT mice had increased alveolar 

septal damage and diameter, determined by destructive index and mean linear intercept 

techniques, respectively compared to normal air-exposed WT controls (Figure 4.5A 

and B). In contrast, CS-exposed Tlr7-/- mice had no septal damage and only marginally 

increased alveolar enlargement compared to normal air-exposed Tlr7-/- controls. Thus, 

CS-exposed Tlr7-/- mice had significantly reduced alveolar septal damage and diameter 

compared to CS-exposed WT controls. 

These differences in alveolar damage and diameter were associated with reduced 

TUNEL+ cells in the parenchyma, indicating reduced apoptosis, in CS-exposed Tlr7-/- 

mice compared to CS-exposed WT controls (Figure 4.5C).  

Next, the effect of TLR7 on lung function was assessed. CS exposure of WT and 

Tlr7-/- mice increased transpulmonary resistance and tissue damping compared to 

normal air-exposed WT and Tlr7-/- controls, respectively (Figure 4.5D and E). 

Surprisingly, these lung function parameters were not altered between CS-exposed WT 

and Tlr7-/- mice.  
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Figure 4.5: CS-induced emphysema-like alveolar enlargement and apoptosis are 

reduced in TLR7-deficient mice with experimental COPD. Wild-type (WT) or 

TLR7-deficient (Tlr7-/-) mice BALB/c were exposed to normal air or CS for eight 

weeks. Alveolar septal damage and diameter (μm) were determined in hematoxylin and 

eosin (H&E)-stained lung sections using the destructive index (A) and mean linear 

intercept (B) techniques respectively. The numbers of TUNEL+ cells (arrowheads) 
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enumerated in whole lung sections (C). Lung function was assessed in terms of 

transpulmonary resistance (D) and tissue damping (E). Data are presented as means ± 

SEM and are representative of two independent experiments of 5-6 mice per group. ns; 

not significant. *p<0.05; **p<0.01; ****p<0.0001 compared to normal air-exposed WT 

or Tlr7-/- controls. #p<0.05; ##p<0.01; ###p<0.001 compared to CS-exposed WT 

controls. 
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4.4.6 IFN-related mRNA expression are not altered in TLR7-deficient mice with 

experimental COPD 

Given that TLR7 mediates anti-viral IFN responses (337, 382, 396) and these 

responses are suppressed in COPD patients (184, 186, 463–466), we also assessed IFN-

α, IFN-β, IFN-γ, IFN-λ and interferon receptor 1 (IFNAR1) mRNA expression 

(Supplementary Figure E4.2A–E). CS exposure of WT and Tlr7-/- mice decreased the 

mRNA expression of IFN-α, IFN-β, IFN-γ and IFNAR1 compared to normal air-

exposed WT and Tlr7-/- controls, respectively. IFN-λ mRNA expression was not altered 

by CS exposure. The mRNA expression of these factors were not different between CS-

exposed WT and Tlr7-/- mice.  

 

4.4.7 CS-induced emphysema-like alveolar enlargement and apoptosis are 

increased in lung parenchyma by administration of imiquimod in mice with 

experimental COPD 

To further explore the role of TLR7 in pathogenesis, we determined if 

exogenous stimulation with an agonist (imiquimod) would increase CS-induced 

emphysema. WT mice were exposed to CS or normal air for eight weeks and 

administered imiquimod or sterile saline from Week 6 to Week 8 (Figure 4.6A). 

Imiquimod did not alter the number of inflammatory cells in BALF, histopathology 

score or small airway epithelial cell thickening (Supplementary Figure E4.3A–J). 

Notably, CS-induced collagen deposition was reduced around the small airways of CS-

exposed imiquimod-administered mice compared to CS-exposed saline-administered 

controls (Supplementary Figure E4.3K).  

As expected, administration of saline to CS-exposed mice had no impact on 

alveolar septal damage and diameter (Figure 4.6B and C). However, administration of 
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imiquimod to CS-exposed mice led to a further increase in alveolar septal damage and 

diameter compared to both normal air-exposed imiquimod-administered and CS-

exposed saline-administered controls. Notably, normal air-exposed imiquimod-

administered mice also had increased alveolar septal damage and diameter compared to 

normal air-exposed saline-administered controls. Increased alveolar septal damage and 

diameter in both normal air- and CS-exposed imiquimod-administered mice were 

associated with increased TUNEL+ cells in the parenchyma (Figure 4.6D). 

Next, we assessed the effects of imiquimod on lung function. CS-exposed 

saline-administered mice had increased transpulmonary resistance and tissue damping 

compared to normal air-exposed saline-administered controls (Figure 4.6E and F). 

However, CS-exposed imiquimod-administered mice had equivalent transpulmonary 

resistance but increased tissue damping compared to normal air-exposed imiquimod-

administered controls. Notably, increased tissue damping and transpulmonary resistance 

were observed in normal air-exposed imiquimod-administered mice compared to 

normal air-exposed saline-administered controls. Importantly, CS-exposed imiquimod-

administered mice had increased in transpulmonary resistance and tissue damping 

compared to CS-exposed saline-administered mice. 

We also assessed the effects of imiquimod on the CS-induced suppression of 

IFN-related mRNA expression. Consistent with the observations in Tlr7-/- mice, IFN-α, 

IFN-β, IFN-γ and IFNAR1, but not IFN-λ were largely suppressed in CS-exposed 

saline-administered mice compared to normal air-exposed saline-administered controls 

(Supplementary Figure E4.4A–E). IFN-λ mRNA expression was not altered by CS 

exposure or imiquimod administration. Interestingly, administration of imiquimod 

restored IFN-α, but not IFN-β, IFN-γ or IFNAR1, mRNA expression in CS-exposed 

mice.  
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Figure 4.6: CS-induced emphysema-like alveolar enlargement and apoptosis are 

increased in lung parenchyma by administration of imiquimod in mice with 

experimental COPD. Wild-type (WT) mice were exposed to normal air or CS for eight 

weeks and some groups administered 50μg imiquimod in 50μl sterile saline, i.n five 

times per week, from Week 6 to Week 8 (for two weeks, A). Controls received vehicle. 
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Alveolar septal damage and diameter (μm) were determined in hematoxylin and eosin 

(H&E)-stained lung sections using destructive index (B) and mean linear intercept (C) 

techniques. The numbers of TUNEL+ cells (arrowheads) were enumerated in whole 

lung sections (D). Lung function was assessed in terms of transpulmonary resistance (E) 

and tissue damping (F). Data are presented as means ± SEM and are representative of 

two independent experiments of 8 mice per group. *p<0.05; **p<0.01; ***p<0.001; 

****p<0.0001 compared to saline- or imiquimod-administered normal air-exposed 

controls. #p<0.05; ##p<0.01; ####p<0.0001 compared to saline-administered CS-

exposed controls. ϕp<0.05; ϕϕp<0.01; ϕϕϕp<0.001; ϕϕϕϕp<0.0001 compared to saline-

administered normal air-exposed controls. 
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4.4.8 Emphysema-like alveolar enlargement and apoptosis are induced in lung 

parenchyma of WT mice by chronic administration of imiquimod  

To further assess the role of TLR7, the effects of chronic administration of the 

agonist, imiquimod, in the absence of CS was assessed. WT mice were administered 

imiquimod five times per week, for eight weeks (Figure 4.7A). Administration of 

imiquimod into lungs of WT mice did not alter the number of inflammatory cells in 

BALF, histopathology scores, small airway epithelial cell thickening or collagen 

deposition (Supplementary Figure E4.5A–K). Also, imiquimod did not alter IFN-

related mRNA expression (Supplementary Figure E4.6A–E). Administration of 

imiquimod to WT mice did, however, increase alveolar septal damage and diameter 

compared to saline-administered WT controls (Figure 4.7B and C). These effects were 

associated with increased TUNEL+ cells in the parenchyma compared to saline-

administered controls (Figure 4.7D). Furthermore, the administration of imiquimod 

increased transpulmonary resistance and tissue damping compared to saline-

administered controls. (Figure 4.7E and F).  
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Figure 4.7: Emphysema-like alveolar enlargement and apoptosis are induced in 

lung parenchyma of WT mice by chronic administration of imiquimod. Wild-type 
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(WT) mice were given 50μg imiquimod in 50μl sterile saline, i.n five times per week, 

for eight weeks (A). Controls received vehicle. Alveolar septal damage and diameter 

(μm) was determined in hematoxylin and eosin (H&E)-stained lung sections using the 

destructive index (B) and mean linear intercept (C) techniques respectively. The 

numbers of TUNEL+ cells (arrowheads) were enumerated in whole lung sections (D). 

Lung function was assessed in terms of transpulmonary resistance (E) and tissue 

damping (F). Data are presented as means ± SEM and are representative of two 

independent experiments of 8 mice per group. *p<0.05; **p<0.01 compared to saline-

administered controls.  
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4.4.9 Imiquimod-induced emphysema-like alveolar enlargement and apoptosis 

are reduced in lung parenchyma of mMCP6-deficient mice 

 Previous studies have shown that mast cells may be important in human and 

experimental COPD (191, 257–259, 261). Moreover, we have also demonstrated mouse 

mast cell-specific proteases (e.g. mMCP-6) play a critical role in CS-induced 

emphysema (191, 261). However, it is not known how and what induces mast cells to 

release and secrete these proteases. Given that others have shown that mast cells express 

TLR7, we next assessed whether the mast cell-specific protease mMCP-6 mediates the 

effects of imiquimod. In agreement with previous studies, CS exposure of WT mice 

increased the number of mast cells in the lungs compared to normal air-exposed WT 

controls (Figure 4.8A). In contrast, CS exposure of Tlr7-/-  mice did not have increase 

number of mast cells in the lung compared to normal air-exposed Tlr7-/- controls.  

To test the relationship between TLR7 and mast cells, WT or mMCP-6-/- 

C57BL/6 mice were administered imiquimod five times per week, for two weeks. 

Imiquimod in both WT and mMCP-6-/- mice did not alter the number of inflammatory 

cells in BALF, histopathology score, airway epithelial cell thickening or collagen 

deposition (Supplementary Figure E4.7A–K). Importantly, however, administration of 

imiquimod to WT mice increased alveolar septal damage and diameter compared to 

saline-administered controls (Figure 4.8B and C). In contrast, administration of 

imiquimod to mMCP-6-/- mice did not increase alveolar septal damage and diameter 

compared to saline-administered mMCP-6-/- controls, which were inhibited compared to 

imiquimod-administered WT controls. These observations were associated with reduced 

TUNEL+ cells in the parenchyma of imiquimod-administered mMCP-6-/- mice 

compared to imiquimod-administered WT controls (Figure 4.8D). Moreover, 

administration of imiquimod to WT mice also increased transpulmonary resistance and 
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tissue damping compared to saline-administered controls (Figure 4.8E and F). In 

contrast, administration to mMCP-6-/- mice increased transpulmonary resistance but not 

tissue damping compared to saline-administered mMCP-6-/- controls. Transpulmonary 

resistance was not altered between imiquimod-administered WT and mMCP-6-/- mice.  
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Figure 4.8: Imiquimod-induced emphysema-like alveolar enlargement and 

apoptosis are reduced in lung parenchyma of mMCP6-deficient mice. Wild-type 

(WT) or TLR7-deficient (Tlr7-/-) mice BALB/c were exposed to normal air or CS for 

eight weeks. WT or mMCP6-deficient (mMCP6-/-) C57BL/6 mice were administered 

50μg imiquimod in 50μl sterile saline, i.n five times per week, for two weeks. Controls 

received vehicle. The numbers of mast cells were enumerated in chloroacetate esterase-

stained lung sections (A). Alveolar septal damage and diameter (μm) was determined in 

hematoxylin and eosin (H&E)-stained lung sections using destructive index (B) and 

mean linear intercept (C) techniques respectively. The numbers of TUNEL+ cells 

(arrowheads) were enumerated in whole lung sections (D). Lung function was assessed 

in terms of transpulmonary resistance (E) and tissue damping (F). Data are presented as 

means ± SEM and are representative of two independent experiments of 6 mice per 

group. ns; not significant. *p<0.05, ****p<0.0001 compared to saline-administered WT 

or mMCP6-/- controls. ##p<0.01; ####p<0.0001 compared to imiquimod-administered 

WT controls.  
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4.4.10 CS-induced emphysema-like alveolar enlargement and apoptosis are 

reduced in experimental COPD by therapeutic neutralisation of TLR7 

We previously showed that the hallmark features (emphysema) of experimental 

COPD are emerging by Week 6 and established by Week 8 of CS exposure (191). To 

assess the therapeutic potential of targeting TLR7, WT mice were exposed to normal air 

or CS for eight weeks and were treated with a neutralising anti-TLR7 monoclonal 

antibody or isotype control i.v once per week, from Week 6 to Week 8 (Figure 4.9A). 

Consistent with the observations in Tlr7-/- mice, anti-TLR7 treatment did not 

significantly alter the number of inflammatory cells in BALF or histopathology score 

(Supplementary Figure E4.8A–H). 

In contrast, CS-induced small airway epithelial cell thickening and nuclei 

number were reduced in anti-TLR7-treated mice compared to isotype-treated controls 

(Supplementary Figure E4.8I and J). This was consistent with the observations in 

Tlr7-/- mice. Notably, collagen deposition was increased in normal air-exposed anti-

TLR7-treated mice compared normal air-exposed isotype-treated controls 

(Supplementary Figure E4.8K). Unlike Tlr7-/- mice, CS-exposed anti-TLR7 treated 

mice did not have a further increase in collagen deposition compared to CS-exposed 

isotype-treated controls. 

CS-exposed isotype-treated mice had increased alveolar septal damage and 

diameter compared to normal air-exposed anti-TLR7 treated controls (Figure 4.9B and 

C). However, importantly, alveolar damage and diameter were significantly reduced 

compared CS-exposed isotype-treated controls. The reduction in CS-induced alveolar 

septal damage and diameter in anti-TLR7-treated mice were associated with the 

inhibition of increases in the numbers of TUNEL+ cells in the parenchyma compared to 
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isotype-treated controls, which were no different to normal-air exposed isotype- or anti-

TLR7 treated controls (Figure 4.9D).  

Both CS-exposed isotype-treated and anti-TLR7-treated mice had increased 

transpulmonary resistance and tissue damping compared to normal air-exposed saline-

treated and anti-TLR7-treated controls, respectively (Figure 4.9E and F). 

Transpulmonary resistance and tissue damping were slightly increased in normal air-

exposed anti-TLR7-treated mice compared to normal air-exposed isotype-treated 

controls. However, unlike Tlr7-/- mice, transpulmonary resistance and tissue damping 

were not significantly altered between CS-exposed isotype-treated and anti-TLR7-

treated mice. Anti-TLR7 treatment also did not alter IFN-related mRNA expression 

(Supplementary Figure E4.9A–E).  

 

4.4.11 CS exposure did not alter the level of endogenous RNA in airway lumen 

and serum in mice with experimental COPD 

It has been proposed that TLR7 may detect and induce inflammatory responses 

to host-derived RNA released by apoptotic cells (390, 416). Thus, we next assessed the 

effect of CS exposure on the level of RNA in the airway lumen and systemic circulation 

was assessed by directly quantifying RNA in BALF and indirectly by detecting the 

presence of RNA-specific (anti-Smith) autoantibody by ELISA (416, 461). CS exposure 

of WT mice did not alter the level of RNA in BALF (Supplementary Figure E4.10A) 

or amount of anti-Smith antibody in BALF and serum (Supplementary Figure E4.10B 

and C).    
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Figure 4.9: CS-induced emphysema-like alveolar enlargement and apoptosis are 

reduced in experimental COPD by therapeutic neutralisation of TLR7. Wild-type 

(WT) mice were exposed to normal air or CS for eight weeks and treated with 

neutralising anti-TLR7 monoclonal antibody or isotype control, i.v once per week, from 

Week 6 to Week 8 (for two weeks, A). Alveolar septal damage and diameter (μm) were 
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determined in hematoxylin and eosin (H&E)-stained lung sections using the destructive 

index (B) and mean linear intercept (C) techniques respectively. The numbers of 

TUNEL+ cells (arrowheads) were enumerated in whole lung sections (D). Lung function 

was assessed in terms of transpulmonary resistance (E) and tissue damping (F). Data 

are presented as means ± SEM and are representative of two independent experiments 

of 6 mice per group. ns; not significant. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001 

compared to isotype- or anti-TLR7-treated normal air-exposed controls. #p<0.05; 

####p<0.0001 compared to isotype-treated CS-exposed controls. ϕϕp<0.01; 

ϕϕϕp<0.001 compared to isotype-treated normal air-exposed controls. 
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4.5 Discussion 

In this study, we discovered a previously unrecognised role for TLR7 in the 

pathogenesis of COPD. TLR7 was increased in lung samples from human COPD 

patients and mice CS-induced experiment COPD. However, it had minimal effects of 

CS-induced pulmonary inflammation. TLR7, however, was important for CS-induced 

small airway epithelial cell thickening and collagen deposition around small airways. 

Notably, TLR7 also promoted CS-induced emphysema-like alveolar enlargement and 

apoptosis in the lungs. In support of these observations, the administration of 

imiquimod synergistically increased CS-induced emphysema and apoptosis. 

Interestingly, imiquimod-induced emphysema and apoptosis in lungs were inhibited in 

mMCP-6-/- mice. Importantly, therapeutic targeting of TLR7 with a neutralising 

monoclonal antibody reduced CS-induced emphysema and apoptosis in lungs. This 

study is the first study to describe the role of TLR7 in the pathogenesis of COPD and 

these effects may occur through mast cell-restricted proteases, such as mMCP-6. 

TLR7 expression was found to be increased in airway epithelial cells from 

bronchial brushings of GOLD stage I and II patients and lung parenchyma cores from 

GOLD stage IV patients. In line with these findings, TLR7 expression has been shown 

to be increased on the small airway epithelium of GOLD stage IV patients compared to 

never-smokers (415). However, others have reported that TLR7 mRNA and protein 

levels were not altered between non-smokers, smokers and COPD patients (414). CS 

extract has been shown to suppress TLR7 mRNA expression in respiratory syncytial 

virus-infected human pDCs (384). Notably, however, this study did not examine the 

effect of CS extract on TLR7 expression in un-infected pDCs. 

Our human data were supported by our findings in CS-induced experimental 

COPD in mice. Chronic CS exposure induced the expression of TLR7 mRNA in whole 
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lung homogenates and blunt dissected airways and parenchyma. These observations 

were confirmed with immunohistochemistry, which showed increased levels of TLR7 

on small airway epithelial cells and parenchyma-associated inflammatory cells in the 

lungs of CS-exposed mice.  

Given that TLR7 expression was increased by CS exposure, we next examined 

the role of TLR7 in CS-induced pulmonary inflammation. Somewhat surprisingly, CS-

induced pulmonary inflammation, characterised by increased inflammation in BALF, 

parenchyma-associated inflammatory cells and histopathology score, were not altered in 

Tlr7-/- mice. This was in contrast to a study that showed Unc93b1 mutant mice 

(deficient in functional TLR3/7/9) exposed to CS for six months had reduced total 

leukocytes in BALF (416). However, this reduction in BALF total leukocytes was 

minor (~1.3 fold) (416). Moreover, this effect may be a consequence of global 

dysfunction of intracellular TLR signalling as opposed to deletion of only TLR7. Unlike 

this study, we also profiled mRNA expression of key CS-induced pro-inflammatory 

mediators, chemokines and factors known to be important in COPD (186, 191, 192). 

These mediators and factors were induced by CS exposure but were not altered in Tlr7-/- 

mice. This was consistent with the inflammatory profile observed in Tlr7-/- mice. In 

addition, we also showed that stimulation of TLR7 with imiquimod or anti-TLR7 

treatment did not alter CS-induced pulmonary inflammation. Hence, these data 

demonstrate that TLR7 does not have a major role in CS-induced inflammation.  

TLR7 has a crucial role in mediating anti-viral IFN responses during ssRNA 

virus infections (337, 382, 396), COPD patients have increased susceptibility to viral 

infections and have impaired anti-viral responses (184, 186, 463–466). In support of this 

we found that CS-induced experimental COPD was associated with reduced anti-viral 

IFN responses (186, 191). However, it was surprising that these responses were largely 
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unaltered in Tlr7-/- mice or WT mice administered with imiquimod. Only a minor 

restoration of IFN-α expression was observed in CS-exposed mice. This was in contrast 

with previous studies that showed that the expression of IFNs were induced by 

imiquimod (467–469). Topical application of 62.5mg of Aldara® (5% imiquimod) 

induced psoriasiform skin inflammation and increased serum levels of IFN-α and IFN-β 

in mice (467). IFN-α2 mRNA expression was also induced in healthy human peripheral 

blood monocytes stimulated with imiquimod (10µg/ml) in vitro (468). Moreover, oral 

administration of imiquimod (30mg/kg body weight) induced the mRNA expression of  

type I IFNs in the gastrointestinal mucosa of mice (469). The discrepancies between our 

study and those of others may be in part due to differences in dosing regimen (e.g. 50µg 

in 50µl saline vs. 62.5mg Aldara® or 30mg/kg body weight), route of administration 

(e.g. intranasal vs. topical or oral) and potential cell-/tissue-specificity effects (e.g. 

airway epithelium vs. skin or gut mucosa). 

The low dose of imiquimod (50µg per 50µL saline) that we used was chosen to 

mimic responses induced by CS exposure rather than that of what is induced by viral 

infection. Viral infections, in particularly in severe IAV infections, induce acute, 

aggressive inflammatory responses known as a cytokine storm (470–472). This is 

typified by excessive inflammatory infiltrates and virus-induced tissue destruction, 

which all contribute to severe morbidity and mortality (470–472). In contrast, 

inflammatory responses induced by CS exposure are more subtle and chronic and 

suppress anti-viral IFN responses in certain immune cells (181, 186, 473). Importantly, 

we and others have previously shown that CS exposure suppressed IFN responses, 

which led to increased susceptibility to lung infections that typifies COPD 

exacerbations (184, 186, 463–466).  
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We previously showed that WT mice had increased CS-induced airway 

remodelling characterised by increased small airway epithelial cell thickening and 

nuclei numbers and collagen deposition (191, 192, 261). Here, we replicate these 

findings in WT mice and show that Tlr7-/- mice had reduced CS-induced small airway 

epithelial cell thickening, which was associated with reduced nuclei number. However, 

Tlr7-/- mice or mice treated with anti-TLR7 had increased collagen deposition around 

small airways in the absence of CS exposure. Interestingly, administration of imiquimod 

significantly ablated CS-induced airway fibrosis. This observation is supported by a 

previous study that showed aerosol administration of imiquimod also reduced collagen 

deposition around the airways and total lung hydroxyproline content in experimental 

chronic asthma (405). Collectively, these data suggest TLR7 may regulate collagen 

deposition around small airways and have a protective role against CS-induced airway 

fibrosis. 

Importantly, Tlr7-/- mice had reduced CS-induced emphysema-like alveolar 

enlargement, a key hallmark feature of human COPD. The reduction in emphysema was 

associated with the inhibition of the development of TUNEL+ cells (apoptosis) in the 

lungs. Moreover, stimulation of TLR7 with imiquimod induced emphysema and 

apoptosis in the lung of normal air-exposed mice and this effect was synergistically 

increased in CS-exposed mice. In support of this, others have shown that CS exposure 

of Unc93b1 mutant mice also exhibited a significant reduction in alveolar airspace 

enlargement (416). Imiquimod is also known to be pro-apoptotic against certain cancer 

cells (383, 417–419). Others have shown that imiquimod treatment induced apoptosis in 

non-cancerous cells, including human epithelial cell lines (HeLa S3) and keratinocytes 

(HaCaT, A431 cells), and in mouse fibroblasts (McCoy cells) (420). Collectively, these 

data suggest that the induction of TLR7 by CS may potentiate emphysema. This is 
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likely to occur due to TLR7 detecting and interacting with endogenous host RNA (390, 

416).  

It has been proposed that TLR7 may detect and induce inflammatory responses 

to host-derived RNA released by apoptotic cells (390, 416). Thus, we assessed the 

levels of RNA in experimental COPD by direct RNA measurement in BALF or 

indirectly by detecting the presence of anti-Smith antibody (a host RNA-specific 

autoantibody) in BALF and serum (416, 461). However, the amount of RNA in BALF 

or anti-Smith antibody in BALF and serum were not altered in mice after eight weeks of 

CS exposure compared to normal air controls. In contrast, others have shown that mice 

exposed to CS for six months had increased amounts of nucleic acids (RNA and DNA) 

recovered from the BALF (416). Moreover, this study showed that the release of nucleic 

acid was a consequence of apoptosis of mouse lung epithelial cell line (MLE-15) 

exposed to CS extract in vitro (416). In addition, others have shown that ssRNA 

stimulated the production of TNF-α in mouse macrophage RAW-ELAM cells or 

activated human macrophage-like (THP-1) cells in a TLR7-dependent manner in vitro 

(390). The discrepancies between the current study and those of others may be in part 

due to limitations in the apparatus used to detect low levels of RNA. The apparatus may 

not be sensitive enough to detect and measure minuscule amount of RNA that may be 

present in samples as diluted as BALF. Future studies using more sensitive RNA-

detecting tools will be required to further elucidate the role of host-derived RNA in 

mediating TLR7 responses in COPD. 

In our study, the numbers of mast cells in the lungs of CS-exposed WT mice 

were increased whilst there was a trend towards a reduction in CS-exposed Tlr7-/- mice. 

This was in line with previous studies that showed that mast cells may be important in 

human and experimental COPD (191, 257–259, 261). Moreover, we also demonstrated 
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that mice deficient of mouse mast cell-specific proteases (e.g. Prss31 and mMCP-6) 

were protected against CS-induced emphysema in experimental COPD (191, 261). 

However, it is not known how and what induces mast cells to release and secrete these 

proteases in the pathogenesis of COPD. Interestingly, TLR7 is expressed on mast cells 

and stimulation with R-848 (TLR7 agonist) resulted in the production of pro-

inflammatory cytokines and chemokines from mast cells in vitro (392, 395). To test 

whether induction of TLR7 plays a role in secretion of mast cell-specific protease, 

mMCP6-/- mice were administered imiquimod. Notably, imiquimod-induced 

emphysema and apoptosis were significantly ablated in mMCP-6-/- mice. Hence, this 

study collectively highlights the potential role of mast cell proteases such as mMCP-6 in 

imiquimod-induced emphysema. Further in vitro or ex vivo studies using human or 

mouse mast cells will help delineate the underlying mechanism(s). 

Importantly, anti-TLR7 treatment of established experimental COPD 

significantly reduced CS-induced emphysema, apoptosis and small airway remodelling. 

However, CS-induced pulmonary inflammation, suppression of IFN responses and 

increased transpulmonary resistance and tissue damping were not altered. Notably, anti-

TLR7 treatment of normal air-exposed WT mice induced collagen deposition but did 

not alter CS-induced collagen deposition. This is consistent with our observations in 

Tlr7-/- mice. This suggests that therapeutic neutralisation of TLR7 may be effective in 

suppressing certain features of COPD, in particularly emphysema and airway 

remodelling but care needs to be taken with who is treated. Treatment may be further 

improved with increasing doses or optimising treatment regimens. 

In summary, our study reveals for the first time that TLR7 has important 

pathogenic roles in CS-induced experimental COPD. TLR7 mRNA expression was 

increased in human and experimental COPD. TLR7 plays a minor role in CS-induced 
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pulmonary inflammation. However, it promotes CS-induced emphysema-like alveolar 

enlargement and apoptosis in lung and airway remodelling. Administration of 

imiquimod into lungs of WT mice led to a synergistic increase in CS-exposed 

emphysema. Mast cell-restricted proteases may be important in TLR7-induced 

emphysema-like alveolar enlargement. Crucially, therapeutic neutralisation of TLR7 in 

established experimental COPD reduced CS-induced emphysema and apoptosis and 

airway remodelling. This study identifies roles for TLR7 in the pathogenesis of COPD 

that may assist in identifying novel therapeutic interventions.  
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4.6 Supplementary methods and data 

 

 

Supplementary Figure E4.1: Pro-inflammatory cytokine, chemokine and COPD-

related factor mRNA expressions in experimental COPD. Wild-type (WT) or TLR7-

deficient (Tlr7-/-) BALB/c mice were exposed to normal air or CS for eight weeks. 

Tumour necrosis factor (TNF)-α (A), chemokine (C-X-C motif) ligand 1 (CXCL1, B), 

chemokine (C-C motif) ligand (CCL)2 (C), CCL3 (D), CCL8 (E), CCL12 (F), CCL20 

(G), CCL22 (H), interleukin (IL)-33 (I), matrix metalloproteinase (MMP)-12 (J) and 

serum amyloid a3 (SAA3, K) mRNA expressions were determined in whole lung 

homogenates by qPCR. mRNA data are presented as relative abundance compared to 
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normal air-exposed WT controls. Data are presented as means ± SEM and are 

representative of two independent experiments of 5-6 mice per group. ns; not 

significant. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001 compared to normal air-

exposed WT or Tlr7-/- controls. 
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Supplementary Figure E4.2: IFN-related mRNA expression in experimental 

COPD. Wild-type (WT) or TLR7-deficient (Tlr7-/-) BALB/c mice were exposed to 

normal air or CS for eight weeks. Interferon (IFN)-α (A), IFN-β (B), IFN-γ (C), IFN-λ 

(D) and interferon receptor 1 (IFNAR1, E) mRNA expression were determined in 

whole lung homogenates by qPCR. mRNA data are presented as relative abundance 

compared to normal air-exposed WT controls. Data are presented as means ± SEM and 

are representative of two independent experiments of 5-6 mice per group. ns; not 

significant. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001 compared to normal air-

exposed WT or Tlr7-/- controls.  
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Supplementary Figure E4.3: Effects of acute administration of imiquimod on 

pulmonary inflammation and small airway remodelling in experimental COPD. 

Wild-type (WT) mice were exposed to normal air or CS for eight weeks and were 

administered with imiquimod in sterile saline i.n five times per week, from Week 6 to 

Week 8 (for two weeks). Controls received vehicle. Total leukocytes (A), macrophages 

(B), neutrophils (C), and lymphocytes (D) were enumerated in May-Grunwald Giemsa 

stained bronchoalveolar lavage fluid (BALF). Histopathology scores of whole lung 

sections (E – H). Small airway epithelial thickness in terms of epithelial cell area (μm2) 

per basement membrane (BM) perimeter (μm) was determined in hematoxylin and 

eosin (H&E)-stained whole lung sections (I). The numbers of epithelial cells in H&E-

stained lung sections were assessed by enumerating the number of nuclei per 100μm of 

BM perimeter (J). The area of collagen (μm2) per BM perimeter (μm) of small airways 

were determined in Masson’s Trichrome-stained whole lung sections (K). Data are 

presented as means ± SEM and are representative of two independent experiments of 8 

mice per group. ns; not significant. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001 

compared to normal air-exposed saline-administered or imiquimod-administered 

controls. ####p<0.0001 compared to CS-exposed saline-administered controls. 



200 

 

 

Supplementary Figure E4.4: Effects of acute administration of imiquimod on IFN-

related mRNA expression in experimental COPD. Wild-type (WT) mice were 

exposed to normal air or CS for eight weeks and were administered with imiquimod or 

sterile saline i.n five times per week, from Week 6 to Week 8 (for two weeks). Controls 

received vehicle. Interferon (IFN)-α (A), IFN-β (B), IFN-γ (C), IFN-λ (D) and 

interferon receptor 1 (IFNAR1, E) mRNA expressions were determined in whole lung 

homogenates by qPCR. mRNA data are presented as relative abundance compared to 

normal air-exposed WT controls. Data are presented as means ± SEM and are 

representative of two independent experiments of 8 mice per group. ns; not significant. 

*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001 compared to normal air-exposed 

saline-treated or imiquimod-treated controls. #p<0.05 compared to CS-exposed 

imiquimod-administered controls.  
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Supplementary Figure E4.5: Effects of chronic administration of imiquimod on 

pulmonary inflammation and small airway remodelling in WT mice. Wild-type 
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(WT) mice were administered 50μg imiquimod in or 50μl sterile saline, i.n five times 

per week, for eight weeks. Controls received vehicle. Total leukocytes (A), 

macrophages (B), neutrophils (C), and lymphocytes (D) were enumerated in May-

Grunwald Giemsa stained bronchoalveolar lavage fluid (BALF). Histopathology scores 

of whole lung sections (E – H). Small airway epithelial thickness in terms of epithelial 

cell area (μm2) per basement membrane (BM) perimeter (μm) was determined in 

hematoxylin and eosin (H&E)-stained whole lung sections (I). The numbers of 

epithelial cells in H&E-stained lung sections were assessed by enumerating the number 

of nuclei per 100μm of BM perimeter (J). The area of collagen (μm2) per BM perimeter 

(μm) of small airways were determined in Masson’s Trichrome-stained whole lung 

sections (K). Data are presented as means ± SEM and are representative of two 

independent experiments of 8 mice per group.  
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Supplementary Figure E4.6: Effects of chronic administration of imiquimod on 

IFN-related mRNA expression in WT mice. Wild-type (WT) mice were administered 

50μg imiquimod in 50μl sterile saline, i.n five times per week, for eight weeks. Controls 

received vehicle.  Interferon (IFN)-α (A), IFN-β (B), IFN-γ (C), IFN-λ (D) and 

interferon receptor 1 (IFNAR1, E) mRNA expression were determined in whole lung 

homogenates by qPCR. mRNA data are presented as relative abundance compared to 

normal air-exposed WT controls. Data are presented as means ± SEM and are 

representative of two independent experiments of 8 mice per group.  
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Supplementary Figure E4.7: Effects of acute administration of imiquimod on 

pulmonary inflammation and small airway remodelling in mMCP6-deficient mice. 
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Wild-type (WT) or mMCP6-deficient (mMCP6-/-) C57BL/6 mice were administered 

50μg imiquimod in or 50μl sterile saline, i.n five times per week, for two weeks. 

Controls received vehicle. Total leukocytes (A), macrophages (B), neutrophils (C), and 

lymphocytes (D) were enumerated in May-Grunwald Giemsa stained bronchoalveolar 

lavage fluid (BALF). Histopathology scores of whole lung sections (E – H). Small 

airway epithelial thickness in terms of epithelial cell area (μm2) per basement membrane 

(BM) perimeter (μm) was determined in hematoxylin and eosin (H&E)-stained whole 

lung sections (I). The number of epithelial cells in H&E-stained lung sections was 

assessed by enumerating the number of nuclei per 100μm of BM perimeter (J). The area 

of collagen (μm2) per BM perimeter (μm) of small airways was determined in Masson’s 

Trichrome-stained whole lung sections (K). Data are presented as means ± SEM and are 

representative of two independent experiments of 6 mice per group. ns; not significant. 
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Supplementary Figure E4.8: Effects of neutralisation of TLR7 on pulmonary 

inflammation and small airway remodelling in experimental COPD. Wild-type 

(WT) mice were exposed to normal air or CS for eight weeks and administered with 
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neutralising anti-TLR7 monoclonal antibody or isotype control, i.v once per week, from 

Week 6 to Week 8 (for two week). Total leukocytes (A), macrophages (B), neutrophils 

(C), and lymphocytes (D) were enumerated in May-Grunwald Giemsa stained 

bronchoalveolar lavage fluid (BALF). Histopathology scores of whole lung sections (E 

–H). Small airway epithelial thickness in terms of epithelial cell area (μm2) per 

basement membrane (BM) perimeter (μm) was determined in hematoxylin and eosin 

(H&E)-stained whole lung sections (I). The numbers of epithelial cells in H&E-stained 

lung sections was assessed by enumerating the numbers of nuclei per 100μm of BM 

perimeter (J). The area of collagen (μm2) per BM perimeter (μm) of small airways was 

determined in Masson’s Trichrome-stained whole lung sections (K). Data are presented 

as means ± SEM and are representative of two independent experiments of 6 mice per 

group. *p<0.05; **p<0.01; ****p<0.0001 compared to normal air-exposed isotype-

treated or anti-TLR7-treated controls. ####p<0.0001 compared to CS-exposed isotype-

treated controls. ϕϕ compared to normal air-exposed isotype-treated controls. 
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Supplementary Figure E4.9: Effects of neutralisation of TLR7 on IFN-related 

mRNA expression in experimental COPD. Wild-type (WT) mice were exposed to 

normal air or CS for eight weeks and treated with neutralising anti-TLR7 monoclonal 

antibody or isotype control, i.v once per week, from Week 6 to Week 8 (for two week). 

Interferon (IFN)-α (A), IFN-β (B), IFN-γ (C), IFN-λ (D) and interferon receptor 1 

(IFNAR1, E) mRNA expression were determined in whole lung homogenates by qPCR. 

mRNA data are presented as relative abundance compared to normal air-exposed WT 

controls. Data are presented as means ± SEM and are representative of two independent 

experiments of 6 mice per group. ns; not significant. *p<0.05; ***p<0.001; 

****p<0.0001 compared to normal air-exposed isotype-treated or anti-TLR7-treated 

controls.  
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Supplementary Figure E4.10: CS exposure did not alter the level of endogenous 

RNA in airway lumen and serum in mice with experimental COPD. Wild-type 

(WT) mice were exposed to normal air or CS for eight weeks. The levels of RNA in 

bronchoalveolar lavage fluid (BALF, A), and the amounts of anti-Smith antibody in 

BALF (B) and serum (C) determined by ELISA assay. Data are presented as means ± 

SEM and are representative of two independent experiments of 6 mice per group. ns; 

not significant.  
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Supplementary Table E4.1: Custom-designed primers used in qPCR analysis 

Primer Primer sequence (5’ → 3’) 

TLR7 forward AGTGCCTGAAAAATGCCCTG 

TLR7 reverse GCTCTCTGAAGAATGTCACCAC 

TNF-α forward TCTGTCTACTGAACTTCGGGGTGA 

TNF-α reverse TTGTCTTTGAGATCCATGCCGTT 

CXCL1 forward GCTGGGATTCACCTCAAGAA 

CXCL1 reverse CTTGGGGACACCTTTTAGCA 

CCL2 forward TGAGTAGCAGCAGGTGAGTGGGG 

CCL2 reverse TGTTCACAGTTGCCGGCTGGAG 

CCL3 forward CTCCCAGCCAGGTGTCATTTT 

CCL3 reverse CTTGGACCCAGGTCTCTTTGG 

CCL8 forward GGGCCCAATGCATCCACATGC 

CCL8 reverse TTCAGCGCAGACTTACATGCCC 

CCL12 forward CCGGGAGCTGTGATCTTCA 

CCL12 reverse AACCCACTTCTCGGGGT 

CCL20 forward CGACTGTTGCCTCTCGTACA 

CCL20 reverse AGGAGGTTCACAGCCCTTTT 

CCL22 forward TGGCTACCCTGCGTCGTGTCCCA 

CCL22 reverse CGTGATGGCAGAGGGTGACGG 

IL-33 forward CCTCCCTGAGTACATACAATGACC 

IL-33 reverse GTAGTAGCACCTGGTCTTGCTCTT 

MMP-12 forward CCTCGATGTGGAGTGCCCGA 

MMP-12 reverse CCTCACGCTTCATGTCCGGAG 
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SAA3 forward TGATCCTGGGAGTTGACAGCCAA 

SAA3 reverse ACCCCTCCGGGCAGCATCATA 

IFN-α forward SAWCYCTCCYAGACTCMTTCTGCA 

IFN-α reverse TATDTCCTCACAGCCAGCAG 

IFN-β forward CCCTATGGAGATGACGGAGA 

IFN-β reverse ACCCAGTGCTGGAGAAATTG 

IFN-γ forward GAGGAACTGGCAAAAGG 

IFN-γ reverse TTGCTGATGGCCTGATTGTC 

IFN-λ forward CTTCAGGCCACAGCAGAGCCCAAG 

IFN-λ reverse ACACACTTGAGGTCCCGGAGGA 

IFNAR1 forward CTGTGTCATGTGTGCTTCCC 

IFNAR1 reverse ATCTTTCCGTGTGCTCCTCA 

HPRT forward AGGCCAGACTTTGTTGGATTTGAA 

HPRT reverse CAACTTGCGCTCATCTTAGGATTT 

Abbreviation: HPRT, hypoxanthine–guanine phosphoribosyltransferase 
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CHAPTER 5: GENERAL DISCUSSION AND CONCLUSION 

 

In this chapter, the observations and results from our investigations of the mechanism of 

CS-induced pathogenesis of COPD are contextualised around the existing knowledge. 

The potential of targeting TRAIL and TLR signalling as novel approaches for the 

treatment of COPD and other respiratory diseases is discussed. 
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5.1 Significance of research 

COPD is currently the third leading cause of mortality worldwide and imposes 

an enormous socioeconomic and healthcare burden. Patients with late stage or severe 

COPD have poor prognosis, impaired quality of life and eventually die of the disease. 

CS is a major risk factor of COPD, but non-smokers affected by COPD are an emerging 

concern. There is a lack of effective treatments for COPD. Current therapies focus on 

alleviating symptoms, rather than targeting or modifying the underlying casual factors. 

The lack of effective therapies stems largely from the incomplete understanding of the 

mechanisms that drive the pathogenesis of the disease. The studies described in this 

thesis utilised a well-established mouse model of CS-induced experimental COPD to 

investigate immunological mechanisms that may underpin disease development. We 

have made important and novel observations that demonstrate how CS exposure induces 

the development of hallmark features of COPD. 

 In our studies, for the first time, TRAIL was identified as a critical mediator of 

CS-induced COPD pathogenesis. We showed that mice deficient of TRAIL or treated 

with neutralising anti-TRAIL antibody had significantly reduced CS-induced 

pulmonary inflammation, small airway remodelling, emphysema-like alveolar 

enlargement and apoptosis in the lungs. Targeting of TRAIL significantly reduced CS-

induced emphysema-like alveolar enlargement and improved lung function. Hence, this 

study demonstrated that TRAIL may be targeted as treatment in COPD to potentially 

reduced the severity or halt the progression of disease.  

 There were major discrepancies surrounding previous studies that investigated 

the role of TLR2 and TLR4 in the pathogenesis of COPD. Thus, our studies aimed, in 

part, to address these discrepancies using our established CS-induced experimental 

model of COPD. This study is also the first to investigate the role of TLR2 compared to 



214 

 

that of TLR4 in an experimental model of COPD. Surprisingly, these TLRs appeared to 

have minor roles in CS-induced pulmonary inflammation. Nevertheless, we found that 

TLR2 played a crucial role in preventing exaggerated CS-induced emphysema-like 

alveolar enlargement and apoptosis, whilst TLR4 promoted the development of these 

COPD-associated pathologies in experimental COPD. 

 The roles for TLR7 in COPD pathogenesis was unknown and uncharacterised. 

Here, for the first time the role of TLR7 in the context of COPD was investigated. We 

found that TLR7 had important, but previously unrecognised, roles in promoting CS-

induced emphysema-like alveolar enlargement and apoptosis. Administration of low 

dose TLR7 agonist imiquimod was used to demonstrate that this TLR is directly 

involved in promoting CS-induced emphysema-like alveolar enlargement and apoptosis, 

whilst inhibited CS-induced airway fibrosis. Interestingly, these TLR7-mediated effects 

were dependent on mast cell-specific proteases. Thus, this further highlights the 

importance of mast cells in the pathogenesis of COPD and identifies a novel 

mechanism, whereby TLR7 induces the development of COPD through mast cell-

specific proteases.  

These studies further our understanding  and provided new insights on the roles 

of TRAIL and TLRs in the pathogenesis of CS-induced COPD. We demonstrated that 

these immune factors have important but different roles in the pathogenesis of CS-

induced COPD (Table 5.1). They suggest that targeting and modulating these immune 

factors may reduce the severity of disease and that they may potentially be novel 

therapeutic targets in the treatment of COPD. 
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Table 5.1: The roles of TRAIL and TLRs in CS-induced pathogenesis of COPD 

CS-induced pathologies TRAIL TLR2 TLR4 TLR7 

Pulmonary inflammation Promoted Minor role 

 

Minor role Minor role 

Small airway structural 

changes  

Promoted Minor role Minor role Promoted 

Small airway collagen 

deposition 

Minor role Minor role Promoted Protective 

Alveolar enlargement, 

apoptosis 

Promoted Protective Promoted Promoted 

Lung function 

impairment 

Promoted Protective Promoted Promoted 

 

 

5.2 CS-induced experimental model of COPD 

CS is a major risk factor of COPD, however, smoking cessation typically does 

not impede the progression of the disease. To investigate the underlying immunological 

mechanisms in the pathogenesis of COPD, experimental models of CS exposure were 

used. Generally, most models described in the literature are largely based on either 

acute (<3 days), sub-acute (~5 weeks) or whole body (e.g. side-stream) exposures, 

which do not replicate the chronic mainstream (active) CS exposure that is associated 

with the induction of COPD in humans (193, 348, 352). Acute exposure models do not 

induce chronic CS-induced emphysema-like alveolar enlargement, airway remodelling 

or impairment of lung function, which are key features of human COPD. Others have 
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shown that emphysema-like alveolar enlargement can only be induced in side-stream 

exposure models after prolonged (>6 months) exposure to CS (7). These prolonged 

models are costly, labour-intensive and impractical due to the long duration of the 

experiments (7). 

Hence, experimental models of COPD that robustly induce key disease features 

in a relatively short period (<3 months) are limited. To address this issue, our laboratory 

recently developed a short-term mouse model of mainstream CS inhalation-induced 

experimental COPD (7, 186, 191, 261, 421, 422, 437). In this model, mice are subjected 

to nose-only exposure of tightly controlled doses of CS, that are representative of 

human CS exposures (7, 191). Mice were exposed to puffs of CS interspersed with rest 

periods, from 12 cigarettes twice per day (equivalent to a pack-a-day smoker) (7, 191). 

CS was also breathed in mouse lungs volume equivalent doses of CS comparable on a 

volume-to-weight basis to humans (7, 191). This protocol induces the development of 

hallmark disease features of human COPD, namely chronic bronchitis (pulmonary 

inflammation), small airway remodelling, emphysema-like alveolar enlargement and 

impaired lung function after 8 weeks of chronic CS exposure (7). The key disease 

features induced in mice after 8 weeks of chronic CS exposure were not reversible and 

persisted following 4 weeks of smoking cessation (7). Thus, this model recapitulates 

key pathological and immunological features observed in human disease. Moreover, 

this model induces the key disease features in a relatively short period of time (8 weeks) 

and, therefore allowing a more practical and detailed investigation of the underlying in 

vivo mechanisms that drive the pathogenesis of COPD. This model is a powerful 

research tool for use in gaining insights into the underlying mechanisms in the 

pathogenesis of COPD. 
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5.3 Pleiotropic roles of TRAIL and TLRs in CS-induced pathogenesis of COPD  

5.3.1 TRAIL promotes CS-induced pulmonary inflammation 

Chronic CS exposure increased TRAIL mRNA expression and protein levels in 

the lungs of mice. The expression of TRAIL receptors, namely DR5 and DcR1 were 

also increased. TRAIL and its receptor (DR5 and DcR1) mRNA were also increased in 

airway epithelial cells from bronchial brushings or lung parenchyma cores from human 

COPD. Tnfsf10-/- mice had reduced CS-induced pulmonary inflammation, with reduced 

expression of pro-inflammatory mediators and pulmonary influx of CD11b+ monocytes, 

mDCs and γδT cells. In addition, CD11b+ monocytes were identified as the major 

cellular source of cell surface bound TRAIL. These observations were associated with a 

concomitant reduction in NF-κB activation in CS-exposed Tnfsf10-/- mice. 

These findings provide further evidence for TRAIL as an emerging 

inflammatory factor in chronic lung diseases. In an AAD model, Tnfsf10-/- mice had 

impaired CCL20 production in the lung which resulted in reduced migration of mDCs 

into the lungs (273). Thus, these mice had significantly reduced pulmonary pro-

inflammatory cytokine levels and airway inflammation (273). Moreover, reduced pro-

inflammatory cytokines and airway inflammation were also observed in lungs of mice 

administered with TRAIL-specific siRNA (273). Conversely, administration of 

recombinant TRAIL into lungs of WT mice induced allergic airway inflammation 

(273). Recombinant TRAIL also induced the release of CCL20 from primary bronchial 

epithelial cells from asthmatics (273). We expanded on these findings in the context of 

COPD and showed that TRAIL also similarly regulated the expression of CCL20 and 

the numbers of mDC in lungs. This was supported by other studies that showed 

increased accumulation of DC in the lung in experimental and human COPD (169, 222). 

Hence, TRAIL could potentially be a critical mediator of inflammatory responses by 
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regulating the migration and accumulation of mDCs in the lungs in COPD. However, 

the role of mDCs and the underlying mechanisms involved are not fully understood. 

This could be addressed in future in vivo and in vitro studies. 

Our group also showed that TRAIL was important in neonatal Chlamydia 

respiratory infection-induced histopathology and pulmonary inflammation which were 

associated with reductions in the numbers of CD11b+ monocytes in lungs (131). 

Consistent with this, we further expanded these previous observations and showed that 

CD11b+ monocytes were also important in COPD. Notably, the majority of 

inflammatory cells that infiltrated the lungs following CS exposure were CD11b+ 

monocytes. Moreover, we also showed that these inflammatory cells were also the 

major source of cellular TRAIL by flow cytometry. Neutralisation of TRAIL with a 

monoclonal antibody also resulted in significantly reduced pulmonary inflammation and 

this was consistent with previous studies on neonatal Chlamydia respiratory infection 

(131).  

In contrast to the above studies, others have previously shown that neutrophils 

were an important source of soluble TRAIL during S. pneumoniae lung infection (276). 

These neutrophils were important in preventing S. pneumoniae infection-induced lung 

injury by secreting TRAIL that subsequently induced apoptosis of macrophages (276). 

We also showed that TRAIL was expressed on neutrophils and other immune cells in 

the lungs. Whilst the number of the cells expressing TRAIL was not altered, we did not 

explore whether these cells secreted soluble TRAIL following CS exposure and what 

role, if any, they play in CS-induced pulmonary inflammation. In future studies, the role 

of TRAIL in these immune cells could be assessed by isolating specific cell subsets, 

exposing them to CS extract and the levels of soluble TRAIL measured in cell culture 

supernatants. 



219 

 

Interestingly, blockade of DcR2 with a neutralising monoclonal antibody during 

neonatal Chlamydia respiratory infection was shown to reduce histopathology and NF-

κB activation (131). We showed that CS exposure increased NF-κB activity and this 

was reduced in Tnfsf10-/- mice. Others also showed that TRAIL may signal through the 

NF-κB pathway, which may be downstream of DcR2. CS-induced NF-κB activation 

may occur in a similar manner, whereby CS-induced TRAIL interacts with DcR2 that 

induces NF-κB activation (Figure 5.1). However, this is yet to be explored and 

characterised in the context of COPD and may be addressed in future studies using anti-

DcR2 neutralising monoclonal antibody. 

Thus, this study further expanded our knowledge of the biology of TRAIL and 

how it mediates pulmonary inflammation provoked by various stimuli, in this case CS 

exposure. These studies demonstrate the versatility and generalised role of TRAIL in 

mediating inflammatory responses. Importantly, neutralisation of TRAIL with 

monoclonal antibody resulted in reduced CS-induced pulmonary inflammation and 

inhibited NF-κB activation. The TRAIL pathway is a critical mediator of inflammatory 

responses in chronic lung diseases such as COPD and asthma, and in certain respiratory 

infections. These studies further highlight the significance of TRAIL in a variety of 

infectious and non-infectious respiratory diseases. Given that COPD patients are prone 

to infectious exacerbations, targeting TRAIL therapeutically could be potentially useful 

and beneficial by targeting both infection and underlying inflammation caused by 

chronic CS exposure. However, this is yet to be fully explored in the context of COPD 

exacerbations. Future studies utilising established models of COPD exacerbations 

would address this.  
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Figure 5.1: TRAIL may mediate CS-induced chronic pulmonary inflammation 

through the interaction of DcR2 that leads to the activation of NF-κB signalling. 

Cigarette smoke (CS) induces the production of tumour necrosis factor-related 

apoptosis-inducing ligand (TRAIL) in the lungs. TRAIL may interact with its Decoy 

receptor (DcR)2 and subsequently promotes the activation of the NF-κB signalling 

pathway. This leads to increased expression of pro-inflammatory cytokines (e.g. TNF-

α). Furthermore, this also may increase the expression of chemokines such as 

chemokine (C-C motif) ligand (CCL)2 and CCL20, which attract immune cells such as 

CD11b+ monocytes and myeloid dendritic cells (mDCs) into the lungs respectively. 

Consequently, these promote chronic pulmonary inflammation in the CS-induced 

pathogenesis of COPD. 
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5.3.2 TLRs play a minor role in CS-induced pulmonary inflammation 

In contrast to TRAIL, TLRs, specifically TLR2, TLR4 and TLR7 played a 

minor role CS-induced pulmonary inflammation in our hands. Tlr2-/- mice developed 

spontaneous airway inflammation, which was characterised by increased histopathology 

and parenchymal inflammation scores. These data suggest that TLR2 may be protective 

against inflammation and plays a role in regulating immune responses in chronic lung 

disease. Indeed, TLR2 SNPs are strongly associated with the prevalence and risk of 

asthma development (358) and TLR2 has been shown to be protective against airway 

inflammation in asthma (365, 366). Administration of a TLR2 agonist significantly 

reduced total inflammatory cells in BALF and pro-inflammatory cytokine production in 

allergic mice (365). Conversely, Tlr2-/- mice were shown to have increased numbers of 

neutrophils in BALF following exposure to cockroach frass (a putative TLR2 allergen) 

(366). Hence, TLR2 ligands, that may be present in CS, may help to regulate immune 

responses in the lungs and prevent exaggerated inflammatory responses. Absence or 

loss of function of TLR2, either through genetic mutation or disease, may lead to severe 

inflammation in chronic respiratory diseases. 

Interestingly, expression of TLR2 co-receptors, namely TLR1 and TLR6, was 

also increased in the lung in experimental COPD. This was in line with previous studies 

that also showed TLR1 and TLR6 were increased on immune cells isolated from the 

sputum of COPD patients (349). It is possible that the interaction of TLR2 with its co-

receptors may differentially regulate immune responses. Indeed, it was shown that 67 

genes were differentially regulated, whereby 23 genes were up-regulated whilst 44 were 

down-regulated, when TLR2/6-transfected HEK293 cells were exposed to CS extract in 

vitro (474). Notably, these genes were involved in the major pathways that mediate anti-

oxidant responses and cell survival (474). Taken together, TLR2 may regulate 
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inflammatory responses in CS-induced COPD by interacting with either TLR1 or 

TLR6. This study provides evidence that TLR2 co-receptors may be important in the 

pathogenesis of COPD and/or other chronic lung diseases (Figure 5.2). However, their 

roles are currently not well understood. Future studies are required to elucidate the 

underlying mechanism and the role of TLR1 and TLR6 in COPD and other chronic lung 

diseases. 

The roles of TLR4 in CS-induced pulmonary inflammation remain controversial 

and poorly understood. Tlr4-/- or Tlr4defective mice had reduced total inflammatory cells 

in BALF following acute CS exposure (193, 348). These observations were supported 

by others who demonstrated that TLR4 signalling played an important role in 

inflammatory cell migration (475, 476). It should be noted that these CS exposure 

models were not representative of chronic mainstream (active) CS exposure associated 

with the induction of COPD in humans (193, 348, 352). We used an established 

experimental model of COPD that induced pulmonary inflammation in mice following 

8 weeks of tightly controlled, nose-only inhalation CS exposure that was representative 

of human exposure. We found that TLR4 expression was increased on small airway 

epithelial cells following 8 weeks of CS exposure but deficiency of it in mice had little 

or no effect on CS-pulmonary inflammation and histopathology. Interestingly, when CS 

exposure was prolonged for up to 26 weeks, the total inflammatory cells in BALF were 

also not significantly altered in Tlr4defective mice compared to WT controls (348). This 

may be in part due to increased cell turnover or apoptosis in the later stages of disease. 

The percentage of apoptotic neutrophils was significantly increased in COPD patients 

with more severe disease (FEV1<50% predicted) compared to those with less severe 

disease (FEV1≥50% predicted) (477). However, it is not known whether CS exposure or 

TLR4 deficiency would lead to increased cell turnover or apoptosis of immune cells 
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following prolonged CS exposure. This could be explored in future studies examining 

apoptosis in inflammatory cells isolated in the lungs of both WT and Tlr4-/- mice. 

 

 



224 

 

 

Figure 5.2: TLR2 co-receptor may differentially regulate immune responses in CS-

induced chronic pulmonary inflammation. Cigarette smoke (CS) induces the 

expression of Toll-like receptor (TLR)2 in the lungs. TLR2 may interact with either one 

of its co-receptors TLR1 and TLR6. Depending on which co-receptor TLR2 interacts 

with, various immune pathways (e.g. anti-oxidant responses and cell survival signalling) 

may be differentially dysregulated and potentially leads to CS-induced chronic 

inflammatory responses in the lungs.   
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Little is known about the role of TLR7 in COPD. TLR7 has been studied 

extensively in infectious respiratory diseases, in particularly RSV and influenza (478–

482). However, there is a lack of knowledge of its pathophysiological role in CS-

induced inflammation. Here, we found that TLR7 was increased in experimental COPD 

and in human COPD. CS-induced pulmonary inflammation and the expression of pro-

inflammatory mediators were not significantly altered in Tlr7-/- mice or by 

administration of imiquimod or anti-TLR7. This was in contrast to a study that reported 

a minor reduction in airway inflammation (characterised by reduced total BALF 

inflammatory cells) in Unc93b1 mutant mice (deficient in functional TLR3/7/9) 

exposed to CS for six months (416). However, this effect may be the result of global 

deficiency in intracellular TLR rather than TLR-specific signalling. Activation of TLR7 

with synthetic ligands such as imiquimod and R848 was also shown to be protective 

against allergic inflammation in asthma (402, 404, 405, 407). Despite being implicated 

with critical roles in respiratory infections and asthma, this study is the first to 

characterise the role of TLR7 in the context of COPD and showed that it plays a minor, 

if any, role in CS-induced pulmonary inflammation. 

Collectively, our studies demonstrate that TLRs, in particularly TLR2, TLR4 

and TLR7, have minor roles in CS-induced pulmonary inflammation. The discrepancies 

on the role of TLR2, TLR4 and TLR7 in COPD versus asthma may be due to 

differences in disease pathogenesis and mechanisms and inflammatory cells/responses. 

COPD is typically associated with Th1/Th17-type pulmonary inflammatory responses 

characterised by infiltration of macrophages, neutrophils, cytotoxic T cells and 

Th1/Th17-associated cytokines such as IFN-γ and IL-17A (191, 211, 238, 349, 353). By 

contrast, allergic asthma is dominated by aberrant Th2-type airway responses typified 

by increased infiltration of eosinophils, activated mast cells and levels of Th2-
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associated cytokines such as IL-4, IL-5 and IL-13 (127, 128, 130, 315). These 

differences may account for the different roles of TLRs in different chronic lung 

diseases. Their roles may largely depend on the presence and type of specific cell 

populations that express them. This can be further elucidated in future studies in 

established models of experimental disease and equivalent human samples. 

 

5.3.3 TRAIL, TLR2 and TLR7 mediate small airway structural changes and 

remodelling  

In this study, we identified TRAIL, TLR2 and TLR7 as critical mediators of 

small airway remodelling. Tnfsf10-/- mice had spontaneous increases in small airway 

epithelial cell area (thickening) that was associated with increased nuclei numbers. 

Furthermore, collagen deposition around the small airways was also increased in 

Tnfsf10-/- mice. Others have shown that Tnfsf10-/- mice had increased total collagen in 

the lung in a bleomycin-induced mouse model of pulmonary fibrosis (275). This was 

associated with exaggerated inflammatory responses characterised by increased 

numbers and reduced apoptosis of neutrophils in BALF following bleomycin instillation 

in Tnfsf10-/- mice (275). In contrast to this, our study showed that total inflammatory 

cells numbers in BALF were not altered in Tnfsf10-/-  normal air-exposed controls. 

Furthermore, total inflammatory cells numbers were reduced in Tnfsf10-/- mice 

following CS exposure. This suggests that inflammatory cells did not mediate the 

spontaneous small airway remodelling and fibrosis observed Tnfsf10-/- mice, at least in 

the context of CS exposure/COPD. Altered intrinsic responses in structural cells, such 

as small airway epithelial cells, may perhaps contribute to the spontaneous small airway 

remodelling and fibrosis observed Tnfsf10-/- mice. This concept is supported by 
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observations from others who have shown that recombinant TRAIL treatment reduced 

soluble collagen production in interstitial cells (e.g. hepatic stellate cells) in vitro (445).  

Contrary to the observations in COPD, we showed that Tnfsf10-/- mice was 

shown to had reduced airway epithelial cell area (thickening) following neonatal 

Chlamydia respiratory infection and AAD (131). A recent study also demonstrated that 

Tnfsf10-/- mice had reduced lung collagen in a chronic ovalbumin model of AAD (321). 

These differences may result from different disease mechanisms and pathogenesis (e.g. 

COPD vs. infections/AAD) and differences in disease pathologies observed in the small 

airways in the current study compared to the central airways in previous study (321). 

We showed that neutralisation of TRAIL with monoclonal antibody did not induce 

collagen deposition in mice. Moreover, CS-induced collagen deposition was not 

significantly increased following treatment with anti-TRAIL. Collectively, these studies 

suggest that TRAIL may have an important intrinsic role in regulating collagen 

deposition during development, but promotes CS-induced airway remodelling and 

fibrosis.  

 This study also showed that TLR2 and TLR7 had previously unrecognised roles 

in regulating collagen deposition and remodelling around the small airways. Both Tlr2-/- 

and Tlr7-/- mice developed spontaneous collagen deposition around the small airways. 

This suggests that deficiency of TLR2 or TLR7 during development may be detrimental 

and may lead to spontaneous airway remodelling. Tlr2-/- mice were more susceptible to 

early-life Chlamydia respiratory infection (125), and this infection was associated with 

more severe pulmonary fibrosis (483, 484). Interestingly, treatment of cultured 

epithelial cells from a chronic rhinosinusitis patient with the TLR2 inhibitor OxPAPC 

increased production and secretion of TGF-β1, a potent pro-fibrotic factor (485). 

Conversely, the levels of TGF-β1 were reduced when these cultured cells were treated 
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with a TLR2 agonist (485). Importantly, CS exposure did not induce a further increase 

in collagen deposition in Tlr2-/- mice. Hence, this suggests that there may be an intrinsic 

defect in immune responses in Tlr2-/- mice. However, the underlying mechanisms have 

not been fully uncharacterised. Future studies using TLR2 specific agonists may help to 

elucidate the underlying TLR2 signalling pathways that regulate collagen deposition. 

 Early-life deficiency of TLR7 was associated with increased severity of airway 

remodelling following infections with pneumonia virus of mice (486). Tlr7-/- mice had 

increased parenchymal consolidation and more severe airway epithelial cell shedding 

and hyperplasia following neonatal pneumonia virus of mice infection (486). Moreover, 

infections with pneumonia virus of mice also predisposed Tlr7-/- mice to the 

development of allergen-induced AAD (486). Furthermore, treatment with the TLR7 

agonist imiquimod has been shown to inhibit airway fibrosis in OVA-induced AAD 

(405). Imiquimod reduced peri-bronchiolar collagen area in OVA sensitised and 

challenged mice and this was associated with reduced expression of TGF-β1 (405). Our 

study expanded on this and showed that the induction of TLR7 with imiquimod also 

significantly inhibited collagen deposition induced by a different stimulus in CS.  

In conclusion, our studies expanded on previous observations and provided 

further evidence that TLR2 and TLR7 may indeed have a substantial role in regulating 

collagen deposition. These observations may be important in the context of COPD 

because the disease is known to be heterogeneous and severity greatly varies amongst 

individuals. A loss-of-function SNP on TLR2 and/or TLR7 could potentially predispose 

a COPD patient to increased airway/pulmonary remodelling and, thus, the development 

of more severe disease. Given that the induction of TLR7 suppressed airway fibrosis, 

targeting TLR7 signalling may be a novel therapeutic approach in treating various 

fibrotic disorders or features, including COPD and asthma. 
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5.3.4 TLR4 promotes CS-induced airway fibrosis 

In contrast to TRAIL, TLR2 and TLR7, TLR4 is likely to be important in 

pulmonary fibrosis and remodelling. Previous studies showed that LPS induced the 

expression of TLR4 on primary cultured mouse lung fibroblast and promoted the 

secretion of type I procollagen (378). Transfection of mouse lung fibroblasts with 

lentivirus-TLR4-siRNA inhibited LPS-induced secretion of type I procollagen (378). A 

subsequent study also showed that LPS-induced lung fibrosis, collagen synthesis and 

hydroxyproline levels were reduced in mice treated with lentivirus-TLR4-siRNA (376). 

Similarly, our study showed that genetic deletion of TLR4 (Tlr4-/- mice) ablated CS-

induced collagen deposition around small airways. This may potentially occur when 

TLR4 ligands, that are present in CS, induce certain cells (e.g. lung fibroblast) to 

produce and secrete collagen into the interstitial area of the lungs. In a bleomycin-

induced model of pulmonary fibrosis, TLR4 mRNA was found to be increased in 

fibrotic lung tissues of mice (375, 487). Pulmonary fibrosis was significantly reduced in 

Tlr4-/- mice, which was associated with reductions in the mRNA expression of IL-13 

and a trending decrease in TGF-β1 mRNA (487). Treatment with TLR4 agonist LPS-

EK also induced TGF-β1 mRNA expression in cultured nasal epithelial cells from 

chronic rhinosinusitis patients (485).  

Hence, our study further extends the knowledge of the role TLR4 in 

airway/pulmonary remodelling and shows that TLR4 may also play a role in small 

airway fibrosis in COPD (Figure 5.3). Future studies using flow cytometry to analyse 

and identify specific cell subsets may be useful in elucidating the underlying 

mechanisms of how TLR4 promotes CS-induced collagen deposition. Taken together, 

these data show that TLR4 may be a crucial immune factor in promoting collagen 
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deposition in COPD and other diseases that involve chronic airway remodelling/fibrosis 

such as asthma and pulmonary fibrosis. 
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Figure 5.3: TLR4 promotes CS-induced pulmonary fibrosis. Cigarette smoke (CS) 

induces the expression of Toll-like receptor (TLR)4. This may potentially lead to 

increased production of pro-fibrotic factors such as transforming growth factor (TGF)-β, 

which promotes the production and deposition of collagen in the lungs. Consequently, 

this may promote pulmonary fibrosis. 
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5.3.5 TRAIL promotes emphysema-like alveolar enlargement, apoptosis and lung 

function impairment 

In Chapter 2, we show for the first time that TRAIL plays a critical role in 

inducing emphysema-like alveolar enlargement in COPD. Chronic CS exposure 

increased the production of TRAIL and expression of DR5 in the lungs. Tnfsf10-/- mice 

had reduced CS-induced emphysema-like alveolar enlargement. This was associated 

with reduced apoptosis in the parenchyma and improved lung function (reduced 

compliance and lung volume). Therapeutic neutralisation of TRAIL with a monoclonal 

antibody also reduced CS-induced emphysema-like alveolar enlargement, apoptosis and 

lung function impairment. 

These findings further support a role for TRAIL as an emerging immune factor 

in emphysematous chronic lung diseases. In previous studies, the mRNA expression of 

TRAIL receptors (DR4, DR5 and DcR1) were found to be increased in subjects with 

emphysema (smokers and ex-smokers) compared to non-emphysematous non-smokers 

(152). Consistent with this, we also observed increased DR5 expression in the lungs of 

mice exposed to CS. This suggested that TRAIL-induced emphysema-like alveolar 

enlargement in mice was likely to occur through the interaction of TRAIL with DR5. 

These receptors and pro-apoptotic factors associated with TRAIL signalling (e.g. p53 

and Bax) were also induced in A549 cell cultures following exposure to hydrogen 

peroxide or recombinant human TNF in vitro (152). It was also shown that resected 

lung explants from patients with emphysema were particularly susceptible to TRAIL-

induced apoptosis (153). This was associated with increased caspase-3 activation, which 

correlated significantly with alveolar destruction (153). Furthermore, a recent study 

suggested that reduced predicted FEV1 and FEV1/FVC and increased pro-inflammatory 

markers (e.g. TNF-α and C-reactive protein) in COPD patients were associated with 
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increased serum levels of TRAIL and DR5 (333).  

Hence, our study expanded the current literature and showed that TRAIL also 

promoted CS-induced emphysema-like alveolar enlargement and lung function 

impairment (in terms of increased lung compliance). CS induced increases in TRAIL 

and DR5 expression in the lung. Increased interaction of TRAIL with DR5 led to 

increased apoptosis and caused increased loss of alveolar attachment and lung elastic 

recoil, which consequently promoted lung function impairment. Recent studies from our 

group have also shown that TRAIL-induced apoptotic signalling may be important in 

respiratory infection-induced chronic lung diseases (131). Neonatal Chlamydia 

respiratory infection-induced emphysema-like alveolar enlargement was reduced in 

Tnfsf10-/- mice (131). This study showed that TRAIL-induced emphysema-like alveolar 

enlargement was associated with increased DR5 expression and apoptosis in the lungs 

of mice following neonatal infection (131). Neutralisation of TRAIL with monoclonal 

antibody reduced emphysema-like alveolar enlargement induced by CS exposure in this 

thesis and by us in neonatal Chlamydia respiratory infection (131). Interestingly, 

blockade of TRAIL signalling also reduced neonatal Chlamydia respiratory infection-

induced lung function impairment (131). We also showed that CS-induced lung 

function impairment was reduced in Tnfsf10-/- mice or mice treated with anti-TRAIL.  

 Collectively, these studies clearly demonstrate a critical role for TRAIL in 

mediating emphysema-like alveolar enlargement and lung function impairment. 

However, it is not known whether this occurs through DR5 in the context of COPD 

(Figure 5.4). Future studies using DR5-deficient or agonistic DR5 antibody will help 

elucidate and examine the role of DR5 in TRAIL-mediated CS-induced emphysema-

like alveolar enlargement and apoptosis. Nonetheless, this study does provide new 

insights and supports the role of TRAIL as an emerging immune factor in mediating 



234 

 

chronic lung diseases. Targeting TRAIL signalling may be a novel effective treatment 

for COPD and other chronic lung diseases. 
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Figure 5.4: TRAIL mediates CS-induced emphysema-like alveolar enlargement 

and lung function impairment. Cigarette smoke (CS) induces the production of 

tumour necrosis factor-related apoptosis-inducing ligand (TRAIL) in the lungs. TRAIL 

may interact with its death receptor (DR)5 and subsequently promote parenchymal 

apoptosis. Consequently, this leads to emphysema-like alveolar enlargement that 

contribute to impaired lung function. 
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5.3.6 The opposing role of TLR2 and TLR4 in emphysema-like alveolar 

enlargement and apoptosis 

In Chapter 3, TLR2 and TLR4 were shown to differentially mediate CS-induced 

emphysema-like alveolar enlargement, apoptosis and lung function impairment. Tlr2-/- 

mice had increased CS-induced emphysema-like alveolar enlargement, which was 

associated with increased apoptosis and TLC. In contrast, these disease features were 

reduced in Tlr4-/- mice exposed to CS. Although the underlying mechanisms have not 

yet been fully elucidated, these data suggest that there may be potential cross-talk 

between the TLR2 and TLR4 signalling pathways.  

Studies have shown that both TLR2 and TLR4 may interact with extracellular 

matrix proteins (e.g. hyaluronan) but may result in different consequences (488–491). 

First, CS exposure has been shown to increase the level of hyaluronan deposition on the 

airway walls (488). Hyaluronan has been previously shown to mediate CS-induced loss 

of airway epithelial barrier function (489). Another study showed that hyaluronan 

induced the expression of MIP-2α (CXCL2) in peritoneal macrophages in a TLR2- and 

TLR4-dependent manner (490). However, at higher concentrations of hyaluronan, MIP-

2α production was more robustly increased in peritoneal macrophages from Tlr4-/- mice 

compared to Tlr2-/- mice, whilst MIP-2α protein was abrogated in Tlr2-/- Tlr4-/- double 

deficient mice (490). Interestingly, low molecular mass hyaluronan was shown to be 

induce TRAIL/DR5-mediated apoptosis and was inhibited in Tlr4-/- mice (491).  

Taken together, these studies suggest that possible cross-talk occurs between the 

TLR2 and TLR4 signalling pathways and this may influence the pathogenesis of COPD. 

Moreover, it is likely that CS may dysregulate extracellular matrix protein levels and 

increase the deposition of hyaluronan, which may interact with TLR2 and/or TLR4 to 

induce inflammation and apoptosis. Interestingly, evidences also suggest that TLR4 
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induces apoptosis in a TRAIL-dependent manner (491), whereby TRAIL was shown to 

be an important mediator of pathogenesis of COPD in Chapter 2. Future studies will be 

required to determine whether TLR4 signalling cross-talk with the TRAIL signalling to 

mediate CS-induced emphysema-like alveolar enlargement and lung function 

impairment. This study adds to the current literature by showing that TLRs may 

differentially regulate the development of emphysema and lung function impairment 

and provides additional insights into the complex interaction of TLR signalling in 

pathogenesis of COPD. 
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Figure 5.5: TLR2 and/or TLR4 may mediate CS-induced emphysema-like alveolar 

enlargement and lung function impairment through extracellular matrix proteins 

and TRAIL-induced apoptosis signalling.  Cigarette smoke (CS) induces the 

production and secretion of extracellular matrix proteins such as hyaluronan. 

Extracellular matrix proteins may interact with Toll-like receptor (TLR)2 and protects 

against the development of CS-induced emphysema and lung function impairment. In 

contrast, interaction of extracellular matrix proteins with TLR4 may induce CS-induced 

emphysema in a tumour necrosis factor-related apoptosis-inducing ligand 

(TRAIL)/death receptor (DR)5 dependent manner.  
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5.3.7 TLR7 promotes emphysema-like alveolar enlargement and apoptosis 

In Chapter 4, for the first time TLR7 was shown to have a previously 

unrecognised role in promoting emphysema-like alveolar enlargement and apoptosis in 

CS-induced experimental COPD. CS induced the mRNA expression of TLR7 in the 

lungs of mice, which was also increased in airway epithelial cells from bronchial 

brushings or lung parenchyma cores from human COPD. Tlr7-/- mice had reduced CS-

induced emphysema-like alveolar enlargement and apoptosis. Conversely, stimulation 

of TLR7 with imiquimod induced these features in WT mice, which were 

synergistically increased in CS-exposed mice administered imiquimod. Importantly, 

CS-induced emphysema-like alveolar enlargement and apoptosis were reduced in mice 

treated with neutralising anti-TLR7 monoclonal antibody. It must be noted that 

neutralising anti-TLR7 monoclonal antibody was systemically administered (i.v) and 

only given at the last two weeks of our 8 weeks CS exposure model. Therefore, the 

potential beneficial effect of therapeutic targeting TLR7 are likely to be greater with 

longer treatment and further optimisation of dosage.  

Hence, this study demonstrated the potential contributions of intracellular TLR7 

in CS-induced pathogenesis of COPD. In support of this, TLR7 expression was found 

increased on small airway epithelium of lung tissues from patients with GOLD stage IV 

COPD compared to never-smoking controls (415). In addition, others have shown that 

Unc93b1 mutant mice (deficient of functional intracellular TLR3, TLR7 and TLR9) had 

reduced CS-induced alveolar airspace enlargement (emphysema) (416). Unlike this 

study, we expanded this by exploring and elucidating the pathophysiological role of 

TLR7 alone in mediating CS-induced apoptosis and lung function impairment. These 

observations were supported by previous studies that demonstrated the apoptotic ability 
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of imiquimod against certain mouse and human cancer cells (383, 417–419) and non-

cancerous cells (420) in vitro.  

Interestingly, TLR7-induced emphysema-like alveolar enlargement and 

apoptosis may be associated with mast cells. Mast cells have recently been shown to be 

important in human and experimental COPD (191, 257–259, 261). TLR7 is expressed 

on mast cells and stimulation with R848 (TLR7 agonist) led to the secretion of pro-

inflammatory cytokines in vitro (392, 395). We also demonstrated previously that 

mouse mast cell proteases (e.g. Prss31 and mMCP-6) play a key role in promoting CS-

induced emphysema in experimental COPD (191, 261). In our current study, 

imiquimod-induced emphysema and apoptosis were ablated in mMCP-6-/- mice. This 

highlights the potential role of mast cells and their tryptases in mediating TLR7-induced 

emphysema-like alveolar enlargement and apoptosis.  

The underlying mechanism(s) through which TLR7 induces CS-induced 

emphysema and apoptosis were not fully elucidated. However, it is likely that TLR7 

mediates these features by the detection and ligation of endogenous host RNA (Figure 

5.6) (390, 416). In support of this, others have demonstrated that CS exposure led to 

increased levels of nucleic acids (RNA and DNA) recovered from the BALF (416). This 

may be associated with increased apoptosis of lung epithelial cells in response to 

chronic CS exposure (416). Moreover, TLR7-expressing mouse or human macrophages 

were shown to be able to identify specific sequences of ssRNA and induce the 

production of TNF-α (390).  

Taken together, our studies highlight a novel pathogenic role for TLR7 in CS-

induced COPD. They also provide further evidence to support the importance of mast 

cells in the pathogenesis of COPD. These novel observations give new insights into the 

underlying mechanisms whereby TLR7 may induce the release of mast cell proteases to 
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promote emphysema-like alveolar enlargement and apoptosis. Future studies will be 

required to further elucidate the mechanisms and identify new avenues for therapeutic 

intervention and treatment of COPD. 
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Figure 5.6: TLR7 potentially mediates CS-induced emphysema-like alveolar 

enlargement and lung function impairment through the release of mast cell-

specific proteases. Chronic cigarette smoke (CS) exposure leads to increased apoptosis 

of cells and may release endogenous RNA in the lungs. Toll-like receptor (TLR)7 

expressed on mast cell may detect and ligate with these endogenous RNA to induce the 

release of mast cell-specific proteases such as mouse mast cell protease-6 (mMCP-6). 

This consequently promotes the development of emphysema-like alveolar enlargement 

and lung function impairment.  
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5.4 Future directions 

5.4.1 Further investigation of TRAIL signalling in the pathogenesis of COPD  

To evaluate the potential of TRAIL as a therapeutic target for COPD, it is 

crucial to screen patients before adopting any potential anti-TRAIL treatments. COPD 

patients with infectious exacerbations or a history of cancer will not be suitable for anti-

TRAIL treatments. Based on our observations, anti-TRAIL treatments may be more 

relevant and, perhaps, effective in treating COPD patients in the early stages of disease 

(e.g. GOLD stage I-III) where the treatment may have preventative effects on the 

progression of emphysema and lung function impairment. Hence, future studies that 

identify potential biomarkers that may help identify COPD patients in the early stages 

of disease will be useful to guide clinical decisions on prescribing anti-TRAIL 

treatments and improving patient outcomes. Moreover, in vitro and in vivo toxicology 

studies will be required to identify effective and safe dosage regimes for anti-TRAIL 

treatment. It is also necessary to identify/target specific cellular target(s) to increase the 

effectiveness and specificity of anti-TRAIL treatment. Given that CD11b+ monocytes 

were the major source of TRAIL in the lung of CS-exposed mice, selective 

targeting/neutralising of TRAIL expressed on monocytes may be a good strategy in 

treating COPD. This can be investigated in the future with in vivo experiments using 

bone marrow-chimeric mice that would help elucidate and verify the role of TRAIL on 

immune cells vs. structural cells. Moreover, TRAIL may also be genetically deleted on 

specific immune cells (e.g. macrophage/monocytes) using systems such as Cre-Lox 

gene deletion to further elucidate the role of these TRAIL+ cells and the potential of 

therapeutically targeting these cells in COPD (492). 

 The role of TRAIL receptors, particularly DR5, will be interesting for future 

follow up studies. As discussed earlier, TRAIL ligates and signals through DR5 to 
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initiate apoptosis (267, 283). Hence, it would be important to investigate that whether 

TRAIL mediates the pathogenesis of COPD by interacting with DR5. In support of this, 

we and others have shown that DR5 mRNA expression was increased in 

emphysematous lung tissues (152, 153, 192). To elucidate this, in vivo experiments 

using a combination of genetic deletion (e.g. DR5-deficient mice) or selective activation 

with an agonist will help elucidate the role of DR5 in the COPD pathogenesis. In 

addition, development and emergence of novel agonists or neutralising monoclonal 

antibodies against DR5 will also provide important tools to further delineate the role of 

DR5 in the pathogenesis of COPD. 

 

5.4.2 Further investigation of the role of TLR2 co-receptors in the pathogenesis 

of COPD 

Interestingly, the mRNA expression of TLR2 co-receptors (TLR1 and TLR6) 

was also altered in human and experimental COPD. The significance and roles of these 

co-receptors in COPD remain unclear and will required further investigation. Others 

have previously shown that these co-receptors were differentially expressed in COPD, 

but this was not investigated further to delineate their potential pathophysiological roles 

(349, 452–454). The use of TLR2 agonists, such as Pam3CysSerLys4 (TLR2/1) or 

Pam2CysSerLys4 (TLR2/6), in future experiments, may help identify and distinguish 

any differences in immune responses that these co-receptors induce following CS 

exposure and TLR2 stimulation. In addition, experiments using neutralising TLR2 

monoclonal antibody would be valuable in determining the underlying mechanisms of 

CS-induced pathogenesis of COPD.  
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5.4.3 Further investigation of the role of TLR4 signalling in the pathogenesis of 

COPD 

In contrast to previous studies, TLR4 appeared to play only a minor role in CS-

induced pulmonary inflammation. This may be in part due to potential cell- or tissue-

specific effects of CS on TLR4 activation/signalling. Future experiments using a 

combination of flow cytometry, bone-marrow chimeric mice, cell depletion or adoptive 

transfer would help identify any specific subsets of TLR4-expressing cells that may be 

important in driving CS-induced COPD. Others have proposed that TLR4 may induce 

pulmonary fibrosis in a TRAIL/DR5 dependent manner (491). This may be investigated 

in future experiments using recombinant TRAIL and/or DR5 agonist in Tlr4-/- deficient 

mice. Identifying the underlying mechanisms may perhaps open new avenues for 

therapeutic intervention and approach in COPD. 

This therapeutic potential could be explored further with in vivo experiments 

using synthetic TLR4 antagonist such as Eritoran (493). Eritoran is a new 

investigational drug currently in phase III clinical trial for the treatment of severe sepsis, 

severe inflammation due to infection (493). Eritoran has been shown to be effective in 

preventing severe inflammation and mortality in mice following lethal influenza virus 

infections (493). However, this antagonist has a short half-life (~24 hours) and requires 

daily i.v administration to be effective (493). Moreover, Eritoran has a low absorption 

rate and bioavailability when administered into the lungs of mice. Monoclonal 

antibodies against TLR4 are also currently unavailable commercially. Others have used 

siRNA to genetically repress the expression of TLR4 in vitro (377). Further studies and 

optimisation will be required for any future in vivo experiments to effectively suppress 

TLR4 expression with siRNA. 
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5.4.4 Further investigation into the role of TLR7 and mast cells in the 

pathogenesis of COPD 

We have previously showed that mast cell-specific proteases such as mMCP-6 

play critical roles in the pathogenesis of CS-induced emphysema. The current study 

expands on this previous finding and shows that the induction of TLR7 may be crucial 

in these processes. We found that mast cell numbers in the lungs were reduced in mice 

deficient in TLR7. This suggests that TLR7 may be mediating the migration of these 

immune cells into the lungs. This can be investigated further in the future with in vitro 

and/or in vivo experiments that involve modulation of chemokines and factors 

associated with mast cell migration. Cells or mice deficient of specific chemokine 

receptors can be used to identify potentially important chemokines that TLR7 induces to 

cause mast cell migration into the lungs. Moreover, flow cytometry and bone-marrow 

chimera studies can be performed to help identify the cellular sources of these candidate 

chemokines.  

The current studies also demonstrated that imiquimod-induced emphysema may 

occur through mMCP-6 and highlights a potential role of TLR7 in mediating the 

production and secretion of potent mast cell-specific proteases. This has not been 

investigated previously. Nevertheless, it is known that mast cells express a variety of 

pattern recognition receptors, including TLR7. Therefore, it is conceivable that TLR7 

activation may lead to the release/secretion of mast cell-specific proteases. To 

investigate this further in the future, in vitro experiments can be carried out using mouse 

and/or human mast cell lines or primary mast cells isolated from lungs through flow 

cytometry sorting. These mast cells can be cultured and maintained in a controlled 

microenvironment. They could be treated with imiquimod or anti-TLR7 to assess, if 

any, the role of TLR7 in mast cell-specific proteases are released from pre-formed 
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granules. To determine if TLR7 mediates the de novo synthesis or production of 

proteases, mast cells from mice deficient in TLR7 can be isolated and the levels of 

proteases assessed at baseline level or following exposure to CS in vitro. However, mast 

cells are rare in the lung under homeostatic conditions. Isolation of primary mast cell 

may be impractical and requires pooling of samples from different mice in order to 

obtain sufficient cells for further in vitro experiments. 

 

5.5 Conclusion 

The studies described in this thesis indicate that TRAIL and TLRs play 

important and multifactorial roles in CS-induced lung pathologies and may be 

significant by involved in the development of COPD. For the first time, TRAIL was 

shown to play important roles in CS-induced pulmonary inflammation, airway 

remodelling, emphysema-like alveolar enlargement and lung function impairment. 

Although the TLRs being investigated appeared to play a minor role in CS-induced 

pulmonary inflammation, TLR2 played a previously unrecognised role in protecting 

against CS-induced emphysema-like alveolar enlargement and apoptosis, whilst these 

disease features were promoted by TLR4. This study also demonstrated for the first 

time that intracellular TLR7 mediates CS-induced emphysema-like alveolar 

enlargement and apoptosis, and small airway epithelial thickening. Thus, therapeutic 

targeting of TRAIL and specific TLRs may be an attractive strategy for reducing the 

severity of COPD. Moreover, the emergence of humanised monoclonal antibodies (e.g. 

anti-DR5) and TLR antagonist (e.g. Eritoran) also hold promise and may be efficacious 

novel therapeutic strategies in COPD and, potentially, other chronic respiratory 

diseases.  
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