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Abstract 

Human rhinovirus (HRV) is the major viral pathogen associated with exacerbations of 

asthma and chronic obstructive pulmonary disease (COPD). Cigarette smoke is the predominant 

risk factor for the development of COPD and approximately 25% of asthmatics smoke. 

Moreover, smokers experience longer and more severe respiratory tract infections compared to 

non-smokers, but the mechanisms responsible have not been delineated. Since the airway 

epithelial cell is the only cell type shown to be infected with HRV in vivo, and is one of the first 

cells in contact with cigarette smoke, the aim of this thesis was to investigate if and how cigarette 

smoke modulates epithelial responses to HRV infection using an in vitro tissue culture model 

system in conjunction with HRV and cigarette smoke extract (CSE).  

HRV-induced expression of CXCL10, a chemokine linked to antiviral immunity, was 

potently inhibited by CSE via multiple mechanisms. CSE suppressed HRV-induced transcription 

of CXCL10 via inhibition of nuclear factor-ĸB (NF-ĸB), interferon regulatory factor (IRF)-1 and 

signal transducer and activator of transcription (STAT)-1 pathways. CSE also suppressed HRV-

induced expression of the viral sensors melanoma differentiation-associated protein 5 (MDA5) 

and retinoic acid-inducible gene-I (RIG-I), but only MDA5 was shown to be directly involved in 

HRV-induced CXCL10 production. CSE also suppressed HRV-induced chromatin accessibility 

around the CXCL10 transcriptional start site.  

By contrast, epithelial production of the neutrophil chemoattractant CXCL8, was induced 

by CSE or HRV infection alone, and was further enhanced by the combination of these stimuli. 

This enhancement was mediated via mRNA stabilization and involved the mRNA stabilizing 

protein human antigen R (HuR).  
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This study provides the first demonstration that CSE differentially modulates HRV-

induced chemokine responses in airway epithelial cells and provides insights into the underlying 

mechanisms of altered chemokine production. HRV-induced CXCL10 was suppressed by CSE 

via a combination of multiple mechanisms, while CXCL8 enhancement was mediated via 

mRNA stabilization. These results provide potential insights into how cigarette smoke alters 

HRV-induced inflammatory responses in vivo and how this could lead to more severe clinical 

outcomes in COPD patients and asthmatics who smoke during HRV-induced disease 

exacerbations.  
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The lungs are among the most important major organs in the human body. Proper 

lung functioning is essential for effective gas exchange, protection from insults inhaled 

from the external environment and ultimately, survival. Lung diseases, such as chronic 

obstructive pulmonary disease (COPD) and asthma are associated not only with 

compromised lung function, but also with altered host inflammatory and functional 

responses to inhaled pathogens, allergens and pollutants. Understanding the mechanisms 

responsible for the underlying inflammatory response and impaired lung function is critical 

for future effective treatment of these diseases.  

Human rhinovirus (HRV) is responsible for the majority of virally-induced 

exacerbations of COPD and asthma1–6. Cigarette smoking is the main risk factor associated 

with the development of COPD in developed countries and approximately a quarter of 

asthmatics smoke7–10. Smoking asthmatics tend to have worse respiratory symptoms, 

require more hospitalizations, are less responsive to conventional treatments and generally 

have a decreased quality of life compared to non-smoking asthmatic individuals11–23. 

Moreover, healthy smokers tend to experience upper respiratory tract infections of 

prolonged duration and increased severity compared to non-smokers24–29. In vivo, the 

human airway epithelium is the primary cell to be infected with HRV30, and this cell is also 

the first point of contact for inhaled cigarette smoke. The inflammatory responses induced 

in the airway epithelium by HRV have been rigorously studied, but surprisingly, if and how 

cigarette smoke modulates these responses has not been investigated in much detail. Thus, 

the overall aim of this thesis was to investigate if and how cigarette smoke modulates 

HRV-induced inflammatory responses in the airway epithelium. This would not only be 
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relevant to further understanding the inflammatory response induced in HRV-infected 

smokers, but particularly, and most importantly, in COPD patients and smoking asthmatics 

during HRV-induced exacerbations. 

 

 COPD 1.1

1.1.1 Definition 

COPD is defined by the Global Initiative for Chronic Obstructive Lung Disease 

(GOLD) as: 

“COPD, a common preventable and treatable disease, is 
characterized by persistent airflow limitation that is usually 
progressive and associated with an enhanced chronic 
inflammatory response in the airways and the lung to noxious 
particles or gases. Exacerbations and comorbidities 
contribute to the overall severity in individual pateints”31  

The definition put forth by GOLD is extremely broad, as COPD is a complex and 

heterogeneous disease that encompasses a spectrum of conditions and disease severity. In 

terms of the pulmonary component, COPD includes varying degrees of chronic bronchitis, 

obstructive bronchiolitis and emphysema. Chronic bronchitis is defined as the presence of 

cough and sputum for a duration of at least three months in two or more consecutive 

years31. Obstructive bronchiolitis is also termed small airways disease and involves both 

components of inflammation and remodelling. Emphysema is defined as: 

“Abnormal permanent enlargement of air spaces distal to 
terminal bronchioles, accompanied by destruction of their 
walls without obvious fibrosis.”32 
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Emphysema results from the destruction of the lung parenchymal tissue leading to a loss of 

alveolar attachments and a decrease in the elastic recoil of the lungs. Two types of 

emphysema have been identified, including centrilobular emphysema, which manifests 

predominantly in the upper lobes of the lung typically around the central lobules, and 

panlobular emphysema, which manifests more uniformly and predominantly involves the 

lower lobes of the lung33. The remodelling components of both obstructive bronchiolitis 

and emphysema are major contributors to airflow limitation in COPD resulting in a decline 

of forced expiratory volume in 1 second (FEV1), decreased lung volume expiration, gas 

trapping and hyperinflation. Extra-pulmonary components and comorbidities are also 

important factors in COPD34, some of the most common being hypertension, diabetes, 

coronary heart disease, cancer, pulmonary vascular disease and cachexia. Over two thirds 

of COPD patients report one or more comorbidities35.  

The GOLD guidelines distinguish COPD into four stages based on the severity of 

airflow obstruction, as diagnosed by spirometry (Table 1.1).  

Table 1.1: GOLD Defined Stages of COPD 

Stage Severity FEV1/FVC FEV1 

I Mild <0.70 ≥ 80% predicted 

II Moderate <0.70 50% ≤ FEV1 < 80% predicted 

III Severe <0.70 30% ≤ FEV1 < 50% predicted 

IV Very Severe <0.70 < 30% predicted  

FEV1 = forced expiratory volume in 1 second.  
FVC = forced vital capacity.  
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Chronic airway inflammation is a major component of COPD and is characterized 

by an increased abundance of inflammatory cells36 including neutrophils, activated 

macrophages and activated CD8+ T-lymphocytes37–39 along with a release of a variety of 

inflammatory mediators including various chemokines, cytokines, lipids and growth 

factors39. Proteolytic enzymes released from neutrophils and activated macrophages, 

including neutrophil elastase and matrix metalloproteinases (MMPs), lead to 

emphysematous destruction.  

 

1.1.2 Burden of Disease 

COPD is rapidly increasing in prevalence and is a huge burden to health care 

systems throughout the world.  In a report released by the World Health Organization 

(WHO) in 2004, 63.6 million people were documented to be affected by symptomatic 

COPD40 but a variety of studies suggest that it could be as high as 10% of the world’s 

entire population41,42. The reason the number of those affected with COPD is likely to be 

much higher than currently reported by the WHO, is that a predicted 60-85% of patients 

remain undiagnosed, particularly those with mild disease43,44. Moreover, this disease 

accounted for 3 million deaths in 2004, making it the 4th leading cause of death 

worldwide45. Even in high-income countries like Canada, COPD is a major problem, being 

the 5th leading cause of death and the 10th leading cause of disability45. The Public Health 

Agency of Canada estimates that over 770,000 Canadians, or about 4% of the total 

population, have been diagnosed with COPD46, but the Conference Board of Canada 

reports that this number is actually much higher and, in fact, the number of people in 
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Canada affected with COPD was over 1.6 million in 2010 and is projected to increase to 

over 2.5 million by 203047.  

The economic burden of COPD is enormous, accounting for billions of health care 

dollars around the world35. In 2003, it was estimated that the combined direct and indirect 

costs of COPD in the USA alone were over 23 billion dollars48. In Canada, COPD 

exacerbations are the leading cause for hospital admission with an average cost of $10,000 

per patient, per visit49, and the total annual healthcare cost is estimated to be over 4 billion 

dollars and projected to increase to 9.5 billion dollars by 203047. The exact numbers are 

hard to pin down due to under-diagnosis of this disease and the difficulty in calculating 

both the direct costs, including hospitalization and medication, and indirect costs, including 

lost work, long-term disability and premature death associated with this disease48. 

Nonetheless, it is estimated that hospitalization resulting from exacerbations account for the 

majority of costs associated with this disease, representing approximately 40-60% of the 

total direct costs50.  

The prevalence and burden of COPD are projected to increase due to the continued 

exposure to COPD risk factors, such as cigarette smoking, and the changing age 

demographic of the world’s population. Deaths due to COPD are projected to increase by 

more than 30% in the next 10 years51 and it is predicted that by 2030, COPD will be the 

third leading cause of death and the fifth leading cause of disability world wide45,52.  With 

the continued rise in prevalence of this disease the economic costs will, undoubtedly, keep 

increasing.  
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1.1.3 Etiology and Pathogenesis 

Risk factors associated with the development of COPD include prolonged exposure 

to atmospheric pollutants, including cigarette smoke, smoke from burning biomass fuels, 

outdoor air pollution, occupational exposures in the form of dust, fumes and/or chemical 

irritants, as well as, very rarely, an α1-antitrypsin deficiency 53,54.   

The most common risk factor associated with the development of COPD is cigarette 

smoking10. In developed countries it accounts for more than 95% of cases39. In fact, most 

patients with COPD are current or ex-cigarette smokers, with at least a 15-20 pack-year 

smoking history. It has been previously thought that only about 10% of smokers go on to 

develop COPD41. Recently, it has been suggested that this is an underestimation and that 

over 25% of smokers may actually go on to develop this disease41,55. COPD usually takes 

decades to develop, and previous longitudinal studies looking at the development of COPD 

in smokers have only gone out as far as 5-10 years, whereas the aforementioned study 

followed a cohort of subjects for 25 years55. Interestingly, those subjects who were 

continuous smokers, as opposed to those who had quit at various points throughout this 25 

year study, had a 35.5% incidence for the development of COPD. In addition to the 

extended time period of this study, these new statistics may also be reflective of the 

extended lifespan of the general population; the longer people live, the more time there is to 

develop COPD. Nevertheless, it still remains unclear as to why only a minority of cigarette 

smokers go on to develop COPD. The exact mechanisms as to how cigarette smoking can 

result in COPD are not yet clearly defined. Both a dysregulation in the natural balance of 

oxidants: antioxidants and proteases: anti-proteases have been suggested56–59. 
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One of the genetic risk factors associated with the development of COPD, namely 

α1-antitrypsin deficiency, supports the concept that a protease: anti-protease imbalance can 

contribute to the development of this disease. The incidence of α1-antitrypsin deficiency is 

fairly common in the general population with 1 in 2000-5000 individuals being affected60–

62 but only approximately 1-2% of COPD patients are reported to have α1-antitrypsin 

deficiency60,62. The deficiency of the gene coding for α1-antitrypsin results in an increased 

risk for the development of COPD with a major panlobular emphysematous component62,63.  

Normally, α1-antitrypsin is produced in the liver and distributed via the bloodstream and 

locally in the lung by macrophages and bronchial epithelial cells62. It is a very potent 

inhibitor of serine proteases, hence lack of this inhibitor plays a role in the dysregulation of 

the protease: anti-protease balance, resulting in the build-up of neutrophil elastase that is 

released from activated neutrophils, which ultimately leads to the destruction of 

surrounding tissue in the lung, including alveolar walls36,62. Importantly, cigarette smoking 

further increases the risk for developing COPD in individuals with α1-antitrypsin 

deficiency60,61. 

 

1.1.4 Exacerbations 

Exacerbations of COPD are a major cause of hospital admission and are associated 

with a large proportion of health care costs related to this disease64–66. An exacerbation of 

COPD is defined as an event in the natural course of the disease that is characterized by 

changes in the patient’s baseline dyspnea, cough and/or sputum production that is beyond 

normal day-to-day variations67. This event is usually acute in onset and may warrant a 
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change in the patient’s medication67. The major symptoms include breathlessness, 

wheezing, chest tightness and an increase in cough and sputum production64,68. A 

significant decline in FEV1, forced vital capacity (FVC) and peak expiratory flow (PEF) are 

commonly associated with acute exacerbations of COPD64. It has been convincingly shown 

that the frequency of exacerbations correlates with disease progression in COPD69. 

Exacerbations lead to increased disease severity, decrease the patient’s quality of life and 

increase the risk of disease-related mortality64,68,70,71.  

The majority of COPD exacerbations (60-80%) are caused by respiratory 

infections43. Non-infectious causes of exacerbations include, but are not limited to, cardiac 

dysfunction, pulmonary embolism, pneumothorax, and exposure to air pollution or 

allergens43. Of the COPD exacerbations that are caused by pulmonary infections about half 

(40-60%) of those are associated with viruses1,2,72,73. Importantly, upper respiratory tract 

virus infections in COPD are associated with more frequent and severe exacerbations1,74. 

The main pathogen associated with viral exacerbation of COPD is HRV, which accounts 

for more than 50% of all viral exacerbations (Figure 1.1)1–4. Additional viruses associated 

with exacerbations of COPD include respiratory syncytial virus (RSV), coronavirus, 

influenza virus, parainfluenza virus, and very rarely other viruses such as adenovirus and 

human metapneumovirus64,75,76.  

During an exacerbation of COPD, the underlying smoking-related airway 

inflammation is further exaggerated by the infective stimulus, resulting in an increase in 

infiltrating inflammatory cells into the lung including neutrophils and CD8+ T 
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lymphocytes77. However, the exact mechanisms underlying virus-induced exacerbations of 

COPD are still under investigation.  

 

 

Figure 1.1: Viral pathogens associated with exacerbations of COPD.  
Data are derived from1. 

 

 Asthma 1.2

1.2.1 Definition 

Asthma is described by the Global Initiative for Asthma (GINA) as: 

“a chronic inflammatory disorder of the airways in which 
many cells and cellular elements play a role. The chronic 
inflammation is associated with airway hyperresponsiveness 
that leads to recurrent episodes of wheezing, breathlessness, 
chest tightness, and coughing, particularly at night or in the 
early morning. These episodes are usually associated with 
widespread, but variable, airflow obstruction within the lung 
that is often reversible either spontaneously or with 
treatment.” 78 
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Not unlike COPD, asthma is a heterogeneous disease that is difficult to define but it is 

generally characterized by chronic inflammation of the airways, airway 

hyperresponsiveness (AHR), variable airflow obstruction and varying degrees of structural 

changes, known as airway remodelling.  

 

1.2.2 Burden of Disease 

Asthma is considered to be one of the most common chronic diseases in the world 

and is, in fact, the most common chronic disease in children and young adults7,79. This 

disease affects more than an estimated 300 million people worldwide and prevalence 

continues to increase, with an expected 400 million people affected by 202580,81. Clinical 

asthma affects around 4.5% of adults (aged 18-45) worldwide7. The prevalence of asthma is 

high in North America compared to the rest of the world, with the disease affecting 

approximately 11% of the total population78. Specifically in Canada, it has recently been 

reported that about 13% of children and 8.6% of adults have been diagnosed with asthma82. 

Cumulatively over 3.2 million Canadians have asthma, and this number is expected to 

increase to over 3.9 million by 203047. As in COPD, the total economic burden of asthma is 

hard to calculate as it is also involves both direct and indirect costs83. To provide a sense of 

the economic burden of asthma in Canada, the combined direct and indirect costs are 

estimated to be around 2.2 billion dollars and projected to increase to 4.2 billion dollars by 

203047. 
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1.2.3 Etiology and Pathogenesis 

Causes linked to the development of asthma are as diverse as the disease itself. Both 

genetic and environmental components have been implicated in the subsequent 

development of this disease and particularly, interplay between gene-environment 

interactions. Thus far, a family history of atopic disease is the strongest risk factor for the 

development of asthma. Additionally, a history of wheezing illness induced by HRV 

infections in genetically predisposed children is also a strong predictor for the subsequent 

development of asthma84,85. 

Airway inflammation, AHR and airway remodelling contribute to airflow 

obstruction and ultimately, difficulty breathing. Chronic airway inflammation is one of the 

hallmarks of asthma and involves a variety of cell types and mediators. Classically, asthma 

is thought of as a CD4+ T helper type 2 (Th2)-mediated disease, associated with increased 

levels of Th2 cytokines, including interleukin (IL)-4, IL-5, IL-9 and IL-13, along with 

increased immunoglobulin (Ig)E levels and eosinophilic inflammation. It is now known 

that asthmatics can have a range of inflammatory phenotypes, including eosinophilic, 

neutrophilic, mixed granulocytic and even ‘pauci-granulocytic’ inflammation. Recent 

evidence implicates other Th subsets, including Th9, Th17 and T regulatory cells, as also 

having a role in modulating these disease phenotypes79. AHR involves an aberrant increase 

in the ‘twitchiness’ of the airways in response to inhalation of common airway irritants 

such as allergens, pollutants or respiratory viruses and is confirmed clinically using a 

methacholine or histamine challenge test79. Airway remodelling is a term used to 

collectively describe the structural changes that occur in the lungs of asthmatics. These 
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changes are typically characterized by epithelial disruption, goblet cell metaplasia, goblet 

cell hyperplasia and hypertrophy, an increase in smooth muscle mass, vascular 

angiogenesis, mucus gland hypertrophy, and increased matrix protein deposition that 

results in reticular basement membrane thickening86.  

 

1.2.4 Asthma and Cigarette Smoking 

Around 25-35% of asthmatics smoke, which is surprisingly no different than the 

percentage of smokers in the general population7–9. The prevalence of asthmatics who 

smoke is largest in Europe and South East Asia, where over a third of asthmatics smoke 

cigarettes7. Asthmatics who smoke are reported to have an increase in morbidity and 

mortality rates compared to those asthmatics who do not smoke87. They have more severe 

respiratory symptoms, are less responsive to conventional anti-inflammatory treatments 

(corticosteroids), have more frequent exacerbations and generally have a decreased quality 

of life compared to asthmatics who do not smoke11–23.  

The increased respiratory symptoms in asthmatics who smoke are partly due to 

lower FEV1, increased mucus production and increased sub-epithelial thickness11. 

Moreover, cigarette smoking accelerates the decline in lung function in asthmatic 

patients20,88–90. Cigarette smoke has also been shown to enhance allergic inflammation91 

and facilitate allergen penetration through the respiratory epithelium leading to an increased 

severity of allergic inflammation92. Many studies have shown that smoking asthmatics are 

less responsive to corticosteroid treatment and one study has shown that they also require 

more frequent use of rescue medication93. Cigarette smoke has been shown to change the 
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typical eosinophilic inflammatory profile in asthmatics to a neutrophilic phenotype, more 

typical of that seen in COPD87. This altered inflammatory profile is characterized by 

increased neutrophilic inflammation, increase of CD8+ T lymphocytes, infiltration of 

activated macrophages and a decrease in eosinophilic inflammation87. 

 

1.2.5 Exacerbations 

Up to 80% of asthma exacerbations in children and about 50% of asthma 

exacerbations in adults are associated with viral infections5,6. Virus-induced exacerbations 

of asthma are associated with increased neutrophilic inflammation in the airways, an 

increase in neutrophil degranulation and generally more severe disease symptoms94. The 

virus most frequently associated with virally-induced exacerbations of asthma is HRV5,6 

(Figure 1.2). Other viruses associated with exacerbations of asthma include coronavirus, 

RSV, influenza, parainfluenza and adenovirus95. 

 

Figure 1.2: Viral pathogens associated with exacerbations of asthma in adults.  
Data are derived from6. 
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It has been shown that, although asthmatic subjects are no more susceptible to HRV 

infection and do not differ in the severity and duration of upper respiratory tract infection 

compared to healthy subjects, they do display more severe and prolonged lower respiratory 

tract symptoms96. In a study where asthmatic and control healthy subjects were 

experimentally infected with HRV, asthmatic subjects displayed lower respiratory tract 

symptoms consistent with a mild exacerbation97. Asthmatics had a decrease in both PEF 

and FEV1 as well as an increase in AHR compared to healthy subjects. Using an in vitro 

cell culture model, one study suggests that bronchial epithelial cells derived from 

asthmatics display increased levels of HRV replication compared to bronchial epithelial 

cells derived from healthy individuals98. In contrast, another study has shown that in vivo, 

there is no difference in peak HRV titres between mild asthmatics and otherwise healthy 

subjects following experimental HRV infection99.  

It has been proposed that asthmatics may respond unfavourably to HRV infections 

compared to healthy individuals due to an over-exuberant pro-inflammatory response100–102 

and/or a deficiency in their innate immune response95,98,103. The over-exuberant 

inflammatory response has mainly been attributed to enhanced activation of the pro-

inflammatory transcription factor nuclear factor-ĸB (NF-ĸB), which would, presumably, 

result in the activation of many pro-inflammatory genes that are regulated by this 

ubiquitous transcription factor. There have been studies attributing a deficiency in the 

innate immune response in asthmatics, but these remain controversial98,103. These studies 

claim that both type I interferon (IFN)-β and type III IFN-λ production are deficient 
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following HRV infection in asthmatic subjects compared with otherwise healthy controls. 

In contrast, other studies have shown that IFN-β expression is not altered between airway 

epithelial cells derived from asthmatics and normal104,105, as well as in stable asthma IFN-λ 

production is not deficient106. 

In addition to asthmatics who smoke being reported to have a higher frequency of 

exacerbations compared to those who do not smoke, it has also been reported that 

asthmatics hospitalized for exacerbations are more likely to be current smokers14.  

 

 HRV 1.3

1.3.1 Prevalence, Incidence, Pathogenesis and Symptoms 

The common cold is the most frequent acute respiratory illness in humans107 and the 

National Institutes of Health (NIH) report that there are over a billion cases per year of the 

common cold in the USA alone108. Adults usually experience between 2-4 colds/year, 

whereas children usually experience between 6-10 colds/year109. HRV infections are the 

predominant cause of the ‘common cold’, being the virus responsible in 80% of cases107, 

and therefore, it is often referred to as the common cold virus30,107. In a minority of cases 

the common cold can also be caused by RSV, parainfluenza virus, coronavirus, adenovirus, 

paramyxovirus, orthomyxovirus or echovirus110.  

HRV has a high degree of species specificity, as efficient replication occurs only in 

humans and higher primates30. Chimpanzees and gibbons have been infected but no overt 

illness was observed in these animals30. The infection rate of HRV in humans is between 
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70-80%111,112. Interestingly, in the northern hemisphere, HRV infection tends to be seasonal 

with the largest peaks of infection seen in the fall and spring113,114. 

Infection with HRV causes vasodilation, increased vascular permeability and 

increased glandular secretion in the nasal mucosa, and these, in turn, lead to common 

symptoms including nasal obstruction and rhinorrhea111. The clinical symptoms are 

primarily caused by the inflammatory response of the host to the virus infection and not by 

a cytopathic effect115. Typical symptoms include nasal stuffiness, discharge, sneezing and 

cough but frequent symptoms can also include hoarseness of the throat, headache, malaise 

and lethargy107.  

Ordinarily, after 8-10 h following internasal inoculation, shedding of infectious  

virions can be detected112. During experimental HRV infections the onset of symptoms is 

observed 10-12 h following intranasal inoculation112. Virus shedding peaks on the 2nd to 3rd 

day after infection and decreases rapidly thereafter112,116. The median duration of a 

symptomatic HRV infection is 7 days but detectable levels of virus and viral RNA can 

persist for up to 3 weeks116,117.  

 

1.3.2 Infection of Airway Epithelium 

The human airway epithelium is the primary site of HRV infection and replication. 

Although many cell types can be infected with HRV in vitro, the airway epithelial cell is, 

thus far, the only cell type in which HRV infection has been detected in vivo via both in situ 

hybridization and immunohistochemistry30,118. There is some suggestion that the basal 

epithelial cell is the most susceptible epithelial cell type and this may be due to the 
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relatively higher expression of the major group HRV receptor intracellular adhesion 

molecule-1 (ICAM-1) on basal epithelial cells compared to non-basal epithelial cells119. 

Additionally, HRV has been shown to infect epithelial cells in both the upper and lower 

airways104,118,120–126. Using in situ hybridization, a handful of studies suggest that HRV may 

be detected in a limited number of cells in the sub-epithelial layer, but the cell type(s) 

infected in this region has not, to date, been identified125,127. 

In contrast to some other respiratory viruses, HRV infections do not lead to overt 

epithelial cell cytotoxicity, either in vivo or in vitro128,129. This implies that HRV must 

initiate disease exacerbations by altering epithelial cell biology in a manner that increases 

airway inflammation and thus causes disease worsening, rather than through cytotoxicity-

mediated effects130. There is now strong evidence indicating that HRV infection of human 

airway epithelial cells leads to the production of a variety of molecules, some of which 

would be expected to enhance airway inflammation. Specifically, upon HRV infection the 

airway epithelium had been shown to up regulate a variety of inflammatory, host-defense 

and anti-viral molecules (Table 1.2)131–133. This thesis project will focus on two of these 

chemokines, namely CXCL10 and CXCL8, for reasons that will be outlined in section 1.6. 
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Table 1.2: Inflammatory, Host-Defense and Anti-Viral Mediators Induced by HRV in 
the Airway Epithelium. 

Category Mediator 

Chemokines CXCL1 (GRO-α), CXCL3 (GRO-γ), CXCL5 (ENA-78), 

CXCL8 (IL-8), CXCL10 (IP-10), CCL2 (MCP-1), CCL3 

(MIP-1α), CCL5 (RANTES), CCL11 (Eotaxin), CCL20 

(MIP-3α), CCL24 (Eotaxin-2), HBD-2 

Cytokines IL-1, IL-6, IL-11, IL-16, TNF-α 

Interferons IFN-β, IFN-λ 

Anti-virals Viperin, ISG56, ISG15 

Colony Stimulating Factors  G-CSF, GM-CSF 

Growth Factors VEGF, TGF-β, FGF, EGF, amphiregulin, activin A 

Adapted from134. GRO: growth related oncogene, ENA: epithelial cell-derived neutrophil-
activating peptide, IL: interleukin, MCP: monocyte chemotactic protein, MIP: macrophage 
inflammatory protein, RANTES: Regulated on Activation, Normal T cell Expressed and 
Secreted, HBD: human beta defensin, TNF: tumor necrosis factor, ISG: interferon 
stimulated gene, G-CSF: granulocyte colony-stimulating factor, GM-CSF: granulocyte 
macrophage colony-stimulating factor, VEGF: vascular endothelial growth factor, TGF; 
transforming growth factor, FGF: fibroblast growth factor, EGF: epidermal growth factor.  

 

1.3.3 Classification 

HRVs are members of the family Picornaviridae and the genus Enterovirus, and 

are, as the name implies, small RNA viruses135. Picornaviruses are non-enveloped, positive 

sense single-stranded (+ss) RNA viruses with an icosahedral capsid135. HRV has a diameter 

of 30 nm135, a mass of ~8.5 x 106 Daltons and a 7.2-7.5 kilo base (kb) genome107,136. The 

HRV genome contains a single open reading frame encoding a long polypeptide chain, the 
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polyprotein, which is normally cleaved during translation (Figure 1.3)135,137. The 3’ 

terminus is polyadenylated and there is a small protein called the viral protein genome-

linked (VPg) at the 5’ end instead of a 7-methyl guanosine cap structure135. The 5’ VPg is 

the protein primer for RNA synthesis and is involved in the initiation of viral replication135. 

Adjacent to the VPg is a 5’-terminal cloverleaf-like motif (CL), also necessary for RNA 

replication, which binds viral and cellular proteins for the initiation of RNA synthesis and 

helps to convert infecting genomes from translation to replication templates135. Associated 

with the CL is the internal ribosomal entry site (IRES) which is responsible for the 

initiation of translation of the viral genome and is essentially a ‘landing pad’ for 

ribosomes108. The adjacent genome codes for viral capsid proteins (VP1-4) and additional 

non-structural proteins including 2A-C and 3A-D137.  

 

 

Figure 1.3: Schematic diagram of the HRV genome.  

 

The VP1-4 proteins make up 60 protomers, with VP1-3 being exposed on the 

surface having a star shaped plateau at the fivefold axis of symmetry135. At the surface 
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junction of each VP1-3 protomer are deep canyons with a hydrophobic pocket beneath the 

canyon floor and this is where the receptor binding site is located135. The viral 2A protein is 

a protease involved in cleaving the HRV polyprotein and also cleaves factors involved in 

cap-dependent translation initiation, shutting down host cell translation108,135. The 2B 

protein inhibits cellular secretory pathways (endoplasmic reticulum and Golgi apparatus), 

and is suggested to have roles in viral RNA synthesis while 2C is involved in vesicle 

formation and has nucleoside triphosphatase (NTPase) activity135,137. The 3A protein is 

involved in the inhibition of intracellular transport135. Subsequent VPg’s are coded by 

3B135,137. The 3C protease is responsible for processing events to generate replication 

proteins from the viral genome, and also inhibits host transcription135,137. The 3D protein is 

the viral encoded RNA-dependent RNA polymerase135,137.   

There are over 150 genomically distinct HRV strains known to date that are divided 

into three clades, namely HRV-A, HRV-B and HRV-C138–140. Recently there is suggestion 

of an additional clade within HRV-A; the HRV-D clade138,139. Around 100 serotypes within 

the HRV-A and HRV-B species have been identified138. A serotype is defined by the ability 

of a mono-specific antiserum to neutralize viral infectivity. Members of the HRV-C species 

have not yet been serotyped due to difficulties with growing in cell culture138,141,142.  

HRVs are acid labile, where inactivation occurs below pH 6 for all serotypes135. 

They are relatively stable at 24-37 °C30. HRVs can survive hours, and even days, on 

environmental surfaces and can be stable for years at freezing temperatures30.  
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1.3.4 Receptor Usage and Cell Entry 

The serologically distinct HRVs (clades A and B) are divided into two groups based 

on receptor usage. Major group HRVs (91 serotypes), such as HRV-16, utilize ICAM-1 as 

their cellular receptor, while minor group HRVs (10 serotypes), such as HRV-1A, utilize 

members of the low density lipoprotein (LDL) receptor family for cell entry143–145. ICAM-1 

(CD54) has 5 immunoglobulin-like domains, with a transmembrane portion and a small 

cytoplasmic tail146. The main function of ICAM-1 is as an adhesion molecule, mediating 

binding between endothelial cells and leukocytes. As such, it plays a major role in the 

migration of leukocytes from the blood to the sites of inflammation. The receptor(s) for 

members in the HRV-C clade is/are yet to be identified but is/are speculated to be more 

closely related to ICAM-1 than to the LDL receptor115,138.  

Most HRV serotypes enter the host cell by receptor mediated endocytosis135. It is 

suggested that subsequent un-coating is triggered by mild endosomal acidification, and the 

RNA genome is released when a pH of ~6.5 is reached in the endosomal compartment135. 

In contrast, upon receptor binding of some HRV serotypes, including HRV-3 and HRV-14, 

the HRV capsid is said to expand by 4% due to the mere interaction with the receptor, 

allowing the viral capsid to directly release the RNA genome into the cytoplasm of the host 

cell135. 

 

1.3.5 Replication 

Following attachment to its cognate receptor and internalization of the RNA 

genome, HRV replication, like other +ssRNA viruses, occurs in association with 
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intracellular membranes147. Specifically, HRV replication of some serotypes is suggested to 

occur on membranes derived from the endoplasmic reticulum or on membranes of 

fragmented golgi108,135,148. Once the +ssRNA is released into the cytoplasm, the VPg is 

removed and the IRES promotes binding of the 40S ribosomal subunit initiating 

translation135. The polyprotein is then subsequently cleaved by the viral 2A and 3C 

proteases, producing individual viral proteins108,137. HRV +ssRNA is then replicated by the 

viral RNA-dependent RNA polymerase to a –ssRNA form, using membrane vesicles as a 

scaffold135. The –ssRNAs are then copied to more +ssRNAs which can then be used for 

further translation into more viral proteins or used for packaging into new virion particles, 

which is a process called morphogenesis135.  Due to the generation of –ssRNA, double 

stranded (ds) RNA is formed during the viral replication cycle.  

The optimal condition for growth and replication for HRVs is 33-34°C at a pH of 7-

7.2 making the upper airway an ideal candidate for HRV propagation30. Since replication 

has also been shown to occur at 37°C, the lower airways also can support productive 

replication of HRV126.  

 

1.3.6 Immune Response 

The innate immune response utilizes pattern recognition receptors (PRRs) to detect 

and respond to pathogen-associated molecular patterns (PAMPs) 149. During HRV 

replication a dsRNA intermediate is formed that acts as a PAMP which can be detected by 

PRRs such as Toll-like receptor (TLR)-3, the cytoplasmic retinoic acid-inducible gene-I 

(RIG-I)-like receptors (RLRs) including RIG-I and melanoma differentiation-associated 
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gene 5 (MDA5)  and protein kinase R (PKR). All of these receptors have been shown to be 

expressed by airway epithelial cells150–154. TLR3, RIG-I and MDA5 have all been 

implicated in pro-inflammatory gene production during HRV infection154–158 but there is 

controversy in the literature about the relative role of these PRRs in HRV-induced 

signalling. Although PKR-dependent induction of pro-inflammatory cytokine production 

has been shown following HRV infection159,160, the role of PKR in the detection of HRV is 

still uncertain. Additionally, the importance of PKR in the induction of anti-viral responses 

is questionable, since PKR knock-out mice have been shown to maintain normal anti-viral 

responses161. The role of TLR3 in the induction of anti-viral responses is also uncertain 

because TLR3 knock-out mice also maintain effective anti-viral responses following a 

variety of viral infections162. In a murine model of HRV infection, TLR3 null mice 

demonstrated unchanged IFN induction and no alterations in viral titre156. TLR3 is 

important, however, at least in part, for anti-viral responses to other viruses163,164. Both 

RIG-I and MDA5-deficient mice have been shown to have impaired anti-viral responses165. 

Signalling induced through TLR3, RIG-I and MDA5 leads to an antiviral immune 

response triggering the type I IFN response, interferon-inducible genes (ISGs) and the 

induction of inflammatory cytokines149,166. In airway epithelial cells TLR3 is predominantly 

located on intracellular endosomal membranes150,151. TLR3 signalling can activate both 

canonical and non-canonical NF-ĸB pathways, as well as interferon regulatory factor (IRF)-

3 and IFR-7 via the adapter molecule Toll/IL-1 receptor (TIR) domain containing adaptor 

inducing IFN-β (TRIF)149,167. RIG-I and MDA5 are both cytoplasmic proteins that bind 

dsRNA via their DExD/H box RNA helicase domains located adjacent to two caspase 
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recruitment domains (CARDs) which are responsible for activating downstream 

signalling149,166. CARD binds to a mitochondrial-associated adapter protein which has four 

names, the CARD adapter inducing IFN-β (CARDIF) / IFN-β promoter stimulator-1 (IPS-

1) / virus-induced signaling adapter (VISA) / mitochondrial antiviral signaling protein 

(MAVS), which can then induce a plethora of downstream signalling events, including both 

canonical and non-canonical NF-ĸB signalling, as well as mitogen-activated protein kinase 

(MAPK) signalling and IRF activation168–171. 

Although adaptive immune responses are observed in response to HRV infections, 

as neutralizing antibodies can be detected in approximately 50-90% of individuals25,172–175, 

the presence of neutralizing antibodies, or virus specific T cells, are not detectable until 

some 2-3 weeks post infection176. Thus, it is assumed that innate immune responses play 

the dominant role in regulating symptomatic responses. It is thought that adaptive immunity 

can offer protection against subsequent infections with that particular strain of HRV. 

Unfortunately, since there are such a large number of known circulating HRV serotypes 

and HRV has a high mutation rate, repeated infection can still occur in any individual.  

 

 Cigarette Smoke 1.4

It is estimated by the WHO that there are around 1.25 billion smokers worldwide15. 

Cigarette smoking has been linked to a plethora of diseases including a variety of squamous 

cell cancers, ischemic heart disease, cerebro- and vascular disease, diabetes, and other 

diseases related to the reproductive, gastrointestinal, and immune systems177–179. 

Additionally, cigarette smoke has detrimental effects on teeth and skin such as aging, 



26 

 

 

wrinkles and poor wound healing. Not surprisingly, tobacco smoke is the second major 

cause of death in the world177, as about half of all smokers will develop a serious smoking-

related illness179. It is estimated that smokers rate of mortality is tripled compared to non-

smokers and smokers lose, on average, 10 years of life180. 

There are two phases of cigarette smoke, namely the tar or particulate phase and the 

vapour or gas phase181. Although the major inducer of tobacco dependence is nicotine, 

cigarette smoke contains over 4000 compounds182,183 and, thus far, over 100 of them have 

been shown to be harmful including tar, nitrogen oxides, hydrogen cyanide and volatile 

aldehydes183,184. At least 50-60 of these compounds are known carcinogens183 and 1 puff of 

a cigarette results in the production of 1016 oxygen radicals or reactive oxygen species 

(ROS)181,185. Although it has been reported that the ROS in cigarette smoke itself are not 

capable of passing through the plasma membranes of cells186–188, cigarette smoke also 

contains lipid soluble components, such as phenolic compounds, aldehydes and polycyclic 

aromatic hydrocarbons, which are capable of inducing ROS inside cells186. Generation of 

ROS such as superoxide (O2
•-), hydroxyl radicals (•OH) and hydrogen peroxide (H2O2) 

leads to a disruption in cellular homeostasis resulting in impaired physiological function, 

random cellular damage, activation of signalling pathways, triggering repair and apoptotic 

cascades, and defective host defenses189.  This oxidative stress is ultimately a result of an 

imbalance between ROS production and detoxification with anti-oxidants189.  

Most commercial cigarettes include filters made of cellulose acetate tow with added 

plasticizers183. More than 50% of filters have rows of small perforations slowing the 
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velocity of the smoke stream which apparently leads to more complete combustion and a 

reduction of select volatile agents183. It has been argued that this does not necessarily make 

cigarette smoking ‘safer’ but, in fact, makes it more dangerous, since smokers will inhale 

more deeply and tend to smoke more in order to compensate for the decreased volume of 

cigarette smoke flow183,190.  

Cigarette smoking is associated with an increase in airway inflammation in 

otherwise healthy smokers without airway obstruction as evidenced by an increase of 

neutrophils, macrophages and CD8+ lymphocyte numbers in the blood and bronchoalveolar 

lavage (BAL) fluid191–196 as well as increased numbers of inflammatory cells (neutrophils, 

eosinophils, macrophages and mast cells) in the bronchial wall193,194,197. Cigarette smoke 

not only increases the number of neutrophils and alveolar macrophages, but also activates 

them to produce pro-inflammatory mediators, ROS and proteolytic enzymes179,196. 

Cigarette smoking is also associated with features that are characteristic of airway 

remodelling as evidenced by an increase in remodelling factor deposition, such as laminin 

and tenascin, under the basement membrane197. In addition to pro-inflammatory effects, 

cigarette smoke had also been shown to have immune suppressive effects as evidenced by a 

decrease in natural killer (NK) cell number and activity in smokers compared to non-

smokers198–201.  

 

1.4.1 Cigarette Smoke and Respiratory Infections 

Numerous studies suggest that cigarette smoke generally impairs innate immune 

responses 202,203. Although the exact mechanisms are not completely known, cigarette 



28 

 

 

smoke may both enhance pro-inflammatory, remodelling and apoptotic responses, and 

suppress anti-viral defenses. Specifically, there is evidence indicating that cigarette smoke 

impairs and/or modulates immune responses to infection with influenza204–208 and RSV 

209,210. Moreover, it has been reported that cigarette smokers experience more frequent acute 

respiratory tract infections and both the severity and duration of these infections is greater 

than in non-smokers24–29. It is still unclear whether this is due to increased susceptibility to 

infection, inability to effectively clear the infection, an exaggerated pro-inflammatory 

response to the infecting agent, or a combination of all three.   

 

1.4.2 Airway Epithelium and Cigarette Smoke 

The airway epithelial cell is one of the first cell types to come into direct contact 

with inhaled cigarette smoke. With over 4000 chemical components, it undoubtedly has 

modulatory effects on airway epithelial cells and there is substantial evidence that cigarette 

smoke weakens airway epithelial cell defenses211. Effective respiratory mucociliary 

clearance relies on proper co-ordinated beating of cilia, along with appropriate levels and 

composition of airway surface fluid (ASF). Cigarette smoke has been shown to affect 

mucociliary structure and function by inhibiting ciliogenesis, reducing ciliary beat 

frequency and altering mucin production212–216. Effective epithelial cell defenses also rely 

on a tightly joined, continuous layer of epithelium as a structural barrier to the underlying 

tissue. Cigarette smoke has been shown to disrupt this barrier by increasing epithelial cell 

permeability and causing the disassembly of tight junction components217–220. As 

mentioned previously, cigarette smoke also results in oxidative damage, and the epithelial 
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cell does not escape this. The lipid-soluble components of cigarette smoke have been 

shown to induce mitochondrial production of ROS in lung epithelial cells leading to 

oxidative stress186.  

 

 Airway Epithelium 1.5

1.5.1 Structure and Function 

The human respiratory tract is divided into the upper respiratory tract, including the 

nasal cavity, sinuses, mouth, pharynx (throat) and larynx (voice box), and the lower 

respiratory tract, including the trachea (wind pipe), primary bronchi and smaller airways 

(Figure 1.4). The lower respiratory tract is further divided into the cartilaginous proximal 

airway (trachea, bronchi and submucosal glands), the non-cartilaginous distal airway 

(bronchioles) and the gas exchange region (alveoli)221. Starting with the trachea, the airway 

undergoes a total of up to 23 divisions of the pulmonary tree beginning with a bifurcation 

into the primary bronchi. The primary bronchi continue to dichotomously bifurcate into 

several generations of the bronchial airway, followed by the bronchiolar airway, terminal 

bronchioles, transitional bronchioles, respiratory bronchioles, alveolar ducts and finally 

ending with the alveolar sacs221.  

A continuous layer of epithelial cells lines the pulmonary tree and is the interface 

between the host and the environment221. The airway epithelium is composed of a pseudo-

stratified morphology in the trachea and major bronchi, a multi-layered morphology with 

more cuboidal cells in the distal bronchi and terminates in a squamous, single layer 

morphology in the gas exchange region131,221.  
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There are a variety of unique epithelial cell types including: ciliated, basal, secretory 

(including goblet, Club and serous cells) and alveolar type I and II cells131. The columnar 

ciliated epithelial cell is the predominant epithelial cell type in the larger human airway and 

plays a major role in mucociliary clearance131,222. Basal cells are responsible for the 

pseudostratified appearance of the bronchial epithelium and provide a foundation for the 

attachment of both ciliated and non-ciliated columnar cells to the basement membrane131. 

Basal cells are also the progenitor cell for the majority of epithelial cell types but there is 

some evidence that secretory cells can also be progenitors131. The proximal airway is 

predominantly lined with ciliated cells and a minority of goblet and basal cells, while the 

distal airway is lined with Club cells, basal cells and a minority of ciliated cells131. Airways 

less than 2 mm in diameter have a cuboidal epithelial morphology. Large, flat, squamous 

type I alveolar cells cover 90% of the alveolar surface and are responsible for gas exchange 

while type II alveolar cells are smaller, cuboidal and only cover 10-15% of the alveolar 

surface131,221. Additionally, Type II cells secrete surfactant and can repopulate type I cells 

as they are the progenitor cell in the alveolar epithelium131,221. 

Airway epithelial cells have a multitude of functions. Initially they exhibit a barrier 

defense function whereby they trap invading foreign substances in epithelial derived 

surface secretions which with the help of beating cilia propel the inhaled substance out of 

the lung. Additionally, epithelial cells provide a junctional barrier, including acting as a 

physical barrier to foreign substances and pathogens, secreting a variety of molecules and 

regulating water and ion transport131,222. Most recently, airway epithelial cells have been 

identified as key cells involved in immunomodulation in the lung221.  



31 

 

 

 

 

Figure 1.4: Human airway structure. 
Adapted from221. 

 

1.5.2 Airway Epithelium in COPD 

Alteration in the number and composition of airway epithelial cells in COPD 

patients contributes to the debilitating physiological effects of this disease. The most 

striking alteration to the epithelium in COPD patients is decreased numbers of alveolar 
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epithelial cells due to emphysematous destruction of alveolar walls223. In addition, in the 

upper airways, mucus cell hypertrophy and hyperplasia result in excessive mucus 

production223.  

 

1.5.3 Airway Epithelium in Asthma 

The structure and composition of the airway epithelium in asthmatic patients can 

vary depending on the severity of the disease. In contrast to healthy individuals, the 

asthmatic epithelium can have areas of damage where the epithelium is denuded resulting 

in the presence of creola bodies in sputum224. Increased epithelial cell shedding is evidence 

of a more fragile epithelium suggesting an increased susceptibility to injury225. 

Additionally, a change in airway epithelial cell composition, size and number, including 

goblet cell metaplasia, hypertrophy and hyperplasia, results in increased mucus production. 

Underneath the epithelium, asthmatics tend to have thickening of the reticular basement 

membrane due to increased collagen deposition223.  

 

 Chemokines 1.6

1.6.1 Classification and Function 

Chemotactic cytokines, or chemokines, comprise the largest family of cytokines 

with around 50 members known to date226–229. They are small (~8-15kDa), positively 

charged proteins exhibiting 20-70% amino acid sequence homology. Chemokines, in 

addition to roles in hematopoiesis, angiogenesis and oncogenesis, are responsible for 

recruitment of leukocytes during inflammation226. By formation of a chemotactic gradient, 
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chemokines regulate the directional movement of leukocytes. They are divided into four 

subfamilies based on the position of the first two N-terminal cysteine (C) residues; (1) 

CXC, (2) CC, (3) XC and (4) CX3C230. The CXC or alpha chemokines have a variable 

amino acid (X) positioned between two cysteines and they are further subdivided into the 

ELR+ and the ELR- groups. The ELR+ CXC chemokines have a glutamic acid-leucine-

arginine (ELR) motif near the N-terminus prior to the first cysteine, which the ELR- CXC 

chemokines lack.  The presence of the ELR motif renders the CXC chemokines angiogenic 

and chemotactic toward neutrophils231,232. In contrast, CXC chemokines lacking the ELR 

motif are angiostatic and have a preferential activity toward lymphocytes231,232. Thus far, 17 

CXC chemokines have been identified in humans (CXCL1-CXCL17)226. The CC or beta 

chemokines have two terminal cysteines adjacent to each other and comprise the largest 

group of the chemokines with up to 28 members identified (CCL1-CCL28)226 which are 

chemotactic toward a wide variety of cells. The XC or gamma chemokine subfamily has 

one N-terminal cysteine and only has two members: the lymphokines XCL1 and XCL2. 

The last subfamily of chemokines, CX3C or delta, includes the sole member fractalkine 

(CX3CL1) which has two N-terminal cysteines separated by three variable amino acids and 

is tethered to the extracellular surface via a mucin-like stalk230.  

Chemokine ligands bind with their N-terminus to seven transmembrane (7TM) 

domain G-protein coupled receptors (GPCRs) that are mainly coupled to the pertussis 

toxin-sensitive Gαi class of heterotrimeric G-proteins231,233. A total of 23 chemokine 

receptors have been identified including 18 with standard Gαi coupling and 5 atypical 

chemokine receptors that are non-chemotactic and considered recycling or scavenging 
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receptors226. The CXC subfamily of chemokines binds to the CXC subfamily of receptors 

(CXCR1-CXCR6), the CC subfamily of chemokines to the CC subfamily of receptors 

(CCR1-CCR2) and so forth226. A large proportion of chemokines and their receptors exhibit 

promiscuity; a single chemokine can bind to several chemokine receptors and a single 

chemokine receptor can have multiple chemokine ligands226. With the exception of the 

atypical receptors, such as Duffy antigen receptor for chemokines (DARC) which binds 

members of both CXC and CC chemokine subfamilies, chemokines bind to their respective 

family of receptors226,234. 

Ligand-receptor binding of chemokines triggers activation of signalling cascades 

and an increase in intracellular calcium, resulting in up-regulation and activation of 

integrins, actin cytoskeleton rearrangement and cell movement toward the chemokine 

gradient235,236. Without the gradient provided at the sites of inflammation, the presence of 

chemokines would result in chemokinesis, or random, non-directional movement of 

leukocytes.   

 

1.6.2 CXCL10 

CXCL10 was first cloned in 1985 from a human monocyte-like cell line237. 

CXCL10 is also commonly referred to as interferon gamma-induced protein of 10 kDa (IP-

10) and is also called small-inducible cytokine B10238. The murine homolog of CXCL10 

(muCXCL10) is also referred to as cytokine responsive gene-2 (crg-2)239,240. At the gene 

level CXCL10 is located on chromosome 4241 and is composed of 4 exons interrupted by 3 

introns, but transcription generates only one known splice variant resulting in a 10kDa 
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secreted protein242,243. It has been reported to be secreted from a variety of cell types 

including T cells, monocytes, macrophages, fibroblasts, endothelial cells, keratinocytes, 

eosinophils, neutrophils and epithelial cells in response to diverse pro-inflammatory 

stimuli238,244–246. 

CXCL10 is an ELR- CXC chemokine and is predominantly a chemoattractant for 

activated lymphocytes and NK cells247–254. CXCL10 is not constitutively expressed but 

many stimuli have been shown to induce CXCL10 expression in human cells including 

IFNs (α/β/𝛾), IL-1β, IL-2, IL-12, synthetic dsRNA, hypoxia as well as both viral and 

bacterial infections238,244,246,255. CXCL10 is solely recognized by CXCR3, which also 

recognizes CXCL9, CXCL11 and CCL21246,251. CXCL9 and CXCL11 are both structurally 

and functionally related to CXCL10. CXCR3 is mainly expressed on activated T cells, 

preferentially of the Th1 phenotype248,251, as well as on NK cells, but also shown to be 

expressed on monocytes, macrophages, dendritic cells (DCs), endothelial cells, mast cells 

and microglia 238,246,256. Because CXCL10 predominantly recruits Th1 lymphocytes and NK 

cells to the sites if infection, it has been linked to antiviral immunity and host defense. In 

support of this, CXCL10-deficient mice have decreased ability to control viral infections, 

and impaired T cell recruitment and activation, while CXCL10 transgenic mice show 

improved control of infection and enhanced NK cell responses 247,257.   

 

1.6.2.1 CXCL10: Role during HRV infections 

CXCL10 has been shown to be expressed by HRV infected human bronchial 

epithelial cells245 and is, importantly, one of the most highly induced genes in epithelial 
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cells following HRV infection in vitro and in vivo132,258. During experimental HRV 

infections, CXCL10 correlates with viral titres and with lymphocyte recruitment to the 

airways259. 

 

1.6.2.2 CXCL10: Role in smokers, COPD and asthma 

Levels of CXCL10 in healthy smokers have not been explicitly investigated but 

CXCL10 mRNA, as well as total inflammatory cells including neutrophils and 

lymphocytes, have been shown to be increased in mice following cigarette smoke exposure 

when compared to control mice260–262.  In contrast, CSE did not induce CXCL10 in a 

human bronchial epithelial cell line (16-HBEs), human plasmacytoid DCs or in human 

monocyte derived macrophages263–266.  

Levels of CXCL10 are reported to be increased in the airways of patients with 

severe asthma and in COPD patients 267–269. Th1 cells expressing CXCR3 have also been 

reported to be increased in smokers with COPD, which supports a functional link between 

CXCL10 induction and the recruitment of these cells270. Additionally, CXCL10 is induced 

by allergen challenge and has been shown to contribute to both airway hyperreactivity and 

airway inflammation in a murine model of allergic airway inflammation271. Recently, 

CXCL10 has been suggested to be a biomarker of both HRV-induced asthma and COPD 

exacerbations272,273.  
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1.6.3 CXCL8 

CXCL8 was one of the first chemokines to be characterized. It was concurrently 

identified from monocytes by several groups274 and they termed it monocyte-derived 

neutrophil chemotactic factor (MDNCF)275, monocyte-derived neutrophil activating factor 

(MONAP)276 and neutrophil-activating factor (NAF)277. Subsequently it was proposed that 

it be referred to as neutrophil activating peptide-1 (NAP-1) or IL-8274 and this terminology 

was used until 2000 when chemokines were given a uniform naming system where NAP-

1/IL-8 was designated CXCL8230. It is now known that, although CXCL8 is produced in 

large amounts from mononuclear phagocytes, it also is derived from a variety of other cell 

types including other leukocytes (T cells, eosinophils and neutrophils) and non-leukocytic 

cells (epithelial cells, endothelial cells, fibroblasts, keratinocytes and hepatocytes)229,278. 

There is no true mouse homolog of CXCL8.  

CXCL8 is an 8.5kDa ELR+ CXC chemokine that is one of the most potent 

chemoattractants for neutrophils. It is rapidly induced by pro-inflammatory cytokines such 

as tumor necrosis factor-alpha (TNF-α) and IL-1, cellular stress and bacterial/viral 

products278,279. In solution, CXCL8 is often present as a dimer but is functionally active as 

both a monomer and a dimer235,278,280. CXCL8 is recognized by two receptors CXCR1 (IL-

8RA) and CXCR2 (IL-8RB). CXCR2 is the most promiscuous CXC receptor having a high 

affinity for CXCL8 as well as a number of other chemokines including CXCL1 ,2 ,3, 5, 6, 

and 7235. In contrast, CXCR1 only has a high affinity for CXCL8 but it can also recognize 

CXCL6 and 7 with lower affinity. In addition to being constitutively expressed on 

neutrophils, CXCR1 and CXCR2 are also present on monocytes, basophils, eosinophils and 
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a minority of lymphocytes, although neutrophils generate the strongest response to 

CXCL8235,278. Following CXCL8 triggered neutrophil activation and migration, CXCL8 

induces respiratory burst and degranulation in human neutrophils278. 

At the gene level, CXCL8 is located on chromosome 4 and contains 5 exons 

separated by 4 introns281. Transcription results in 5 possible mRNA products, 4 

alternatively spliced and 1 unspliced variant281,282. Of the 5 variants, 3 result in functional 

proteins, 2 of which are secreted. One of the two secreted variants is the 8.5 kDa main 

splice variant, found in many tissues including the lung. 

 

1.6.3.1 CXCL8: Role during HRV infections 

Increased levels of CXCL8 are detected in vivo in nasal lavages of individuals 

following experimental HRV infection283 and in vitro following infection of human 

bronchial epithelial cells283. Coincidentally, increased numbers of neutrophils have also 

been detected in both mucosa and nasal secretions of patients infected with HRV284–286. 

Importantly, levels of CXCL8 have been shown to correlate with symptom severity during 

HRV infections287. 

 

1.6.3.2 CXCL8: Role in smokers, COPD and asthma 

Smokers have an increased number of neutrophils in BAL and generally airway 

neutrophilia has been shown to associate with a history of smoking288,289. Both airway 

obstruction and an accelerated decline in lung function are associated with increased 

numbers of neutrophils in sputum of smokers and former smokers290. There is also an 
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increase in CXCL8 in both sputum and bronchial washings of smokers compared to non-

smokers291.  

Increased neutrophil numbers correlate with increased CXCL8 levels in severe 

asthmatics and during acute exacerbations of both asthma and COPD292–294. Additionally, 

neutrophil numbers correlate with disease severity in patients with COPD and during viral 

exacerbations of both asthma and COPD94,292,295. Both neutrophil degranulation and cell 

lysis correlate with worse symptoms in asthmatics during virally-induced exacerbations94. 

Increased sputum levels of CXCL8 are also associated with neutrophilic inflammation in 

asthmatics that smoke23,289. 

Activated neutrophils can lead to tissue damage, especially when they are present in 

excess, with the release of mediators including neutrophil elastase, cathepsin G, proteinase-

3, MMPs and oxygen radicals296. When unchecked, the serine proteases neutrophil elastase, 

cathepsin G and proteinase-3 are the major factors responsible for the destruction of tissue 

as well as they are potent mucus secretagogues. Neutrophil elastase in particular has been 

shown to be responsible for many aspects of COPD, including emphysema, mucus hyper 

secretion and mucus gland hyperplasia.  

 

 Gene Regulation 1.7

Gene expression can be regulated transcriptionally, post-transcriptionally, 

translationally, post-translationally and even epigenetically. Thus far, CXCL10 and CXCL8 

have been shown to be mainly regulated by transcriptional and/or post-transcriptional 
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mechanisms259,278,283,297–311, although cigarette smoke has also been shown to affect gene 

expression via epigenetic mechanisms312,313. 

The MAPK signalling pathways are widespread signal transduction pathways 

involved in eukaryotic cell regulation and have been linked to both transcriptional, post-

transcriptional and epigenetic gene regulation314–316. They are evolutionarily conserved 

protein kinase cascades that regulate a variety of cellular events in addition to gene 

expression including proliferation, differentiation, metabolism, stress response, and 

apoptosis (Figure 1.5) 315–321. They can be activated by a wide variety of stimuli, including 

inflammatory cytokines, hormones, growth factors, PAMPS and danger-associated 

molecular patterns (DAMPS) that activate PRRs, and environmental stresses314,315. To date, 

six mammalian MAPK pathways are known including the well-studied extracellular signal-

regulated kinase (ERK)1/2, c-Jun amino terminal kinase (JNK)1/2/3 and p-38 

MAPKα/β/δ/γ  as well as the less studied ERK 3/4, ERK5 and ERK 7/8 pathways314,318–321. 

Each MAPK is phosphorylated by a specific upstream MAPK kinase (MAPKK, MKK or 

MEK), which is itself phosphorylated by another specific MAPKK kinase (MAPKKK, 

MKKK or MEKK). It must be noted that this is an oversimplified representation of this 

signalling cascade, as substantial cross-talk and feed-back loops do exist317,319–322. HRV has 

been shown to activate all 3 of the major MAPK pathways, including ERK 1/2, JNK and 

p38 MAPK, as well as ERK 5297,323,324. Specifically, HRV-induced transcriptional 

activation of CXCL10 has been shown to be positively regulated via p38 MAPK and 

negatively regulated via ERK1297.  Moreover, as evidence of involvement in post-
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transcriptional gene regulation, mRNA stability of CXCL8 has been shown to be regulated 

via the p38 MAPK pathway325–327.  
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Figure 1.5: Simplified mammalian MAPK signalling pathway. 
The simplified MAPK signalling pathway shows that each MAPK is phosphorylated by a 
specific upstream MAPK kinases (MAPKK, MKK or MEK), which is itself phosphorylated 
by another specific MAPKK kinases (MAPKKK, MKKK or MEKK) but substantial cross-
talk and feed-back loops do exist. MLK: mixed-lineage protein kinase. 
 

1.7.1 Transcriptional Regulation 

Although there are a multitude of transcription factors that can regulate gene 

expression, only a handful of these have been shown to be involved in regulation of either 

CXCL10 and/or CXCL8. These include members of the NF-ĸB, IRF, and signal transducer 

and activator of transcription (STAT) transcription factor families. 

 

1.7.1.1 NF-ĸB 

NF-ĸB plays a key role in mediating all the classical signs of inflammation328. 

Typically, homo- or heterodimers of the Rel family of proteins including p105/p50 (NF-

ĸB1), p100/p52 (NF-ĸB2), p65( RelA), RelB or cRel are sequestered and held inactive in 

the cytoplasm of unstimulated cells by the binding of an inhibitory protein, the inhibitor of 

NF-ĸB (IĸB)328–332. The canonical form of NF-ĸB is a heterodimer of p65 with either p50 

or p52 but the p50/p65 NF-ĸB heterodimer is ubiquitously expressed and the most widely 

studied328,330. RelB and cRel have limited tissue expression with RelB expression restricted 

to the thymus, lymph nodes and Peyer’s patches, while cRel expression is restricted to 

hematopoietic cells and lymphocytes330. NF-ĸB family members all contain N-terminal Rel 

homology domains which are responsible for dimerization, interaction with IĸB proteins, 

nuclear translocation and DNA binding332,333. In addition to this, p65 Rel-B and c-Rel also 
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contain C-terminal transcriptional activation domains (or transactivation domains) 

(TADs)330. There are now eight known members of the IĸB family: IĸBα, IĸBβ, IĸBε, 

IĸBζ, IĸBNS, Bcl-3, and the IĸB-like p100 and p105 proteins, with IĸBα being the 

prototypical member of this family328,330. Although the ‘typical’ members of the IĸB family 

(IĸBα, β and ε) are chiefly involved in sequestering NF-ĸB dimers in the cytoplasm, other 

members of the IĸB family have been suggested to be also involved in stabilizing nuclear 

and DNA bound dimers as wells as positively regulating transcription by acting as 

transcriptional co-activators328.  

Activation of the canonical NF-ĸB pathway utilizes an IĸB kinase (IKK) complex 

composed of IKKα, IKKβ and IKKγ (also known as NF-ĸB essential modulator (NEMO)) 

(Figure 1.6)330,331,334,335. Phosphorylation of IĸBα on two serine residues by IKKβ leads to 

its poly-ubiquitination and subsequent degradation by the 26S proteasome336,337, exposing 

the nuclear localization sequence on the p50/p65 heterodimer dimer, allowing for 

translocation to the nucleus, where it may regulate gene transcription by binding to specific 

recognition sequences located in gene promoter regions of DNA328,333.  

The canonical NF-ĸB pathway is activated following HRV infection and is involved 

in transcriptional activation of both CXCL10 and CXCL8. More specifically, it has been 

shown that canonical IKKβ-mediated activation of the p50/p65 NF-ĸB heterodimer is 

involved in transcriptional activation of both of these genes160,297,338.  
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Figure 1.6: Canonical NF-ĸB signalling pathway. 
Phosphorylation of IĸBα by IKKβ in the IKK complex leads to its poly-ubiquitination (Ub) 
and degradation by the proteasome. This allows the p50/p65 heterodimer to translocate to 
the nucleus to regulate gene transcription. 
 

1.7.1.2 IRFs 

In humans, the IRF transcription factor family includes 9 members (IRF1-9)339–341. 

IRF-1-3, 7 and 9 (p48) are either constitutively expressed and/or inducible in many cell 

types, while IRF-4, 5 and 8 expression is limited to immune cells such as B cells, T cells 

and DCs342. IRF-6 appears to be only expressed in skin cells342. All IRF family members 

have a conserved amino (N)-terminal DNA binding domain, which recognizes the 

consensus interferon-stimulated response element (ISRE) DNA sequence, and a carboxyl 
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(C)-terminal regulatory domain341. They can either interact with each other as 

homo/heterodimers or with other transcription factors such as NF-ĸB, STAT and TFIIB342–

344. Classically, IRF-3 and IRF-7 as homo/heterodimers have been implicated as key 

regulators of anti-viral gene induction downstream of PRRs, such as the type I IFN 

response, but this dogma is now being challenged339. Previously it has been shown that a 

minor group HRV induces IRF-3 activation (phosphorylation and homo-dimerization) and 

that this is required for CXCL10 mRNA expression in airway epithelial cells via TLR3 and 

MDA5 signalling154. More recently, it has been shown that IRF-1, but not IRF-3, is 

activated following major group HRV infection in airway epithelial cells and is involved in 

transcriptional activation of CXCL10 via binding to the ISRE binding-site in the CXCL10 

promoter and IRF-1 is required for both HRV-induced CXCL10 mRNA and protein 

expression298,345. In support of this, others have also failed to observe IRF-3 activation 

following HRV infection346,347. 

 

1.7.1.3 STATs 

STAT proteins are latent in the cytoplasm until activated by a cytokine stimulus, 

such as interleukins, IFNs or growth factors348. In the canonical Janus kinase (JAK)-STAT 

pathway, cytokine binding to its cognate receptor results in receptor 

dimerization/oligomerization, leading to trans-phosphorylation of associated JAKs on 

tyrosine residues, subsequent phosphorylation of receptor tails on their src-homology-2 

(SH2)-recruitment domains, recruitment of STAT proteins via their SH2 domains and 

trans-phosphorylation of STAT proteins by JAKs348. Phosphorylated STAT proteins 
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dimerize and translocate to the nucleus to drive transcription348. All members in the STAT 

family have a C-terminal DNA binding and transactivation domain349. JAK-STAT 

signalling has been shown to be negatively regulated by a variety of molecules including 

the suppressor of cytokine signalling (SOCS) proteins, protein inhibitor of activated STAT 

(PIAS) family and various protein tyrosine phosphatases (PTPs)348,349(Figure 1.7).  

 

 

Figure 1.7: The canonical JAK-STAT pathway and its negative regulation. 
In the canonical JAK-STAT pathway cytokine receptor dimerization or oligomerization 
leads to trans-phosphorylation of associated JAKs, leading to the recruitment and trans-
phosphorylation of STAT proteins by JAKs. Phosphorylated STAT proteins then dimerize 
and translocate to the nucleus to drive transcription. Targets of negative regulation by 
SOCS, PIAS and PTPs are shown. Adapted from349.  
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In mammals, there are 7 members in the STAT family, including STAT-1-4, STAT-

5A, STAT-5B and STAT-6, and 4 members in the JAK family, including JAK1-3 and 

tyrosine kinase-2 (TYK2)349.  STAT-1, 3, 4, 5A, 5B and 6 are able to form homodimers but 

heterodimers are also formed composed of STAT-1/STAT-2 and STAT-1/STAT-3 

depending on the nature of the activating stimulus348.  

Classically, STAT-1 and STAT-2 are restricted to mediating the effects of IFNs 

(Figure 1.8). Typically, type I IFNs, including IFN-α and IFN-β, induce the formation of 

the IFN-stimulated gene factor 3 (ISGF3) complex, composed of STAT-1 and STAT-2, in 

conjunction with p48/IRF-9, although a complex composed of a STAT-1 homodimer with 

p48/IRF-9 is also possible, which then mediates gene transcription via ISRE350–354. In 

contrast, the prototypical type II IFN, IFN-γ, induces the formation of a STAT-1 

homodimer alone which then mediates gene transcription via the IFN-γ activated site 

(GAS)350. 
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Figure 1.8: The IFN-mediated JAK/STAT pathways. 
Type I IFNs, including IFN-α, mediate the formation of the ISGF3 complex, which then 
translocates to the nucleus and activates gene transcription of ISRE-containing genes. The 
ISGF3 complex is composed of either a trimer of STAT-1α, STAT-1β and STAT-2, or a 
heterodimer of STAT-1α/β and STAT-2, or a homodimer of STAT-1α, in conjunction with 
p48/IRF-9. Type II IFNs, including IFN-γ, mediate the formation of the STAT-1α 
homodimer, which then translocates to the nucleus and activates gene transcription of 
GAS-containing genes.  
 
 

STAT-1, 2 and 3 are generally ubiquitously expressed and have all been shown to 

be expressed in airway epithelial cells159,302,355–358. Moreover, STAT-1 is activated 

following HRV infection159,302,359 and mediates both IFN-α and IFN-γ-stimulated 
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transcription of CXCL10302,359. STAT-4 is primarily involved in mediating responses to IL-

12 in lymphocytes and regulates differentiation of Th cells360. STAT-5 was previously 

named mammary gland factor (MAF) and has been linked to both development and cancer 

formation in mammary epithelium361,362. Although STAT-5 is also reportedly required for 

IgE-mediated mast cell function363,364, it has not been shown to be expressed in airway 

epithelium. STAT-6 is primarily involved in downstream IL-4-mediated Th2 

differentiation365 but has also been shown to mediate JAK-independent immune signalling 

in response to viral infection366. Recently, STAT-6 expression has been shown in both 

normal and asthmatic human bronchial epithelial cells and has been suggested to play a key 

role in mediating responses to the Th2 cytokines IL-4 and IL-13367,368 but, to date,  STAT-6 

expression has not been investigated following HRV infection.  

 

1.7.2 Post-Transcriptional Regulation 

In addition to transcriptional regulation, many genes are also amenable to post 

transcriptional regulation. This can take many forms, including, but not limited to, alternate 

splicing, alternate polyadenylation/capping, nuclear export/mRNA localization, 

microRNA-mediated regulation and regulation of mRNA stability369. Interestingly, many 

inflammatory mediators, including some chemokines, have unstable mRNAs370. CXCL8 

gene expression in particular is regulated via mRNA stability in many cell types following 

a variety of stimuli. 
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1.7.2.1 mRNA stability 

Typically, mRNA is protected from degradation by exonucleases at the 5’ end by 

the 7-methyl-guanosine cap and at the 3’ end by the poly A tail371. Decapping enzymes and 

deadenylases target the removal of these structures, leaving mRNA vulnerable to 

exonuclease activity371. Adenine and uridine (AU)-rich sequences, also called AU-rich 

elements (AREs),  in the 3’ untranslated region (UTR) of mRNA are the most common 

determinants to confer mRNA instability in mammalian cells371,372. Although AREs can be 

present in other areas of mRNA, such as the 5’ UTR, their location in the 3’ UTR 

dominates in terms of mRNA stabilization capability373. ARE elements can be composed of 

pentamers of AUUUA segments, nonamers of UUAUUUAUU or other clusters of AU 

pentamers or nonamers369. ARE-binding proteins (ARE-BPs) bind ARE motifs in mRNA 

via specialized protein domains, including RNA-recognition motifs, zinc-finger domains 

and K-homology domains369. These ARE-BPs can destabilize mRNA by promoting 

deadenylation, decapping and degradation by exonucleases activity. It is not entirely clear 

how stabilizing ARE-BPs exert their effects on mRNA but it is suggested that they can do 

this is by blocking the ARE-binding sites from destabilizing ARE-BPs and/or removing 

mRNA from sites of decay374. Degradation of mRNA in the 5’→3’ direction can occur via 

exonucleases in cytoplasmic foci termed mRNA processing bodies (P-bodies) and in the 

3’→5’ direction by the exosome374–376. The major decay pathway for ARE-containing 

transcripts in mammalian cells appears to be mediated by the exosome377–379 but now it is 

suggested by some that both pathways are involved in the decay of unstable mRNAs374. 

Select ARE-BPs can be regulated by covalent modifications, such as 
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phosphorylation/dephosphorylation. The p38 MAPK, via its target p38-MAPK-activated 

kinase 2 (MK2), phosphorylates some ARE-BPs leading to either dissociation from ARE-

containing transcripts or the recruitment of 14-3-3 adapter proteins, which block the 

interaction between ARE-containing mRNA and/or decay machinery325,376,380.   

CXCL8 is a rapidly degradable gene and it is amenable to mRNA 

stabilization/destabilization279. Activation of the p38 MAPK pathway by a variety of 

stimuli has been shown to induce CXCL8 mRNA stabilization325–327.  The 3’ UTR of 

CXCL8 contains four AUUUA motifs, two of which overlap381. Several ARE binding 

proteins have been linked to the regulation of CXCL8 gene stability, including adenine-

uridine-rich element RNA-binding factor (AUF)-1382, K-homology domain splicing 

regulatory protein (KHSRP)383,384 , human antigen R (HuR)382,384–386 and  tristetraproline 

(TTP)387–389. 

 

1.7.2.1.1 AUF-1 

AUF-1, also known as heterogeneous nuclear ribonucleoprotein D (hnRNPD), is 

expressed as 4 functional splice variants (p37, p40, p42 and p45 isoforms) which are 

involved in either stabilizing or destabilizing mRNAs371. The AUF-1 isoforms rank p37 > 

p42 > p45 > p40 in terms of their binding affinity to ARE-containing transcripts390. The 

p37 isoform reportedly has the greatest destabilizing capability and associates with the 

exosome370. Thus far, there is no known role of the p38-MAPK-MK2 pathway in the 

regulation of any of the isoforms of AUF-1.  
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1.7.2.1.2 KHSRP 

KHSRP is involved in destabilizing, or mediating the decay, of select mRNAs by 

recruiting mRNA decay machinery391–393. Specifically, KHSRP has been shown to recruit 

poly (A) ribonuclease (PARN), exosome components and decapping enzymes393. KHSRP 

has been shown to be negatively regulated by the p38-MAPK-MK2 pathway via direct 

phosphorylation, impairing its ability to bind or causing their dissociation from ARE-

containing transcripts, leading to inhibition of KHSRP-mediated mRNA decay394.  

 

1.7.2.1.3 HuR 

The ubiquitously expressed member of the embryonic lethal, abnormal vision 

(ELAV) family of RNA-binding proteins HuR stabilizes ARE-containing mRNA 

transcripts but can also either inhibit or promote translation369,395–398. HuR is thought to 

exert its stabilizing effects by directly competing with destabilizing factors, such as AUF-1, 

KHSRP and TTP, for ARE binding sites in ARE-containing mRNA transcripts, and in this 

way blocking the association of destabilizing factors with these transcripts374,392,396,399. 

Alternatively, it has also been shown that HuR may also be involved in relocating 

transcripts from P-bodies400. HuR is mainly localized to the nucleus but does shuttle to the 

cytoplasm to exert its stabilizing effects401,402. It is suggested that it may also bind ARE-

containing transcripts in the nucleus and accompany them to the cytoplasm, thereby 

providing protection from destabilizing factors397,401. Interestingly, HuR does not contain 
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any phosphorylation sites for MAPKs but it is suggested that downstream targets of p38 

MAPK may be involved in promoting nuclear-cytoplasmic shuttling of HuR403,404.  

 

1.7.2.1.4 TTP 

TTP, also known as zinc finger protein 36 (ZFP36), is an early response gene 

encoding a zinc finger-binding protein, and is the most studied of the ARE binding proteins 

involved in mediating the decay or destabilization of mRNAs370,405. Stimulation of 

fibroblasts with mitogens has been shown to result in serine phosphorylation of TTP and 

re-localization from the nucleus to the cytoplasm406. TTP binds to AREs via its conserved 

zinc finger domains, leading to deadenylation and subsequent degradation of the mRNA 

transcript370,407.  In addition to mediating degradation via the exosome, TTP has also been 

shown to associate with protein components in P-bodies380. TTP can be negatively 

regulated by the p38-MAPK-MK2 pathway, inhibiting it from binding AREs and/or 

modulating its subcellular localization376,408. This negative regulation of TTP allows 

stabilizing factors, such as HuR, to bind ARE-containing mRNAs promoting their 

stabilization376.  

 

1.7.3 Epigenetic Regulation 

Generally speaking, epigenetics is the study of the changes in gene expression based 

not on the underlying DNA sequence, but rather the changes that occur over/above (epi-) 

the coded nucleotide sequence (genetic)409. These changes encompass post-translational 

histone modifications, DNA methylation and non-coding RNAs (microRNAs 
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(miRNAs))409. The epigenome is plastic in the sense that it is amenable to changes due to 

environmental factors, diet, disease and aging409. There is now substantial evidence that 

some of these modifications are heritable410.  

Regulation of gene expressions ultimately begins at the level of chromatin. 

Chromatin itself is composed of DNA which is tightly wound around histone proteins, 

allowing for tight packaging of genomic material inside the nucleus of cells411. The most 

basic unit of chromatin are nucleosomes which are composed of approximately 146 bp of 

DNA wrapped 1.7 times around a core octamer of histone proteins including two copies of 

each histone protein (H)2A, H2B, H3 and H4, giving the familiar appearance of ‘beads on a 

string’411,412. Nucleosomes allow for 5- to 10-fold compaction of DNA411. Each nucleosome 

is separated by up to 80 bp, and then the whole ‘string’ of nucleosomes is then compacted 

even further to an order of 50-fold or higher using the H1 linker histone proteins411. 

 Gene transcription occurs in areas where chromatin is ‘open’ and DNA is 

accessible for the binding of transcription factors and RNA polymerase II, whereas a gene 

is silenced when the chromatin around the promoter region of the gene is ‘closed’413. The 

accessibility, or opening and closing, of chromatin is controlled by DNA methylation and 

histone modifications. DNA methylation is most common on CpG islands, which are found 

at or near transcriptional start sites of genes, and hypo-methylation of DNA results in gene 

transcription while hyper-methylation of DNA results in gene silencing. Generally, but not 

always, the addition of a moiety to histones results in a decrease of compaction of 

chromatin due to steric hindrance created by the added moieties, resulting in ‘opening’ or 

unwinding of DNA and the repositioning/release of histones. Histones can be post-
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translationally modified in a variety of ways, including acetylation, methylation, 

ubiquitination, phosphorylation and SUMOylation, with histone acetylation being the most 

studied modification414.  

Histone acetylation is under the control of histone acetyl transferases (HATs) and 

histone de-acetylases (HDACs), where HATs add acetyl groups to histone tails and ‘open’ 

chromatin and HDACs and remove acetyl groups from histone tails allowing for ‘closing’ 

of the chromatin413,414. To date, there are over 30 known proteins with intrinsic HAT 

activity, including transcription factors, co-activators and other signalling molecules, with 

cyclic adenosine monophosphate (AMP)-response element binding protein (CREB)-

binding protein (CBP)/p300 being the most widely studied415. There are eighteen known 

HDACs in humans and they are divided into the widely expressed type I HDACs (HDAC1, 

2, 3, and 8), the more restricted type II HDACs (HDAC4, 5, 6, 7, 9 and 10), type III 

HDACs including sirtuins/silent information regulators (SIRT)1-7 and the type IV 

HDAC11 413. Of the SIRTs, only SIRT1 has been studied in some detail in humans416. 

Notably, HDACs have the ability to not only de-acetylate histone proteins but also non-

histone proteins such as NF-ĸB.  

Cigarette smoke has been shown to have numerous epigenetic effects409. It can 

affect DNA methylation status, modify histones and affect miRNA expression312,312,417–419. 

Cigarette smoke condensate dysregulates DNA methylation status by causing both regional 

hyper- and hypomethylation of DNA in cultured human bronchial epithelial cells312. 

Moreover, a reduction of HDAC2 has been reported in the airways of smokers, patients 

with COPD and smoking asthmatics as compared to healthy non-smokers and this 
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correlated with symptom severity413,414,420,421. In vitro, CSE also reduced levels/activity of 

HDAC2 in human airway epithelial cells313,422 and HDAC1-3 in macrophages423,424. 

Cigarette smoke exposure also increased H3 and H4 acetylation in rat lung, while reducing 

HDAC2 expression and activity in both rat and mouse lungs422,425. A reduction in other 

HDAC members, including HDAC5 and HDAC8, has also been reported in COPD420,421. 

Additionally, SIRT1 is reduced in the lungs of smokers and COPD patients as compared to 

healthy non-smokers415,426. The reason for the reduction in HDACs in these patients is still 

not completely understood but it is suggested to be linked to oxidative and nitrative stress 

induced by cigarette smoke420,427. Thus far, there have been no studies examining the role 

of epigenetic regulation on CXCL10 or CXCL8 gene expression by cigarette smoke.  

 

 Objective 1.8

The overall objective of this thesis project was to determine if and how cigarette 

smoke modulates HRV-induced CXCL10 and CXCL8 chemokine responses in human 

bronchial epithelial cells and subsequently, to delineate the mechanisms involved in this 

modulation.  

 

 Hypothesis 1.9

The central hypothesis of this thesis project is that cigarette smoke alters HRV-

induced chemokine responses in a manner that would be expected to result in worse 

clinical outcomes. This study not only provides important insight into the inflammatory 
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state in HRV-infected smokers but particularly during HRV-induced exacerbations in 

smoking asthmatics and COPD patients. 

 

 Thesis Aims 1.10

1.10.1 Aim 1 

The first aim sought to determine if, and how, cigarette smoke alters HRV-induced 

CXCL10 and CXCL8 chemokine responses in human airway epithelial cells.  

 

1.10.2 Aim 2 

To delineate the mechanisms that lead to modulation of HRV-induced CXCL10 

expression by cigarette smoke.  

 

1.10.3 Aim 3 

To delineate the mechanisms that lead to modulation of HRV-induced CXCL8 

expression by cigarette smoke.  
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  Materials and Methods Chapter Two:
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 Materials 2.1

The following materials and reagents were purchased from indicated suppliers:  

• AbD Serotec (Raleigh, NC, USA): glyceraldehyde-3-phosphate-dehydrogenase 

(GAPDH) antibody (#MCA4739). 

• Affymetrix (Cleveland, OH, USA): shrimp alkaline phosphatase kit (#78390). 

• Ambion (Austin, TX, USA): DNA-free DNase I kit (#AM1906). 

• American Type Tissue Collection (Manassas, VA, USA): HRV-16 (#VR283), 

HRV-1A, WI-38 human fetal lung fibroblasts (#CCL-75) and H1-HeLa cells 

(#CRL-1958). 

• Applied Biosystems/Life Technologies (Carlsbad, CA, USA): 96-well optical 

reaction plates (#4306737, #4346906), TaqMan universal PCR mastermix 

(#4304437), RNase inhibitor (#N808-0119) and reverse transcriptase (#4308228). 

• Biorad Laboratories (Mississauga, ON, Canada): Lowry DC protein assay (#500-

0116), 0.45µm nitrocellulose membrane (#162-0115), wet transfer system, protein 

ladder standard (#161-0373), Bradford protein assay (#500-0006) and EpiQ 

chromatin analysis kit (#172-5400). 

• Biotium Inc. (Hayward, CA, USA): firefly luciferase assay kit (#30003-2). 

• BD (Franklin Lakes, NJ, USA): 5 and 50 cc syringes (#CABD 309603 and 309653). 

• Calbiochem (Gibbstown, NJ, USA): SB203580 / 4-(4-fluorophenyl)-2-(4-

methylsulfinylphenyl)-5-(4-pyridyl)-imidazole (#559389), SB202474 / 4-Ethyl-2(p-

methoxyphenyl)-5-(4′-pyridyl)-IH-imidazole (#559387), Nonident-P40 alternative 
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(#492016) and JAK inhibitor / 2-(1,1-Dimethylethyl)-9-fluoro-3,6-dihydro-7H-

benz[h]-imidaz[4,5-f]isoquinolin-7-one (#420099). 

• College of Agriculture Reference Cigarette Program (University of Kentucky, 

USA): 3R4F research grade cigarettes. 

• Corning Life Sciences (Lowell, MA, USA): cell culture plates, dishes and flasks. 

• EMD/Merck Millipore (Billerica, MA, USA): 0.22 µM Steriflip filtration units and 

xylenes (#XX0060-4). 

• Fisher Scientific (Ottawa, Ontario, Canada): Superfrost/Plus microscope slides 

(#12-550-15) and Permount mounting medium (#SP15-100). 

• Fujifilm Medical Systems (Stamford, CT, USA): SuperRX X-ray film 

(#4741019238). 

• GE Healthcare Biosciences (Piscataway, NJ, USA): enhanced chemiluminescent 

(ECL) substrate reagent (#RPN2209), horseradish peroxidase (HRP)-conjugated 

anti-rabbit antibody (#NA934V) and illustra MicroSpin G-25 sephadex columns 

(#27-5325-01). 

• Invitrogen (Burlington, ON, Canada): Hanks’ balanced salt solution (HBSS) 

(#14175), Ham’s F12 medium (#11765), fetal bovine serum (FBS) (#16000), 

penicillin-streptomycin-amphotericin B (PSF) (#329-100), gentamicin (#15750-

060), Dulbecco’s modified eagle medium (DMEM) (#11885-084), L-glutamine 

(#25030), non-essential amino acids (#11140), sodium pyruvate (#11360), TRIzol 

Reagent (15596-018), GIBCO RNase/DNase-free double distilled water (#10977), 
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4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (#15630-080), anti-

human mouse monoclonal ICAM-1/CD54 antibody (#MHCD5400), mouse IgG2A 

antibody (#02-6200), R-phycoerythrin goat anti-mouse IgG 2A antibody (#P-21139), 

Escherichia coli Top10, Oligo (dt) primer (#18418-012), 5X first strand buffer 

(#Y02321), SuperScript III reverse transcriptase (#18080-044), SYBR greenER 

qPCR supermix (#11760-500), OptiMEM reduced serum media (#31985), 

Lipofectamine RNAiMAX transfection reagent (#13778-075) and UltraPure™ 

phenol:chloroform:isoamyl alcohol 25:24:1 (#15593). 

• Jackson ImmunoResearch Laboratories (West Grove, PA, USA): HRP-

conjugated anti-mouse antibody (#115-035-003). 

• Leica Microsystems (Concord, Ontario, Canada): eosin and haematoxylin.  

• Lonza (Walkersville, MD, USA): Bronchial epithelial cell basal growth medium 

(BEBM) and additives (bovine pituitary extract, epidermal growth factor, 

epinephrine, gentamicin/amphotericin B, hydrocortisone, insulin, retinoic acid, 

transferrin and triiodothyronine) (#CC-3170). BEBM was supplemented with 

additives to make bronchial epithelial cell growth medium (BEGM). AccuGENE 

10X tris/borate/ethylenediaminetetraacetic acid (TBE) buffer (#50843). 

• Mirius (Madison, WI, USA): TransIT-LT1 transfection reagent (#MIR 2300). 

• New England Biolabs (Ipswich, MA, USA): T4 polynucleotide kinase (#M0201S), 

T4 polynucleotide kinase buffer (#B0201S), NheI restriction enzyme (#R3131S), 
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KpnI restriction enzyme (#R3142S), NEBuffer 1(#B7001S), NEBuffer 2 (B7002S) 

and 20X bovine serum albumin (BSA).  

• PerkinElmer (Boston, MA, USA): γ-32 [P] ATP (#BLU502A250UC). 

• Professional Plastics (Fullerton, CA, USA): tygon silicon tubing (#ABW00004 and 

#ABW00022). 

• Promega (Madison, WI, USA): 5X passive lysis buffer (#E1941), Cyto96™ non-

radioactive cytotoxicity assay / lactate dehydrogenase (LDH) assay (#G1780) and 

pGL4.10 [luc2] vector (#E6651). 

• Qiagen (Mississauga, ON, Canada): QIAquick gel extraction kit (#28704), 

QIAprep spin mini prep kit (#27104), QIAGEN maxi prep kit (#12663), TE buffer 

(#1018499) and QIAquick PCR purification kit (#28104). 

• Roche (Mississauga, ON, Canada): pronase (#53702), anti-protease tablets 

(#04693116001), 2,2’-azino-bis (3-ethylbenzthiazoline-6-sulphonic acid) (ABTS) 

(#13846324) and rapid DNA ligation kit (#11635379001). 

• R & D Systems (Minneapolis, MN, USA): recombinant CXCL10 protein (#266-

IP), recombinant CXCL8 protein (#208-IL), CXCL10 capture (#MAB266) and 

biotinylated detection (#BAF266) antibody for ELISA. 

• Thermo Scientific (Rochester, NY, USA): Cryogenic vials (#5000-0012), IgG 

Elution buffer (#21004) and 96-well Immulon 4 ultra-high binding polystyrene 

microtiter plates (#3855). 
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• VWR (Mississauga, Ontario, Canada): eppendorf tips and tubes, stripettes, Phase 

Lock Gel-Heavy tubes (#2302830), RNAse/DNase free tubes (#20172945), 

isopropanol (#CAB10224-76) and micro cover glass (coverslips) (#48366067). 

• World Precision Instruments (Sarasota, FL, USA): 3-way stopcock (#14035-10). 

All other materials and reagents, unless specified otherwise, were purchased from Sigma-

Aldrich (Oakville, ON, Canada). 

 

 Human Epithelial Cell Culture 2.2

2.2.1 Primary human bronchial epithelial (HBE) cell isolation and culture 

Normal non-transplanted human lungs were obtained from a tissue retrieval service 

(International Institute for the Advancement of Medicine, Edison, NJ, USA). Ethical 

approval to receive and utilize lung tissues was obtained from both the Conjoint Health 

Research Ethics Board of the University of Calgary (Calgary, AB, Canada) and from the 

Internal Ethics Board of the International Institute for the Advancement of Medicine 

(Edison, NJ, USA). Lungs were received within 24-36 h after surgical removal; trachea and 

bronchi were dissected out and incubated in sterile filtered Ham’s F12 medium (F12) 

containing 1 µL/mL gentamicin and 1mg/mL pronase for 30-40 h at 4°C. Subsequently, 

tissue sections were placed in F12 containing 20% FBS (F12/FBS) and cells were 

forcefully jetted off the luminal surface of the dissected sections using a 5 mL syringe. 

Cells were then centrifuged in this medium (153 x g, 8 min, room temperature (RT)), re-

suspended in 10 mL F12/FBS and non-ciliated epithelial cells were counted using a 

haemocytometer. For long term storage HBE cells were suspended in a 1:1 solution of 
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dimethyl sulphoxide (DMSO) and PSF at a density of 0.5 x 106 /cryogenic vial and stored 

in liquid nitrogen. HBE cells were grown in submersion culture in BEGM (supplemented 

with 5% FBS for the first 72 h of culture) at 37°C in 5% CO2 until desired confluence. This 

method of isolation and culture has previously been shown to produce cells of an epithelial 

cell nature which was confirmed with cytokeratin staining428. HBE cells were cultured in 6 

well plates unless otherwise specified. Prior to desired treatment, cells were cultured 

overnight in BEBM or BEGM from which hydrocortisone was removed and then that 

respective medium was used for subsequent experiments.  

 

2.2.2 Bronchial epithelial cell line (BEAS-2B) culture 

The BEAS-2B bronchial epithelial cell line was a gift from C. Harris (National 

Cancer Institute, Bethesda, MD, USA). This cell line was generated by viral transformation 

of normal human bronchial epithelial cells using an Ad12-SV40 hybrid virus and retained 

their epithelial characteristics as assessed by electron microscopy and cytokeratin 

staining429. BEAS-2B cells were grown in submersion culture in BEGM at 37°C in 5% CO2 

until desired confluence. BEAS-2B cells were cultured in 6 well plates unless otherwise 

specified. Prior to desired treatment, cells were cultured overnight in BEBM or BEGM 

from which hydrocortisone was removed and then that respective medium was used for 

subsequent experiments.  
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 HRV Propagation and Purification 2.3

2.3.1 HRV-16 

HRV-16 was propagated by infection of WI-38 fetal lung fibroblast cells. A vial of 

WI-38 cells was cultured in WI-38 media (DMEM, 10% FBS, 2 mM L-glutamine, 1% non-

essential amino acids, 1% sodium pyruvate and 1X PSF) initially in 1 T-75 cm2 flask until 

confluence, then split into 4 T-175 cm2 flasks until confluence and lastly into 16 T-175 cm2 

flasks. HRV-16 supernatants from previous preparations were diluted with WI-38 media 

and applied at 8 mL/flask to the confluent WI-38 cells, then incubated for 24-48 h at 34°C 

in 5% CO2 until marked rounding of cells, indicating cytotoxicity, was observed. Media 

was then removed, centrifuged (425 x g, 15 min, 4°C) and stored in 20 mL aliquots at  -

80°C. Each 20 mL aliquot was used as the viral supernatant for re-infection for subsequent 

HRV-16 propagations in 16 T-175 cm2 flasks. 8 mL of fresh WI-38 media was then added 

to each of 16 T-175 cm2 flasks and each flask was thoroughly scraped with a cell scraper. 

The obtained cell lysate was sonicated on ice (Fisher Scientific Sonic Dismembrator Model 

500: 15sec at 50% amplitude) and centrifuged (425 x g, 15 min, 4°C). This supernatant 

(crude cell lysate) was collected and stored at -80°C until purification. 

Purification of HRV-16 was conducted via sucrose density centrifugation to remove 

ribosomes and soluble factors of cell origin. The crude cell lysate was thawed in a 37°C 

water bath and RNase A was added (80 µL/100 mL of crude cell lysate) to remove any 

ssRNA (unpackaged virus) and incubated for 30 min at 34°C. Following this incubation, N-

laurosarcosine (10 mg/100 mL crude cell lysate) and β-mercaptoethanol (100 µL/100 mL 

crude cell lysate) was added to break up cellular components and reduce disulphide bonds. 
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The crude cell lysate was then underlayed with a 30% sucrose solution (30% sucrose, 20 

mM Tris-acetate, 0.1 M NaCl) and centrifuged (28,000 rpm, 5 h, 16°C) using the Beckman 

Coulter Ultracentrifuge Optima XL-100K. Following centrifugation, the WI-38 media 

supernatant was aspirated until the start of the sucrose layer. The HRV-16-containing 

sucrose layer, minus the pellet, was combined 1:1 with F12/50 mM HEPES, sterile filtered 

using a 0.45 µm filter and stored at -80°C. This fraction was termed ‘purified HRV-16’ and 

used to infect the BEAS-2B cell line. The pellet was re-suspended in F12/HEPES, sterile 

filtered using a 0.45 µM filter and stored at -80°C. This fraction was termed ‘HRV-16 

pellet’ and used to infect primary HBE cells.  

 

2.3.2 HRV-1A 

HRV-1A was propagated in a similar manner to HRV-16, except H1-HeLa cells 

were used and these cells were cultured in DMEM media (low glucose, 5% FBS and 1X 

PSF). HRV-1A and HRV-16 had to be propagated in different cell lines as they display 

marked differences in their abilities to infect and replicate in WI-38 fibroblasts and H1-

HeLas430. Purification of HRV-1A was performed in a similar manner to HRV-16. 

 

2.3.3 Viral titre 

HRV titres were determined by infection of confluent WI-38 or H1-HeLa cells 

cultured in 96 well plates. Cells were infected with serial half-log dilutions (purified HRV: 

1/300-1/1 x 106 and HRV pellet 1/3000-1/1 x 109) and incubated for 5 days at 34°C in 5% 

CO2. Following this incubation cells were fixed with methanol for 1 min and stained with 
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0.1% crystal violet for 20 min. Plates were washed with distilled water and allowed to dry 

for a minimum of 48 h. Plates were then analyzed using the Bio-Rad Benchmark 

microplate reader at 570 nm. Using the values obtained from the spectrophotometric 

analysis, the 50% tissue culture infectious dose was calculated using the Reed-Muench 

method431. 

 

 HRV Infection of Airway Epithelial Cells 2.4

BEAS-2B cells were infected with HRV-16 at 104.5 50% tissue culture-infective 

dose (TCID50) U/ml (multiplicity of infection (MOI) of ~0.1), while HBE cells were 

infected with 105.5 TCID50 U/ml (MOI ~1.0). The higher dose used in HBE cells is needed 

to ensure robust responses, as it has been shown that, even at high doses of HRV, no more 

than 10% of HBE cells are infected118. Infections were performed in the presence or 

absence of CSE. Cells were incubated at 34ºC and 5% CO2. 

 

 Transfection of Cells with Synthetic dsRNA 2.5

Sub-confluent HBE or BEAS-2B cells were transiently transfected with a synthetic 

dsRNA polyionosinic-polycytodylic acid (poly [I:C]) (0.1 µg/well in BEBM) using 

TransIT-LT1 transfection reagent as per manufacturers protocol. After 1 h, cells were 

washed with HBSS and cultured in medium with or without CSE for an additional 24 h at 

34°C and 5% CO2. 
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 Preparation of CSE 2.6

CSE was freshly prepared  with minor modifications of previously published 

methods432 using 3R4F research grade cigarettes. CSE was generated by bubbling 1 

cigarette per 4 mL of media at a rate of 5 min per cigarette using the syringe apparatus 

illustrated in Figure 2.1. The apparatus was constructed using a 50 cc syringe, rubber 

tubing, 3-way valve, a broken 10 mL stripette and parafilm to seal the connections. 

Subsequently, the crude CSE was sterile filtered using a 0.22 µm pore filter and 5 dilutions 

were made using media as the diluent. The absorbance of the crude dilutions of CSE were 

then determined at 320 nm using a spectrophotometer (Ultrospec 2100 pro UV/visible 

spectrophotometer) and these values were used to generate a standard curve for each 

preparation of crude CSE. 320 nm has previously been shown to be the optimal wavelength 

for CSE and an absorbance of 0.15 at 320 nm has previously been shown not to be 

cytotoxic to cells432. 100% CSE was defined as having an absorbance of 0.15 and generated 

using the standard curve and the following formulas263,432,433: 

 y = mx+c 

 where y = 0.15, m = slope, x = unknown concentration of CSE (nominally 1/dilution 

factor) and c = y-intercept.   

 100% CSE = 1 mL crude CSE + (dilution factor-1) mL media 

 All subsequent dilutions were made from 100% CSE and immediately used to treat 

cells. For experiments where aged CSE was used the same procedure was followed except 

100% CSE was left at 4°C for 24 h prior to further dilution and use. 
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Figure 2.1: 3R4F research grade cigarettes and syringe apparatus used to generate 
CSE. 
 

 Treatment of Cells with Nicotine 2.7

Nicotine was supplied as (-)-nicotine hydrogen tartrate salt (Sigma Aldrich # 

N5260) with a solubility of 50 mg/mL in H2O resulting in a final stock concentration of 

17.54 mg/mL nicotine. Sub-confluent BEAS-2B cells were treated with serial dilutions (10 

µg/mL – 10 ng/mL) of nicotine with or without CSE for 24 h at 34°C and 5% CO2.  
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 Measuring Cell Viability 2.8

2.8.1 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay 

The viability of cells following various treatments was assessed using the MTT 

assay which is based on the ability of a mitochondrial dehydrogenase enzyme, succinate 

dehydrogenase, from viable/proliferating cells to cleave the tetrazolium rings of MTT. 

MTT is pale yellow in colour but upon cleavage by the mitochondrial dehydrogenase 

enzyme, dark blue/purple formazan crystals form. The number of surviving cells is directly 

proportional to the amount of formazan product 434. 

Following the desired treatments of cells the supernatant was aspirated, MTT 

reagent (1 mg/mL in HBSS) was added (500 µL/well of a 6 well plate and 250µL/well of a 

24 well plate) and incubated at 37°C for 30 min. The MTT reagent was then aspirated, the 

formazan crystals were then solubilized by the addition of an organic solvent (DMSO: 1 

mL/ well of a 6 well plate and 500 µL/well of a 24 well plate), 100 µL of each sample was 

then transferred into a 96 well plate and the colour was quantified by determining the 

optical density units (ODU) at 570 nm using the Bio-Rad Benchmark microplate reader. 

Percent viability was calculated compared to medium control using the following formula: 

 % viability = ODU (sample)  
                                 ------------------------------ x 100 
                                  ODU (medium control) 
 
 
2.8.2 Lactate dehydrogenase (LDH) assay 

The viability of cells was also assessed using the Cyto96™ LDH assay which 

measures the release of a stable cytosolic enzyme that is released upon cell lysis. The 
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reaction requires the conversion of a tetrazolium salt into a red formazan product and the 

amount of colour produced is directly proportional to the number of lysed cells435.  

Following the desired treatment of cells, 60 µL of each sample was removed, after 

which 90 µL of 5X passive lysis buffer was added to the control well, incubated for an 

extra 30 min at 34°C and this was used as the ‘control lysate’. The control lysate was 

diluted 1:10 with media and this in addition with all other samples were transferred to a 96-

well plate. 50 µL of tetrazolium salt substrate was added to each well and placed in the dark 

for 30 min. Following the incubation, 50 µL of stop solution was added to each well and 

the colour was quantified by determining the optical density units (ODU) at 490 nm using 

the Bio-Rad Benchmark microplate reader. Percent cytotoxicity was calculated compared 

to medium control using the following formula: 

 % cytotoxicity =                       ODU (sample supernatant)  
                                        -------------------------------------------------------------------     x 100 
                                       ODU (control supernatant) + ODU (control lysate) x 10 
 
 
 

 Viral Titre Assay 2.9

To determine whether CSE had an effect on HRV-16 titre, HBE or BEAS-2B cells 

were treated with HRV-16 alone or in the combination with CSE for 2 h at 34°C and 5% 

CO2. Cells were then washed with HBSS and control media or CSE was put back for an 

additional 24 h upon which supernatants were collected. HRV titres were determined by 

infection of confluent WI-38 cultured in 96 well plates. Cells were infected with various 

dilutions of HBE or BEAS-2B supernatant (1/500-1/15,000) and incubated for 5 days at 

34°C in 5% CO2. Following this incubation cells were fixed with methanol for 1 min and 
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stained with 0.1% crystal violet for 20 min. Plates were washed with distilled water and 

allowed to dry for a minimum of 48 h. Plates were then analyzed using the Bio-Rad 

Benchmark microplate reader at 570 nm. Using the values obtained from the 

spectrophotometric analysis, TCID50 was calculated using the Reed-Muench method431. 

 

 Flow Cytometry 2.10

BEAS-2B cells were incubated for 24 h with the desired treatment. Following 

treatment, the cell supernatant was aspirated and cells were washed with 1 mL/well of 

HBSS. To gently lift cells off the plates, 500 µL/well of non-enzymatic cell dissociation 

solution (Sigma Aldrich #C5914) was added and plates were placed at 37°C until cells 

lifted off the bottom of the culture plates (10-30 min). The cell suspensions were then 

transferred to eppendorf tubes and gently centrifuged (300 x g, 5 min, 4°C). As further 

analysis required 4 tubes of each treatment (Table 2.1) with approximately 1 x 106 

cells/tube, each sample was re-suspended in 1 mL 1X PBS containing 0.5% BSA and cells 

were counted using a haemocytometer.  

Table 2.1: Treatment Groups for Flow Cytometry Experiments 

Primary antibody Secondary antibody Purpose 

1X PBS 1X PBS Unlabelled control 

1X PBS  IgG2A-PE Control 

IgG2A IgG2A-PE Negative control 

ICAM-1 (CD54) IgG2A-PE Signal of interest  
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Following cell counts, the appropriate volume of cells was centrifuged (300 x g, 5 

min, 4°C); re-suspended in 50 µL/tube 1X PBS 0.5% BSA and 5 µL/tube of primary 

antibody (ICAM-1, IgG2A) or PBS control was added. Samples were placed on ice for 30 

min, then re-suspended in 1 mL/tube 1X PBS and centrifuged (300 x g, 5 min, 4°C). The 

supernatant was removed by tapping out, the pellet was then re-suspended in 50 µL/tube 

1X PBS and 5 µL of secondary antibody (IgG2A-PE) was added prior to a 30 min 

incubation on ice in the dark. Following this incubation, cells were again re-suspended in 1 

mL/tube 1X PBS and centrifuged (300 x g, 5 min, 4°C). Supernatant was removed and 

pellet was re-suspended in 1 mL/tube 1X PBS and immediately delivered to the University 

of Calgary Flow Cytometry Facility for analysis. Data were expressed as both % ICAM-1 

gated events (% of cells expressing ICAM-1) and geometric mean (a measure of ICAM-1 

receptors per cell). 

 

 Gene Array Analysis  2.11

Gene array analysis was performed by Expression Analysis Inc (Durham, NC, 

USA). Following treatment cellular RNA was isolated and quantified using a Nanodrop 

spectrophotometer and quality was determined using the Agilent 2100 Lab-on-a-Chip 

System (Santa Clara, CA, USA). Purified RNA was converted to Gene-Chip target using 

Affymetrix GeneChip 3’ IVT express kit (Affymetrix, Santa Clara, CA, USA). The 

GeneChip target was then hybridized to Affymetrix U133plus2.0 human GeneChips for 

analysis of over 47,000 transcripts, washed, stained, and scanned using the protocol 

described by Affymetrix. Data from all genomics samples underwent rigorous quality 
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control procedures to detect potential outliers due to processing, instrumentation, or other 

such reasons.  

 

 RNA Isolation, DNase Treatment, cDNA Preparation and Real-Time RT-PCR 2.12

2.12.1 RNA isolation 

RNA was isolated using TRIzol Reagent (mono-phasic solution of phenol and 

guanidine isothiocyanate) as per manufacturer’s instructions based on the single-step 

method of RNA isolation by acid guanidinium thiocyanate-phenol-chloroform 

extraction436,437. HBE or BEAS-2B cells were cultured and incubated with the desired 

treatment for the desired length of time upon which supernatant was removed, cells washed 

with HBSS and 500 µL/well of TRIzol was added and pipetted up and down to lyse the 

cells. Duplicate samples were placed in RNase/DNase free tubes and stored at -80°C prior 

to continuation with the following protocol. TRIzol samples were thawed, transferred to 

Phase Lock Gel-Heavy tubes, chloroform (0.2 mL/1mL TRIzol) was added, mixed 

vigorously and centrifuged (12,000 x g, 10 min, 4°C). The RNA-containing aqueous layer 

was carefully transferred to a fresh RNase/DNase free tube and RNA was precipitated with 

isopropanol (0.5 mL/1mL TRIzol), inverted several times, incubated at RT for 10 min and 

then centrifuged (12,000 x g, 10 min, 4°C). The supernatant was removed, the RNA pellet 

was washed with 75% ethanol (1 mL/1mL TRIzol), gently vortexed to dislodge the pellet 

and centrifuged (7,500 x g, 5 min, 4°C). Following this, the supernatant was again removed 

and the pellet was allowed to air-dry for 5-10 min. The pellet was then dissolved in 20 µL 
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RNase/DNase-free double distilled (GIBCO) water, then quantified and assessed for purity 

using the Nanodrop spectrophotometer. RNA was stored at -80°C. 

 

2.12.2 DNase treatment 

In order to remove genomic DNA contamination from RNA, samples were treated 

with DNA-free DNase I as per manufacturer’s instructions. 10 µg of RNA were diluted 

with GIBCO water to a volume of 10 µL. 1 µL of 10X DNase buffer and 1 µL of DNase I 

were then added, thoroughly mixed and incubated for 30 min at 37°C. Following the 

incubation, 5 µL of DNase inactivation reagent was added and samples were incubated at 

RT for 2 min. The samples were then centrifuged (10,000 x g, 1 min, RT) and the purified 

RNA solution contained in the supernatant was carefully collected and transferred to a fresh 

RNase/DNase free tube. RNA was again quantified spectrophotometrically and stored at      

-80°C. 

 

2.12.3 cDNA preparation 

1 µg of input RNA was reverse transcribed to cDNA in a 20 µL reaction mixture 

containing 1 µL Oligo(dT)20 and 1 µL 10 mM dNTP mix. Samples were heated to 65°C 

for 5 min and then incubated on ice for at least 1 min before the addition of 4 µL 5X First 

strand buffer, 1 µL 0.1 M dithiothreitol (DTT) and 1 µL of Superscript 3 reverse 

transcriptase. Samples were then placed in the Techne Flexigene thermocycler and subject 

to the following parameters: 50°C for 1 h and 70°C for 15 min. cDNA samples were then 

stored at -80°C. 
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2.12.4 Real-time RT-PCR 

The gene of interest was amplified in a real-time RT-PCR reaction using either the 

Applied Biosystems Model 7900 or the StepOnePlus sequence detector. The experimental 

setup consisted of 25 µL reaction/well in a 96 well optical plate. Samples were analyzed 

from either RNA or from cDNA and the primers and probes for each gene are listed in 

Table 2.2. The primers and probes (excluding the 20X gene expression kits) were diluted 

to 10 µM with GIBCO water and stored at -80°C. When samples were analyzed from RNA 

the reaction mixture consisted of: 400 ng of RNA sample diluted in GIBCO water to a 

volume of 3 µL, 12.5 µL Taqman universal mastermix (1X), 1 µL each of forward and 

reverse primer (400 nM), 0.5 µL Taqman probe (200 nM), 0.5 µL RNase inhibitor (10 U), 

0.375 µL Reverse Transcriptase (18.8 U) and GIBCO water to a final volume of 25 µL per 

well. When samples were analyzed following conversion to cDNA, 1 µL of cDNA was 

added per well and the RNase inhibitor and Reverse Transcriptase were omitted. IRF-1 and 

GAPDH primers and probe were supplied in a 20X gene expression kit and were added 

accordingly (1.25 µL/25 µL reaction) to the reaction mixture. The reaction consisted of a 

reverse transcription step when RNA was used for analysis (30 min at 48°C) followed by 

PCR amplification (10 min at 95°C, 40 cycles of 15 sec at 95°C and 1 min at 60°C). 

Samples were run in either duplicate or triplicate and a no template control (GIBCO water 

in place of sample) was run with each gene analyzed to exclude contamination. 
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Table 2.2: Real-Time RT-PCR Primers and Probes  

Gene Primers (F&R) & Probe (P) Synthesized by 

CXCL10 F: GAAATTATTCCTGCAAGCCAATTT 

R: TCACCCTTCTTTTTCATTGTAGCA 

P: TCCACGTGTTGAGATCA 

Primers: U of C Core 

DNA Facility 

Probe: Applied 

Biosystems 

CXCL8 F: CTGGCCGTGGCTCTCTTG 

R: TTAGCACTCCTTGGCAAAACTG 

P: CCTTCCTGATTTCTGCAGCTCTGTGTGAA 

Primers: U of C Core 

DNA Facility 

Probe: Applied 

Biosystems 

IRF-1 F:n/a 

R: n/a 

P: n/a  

Applied Biosystems 

20X IRF-1 

Catalog #: Hs00971960 

STAT-1 F: GCCCAATGCTTGCTTGGAT 

R: GCTGCAGACTCTCCGCAACT 

P: AGCTGCAGAACTGGTT 

Primers: U of C Core 

DNA Facility 

Probe: Applied 

Biosystems 

RIG-I F: CAGGATTTGTAAAGCCCTGTTTTT 

R: CACTGATAATGAGGGCATCATTATATTT 

P: TACACTTCACATTTGCG 

Primers: U of C Core 

DNA Facility 

Probe: Applied 

Biosystems 

MDA5 F: TGGTCGAGCCAGAGCTGAT 

R: ACTCCTGAACCACTGTGAGCAA 

P: AGAGCACCTACGTCCTG 

Primers: U of C Core 

DNA Facility 

Probe: Applied 

Biosystems 

GAPDH F: n/a 

R:n/a 

P: n/a 

Applied Biosystems 

20X GAPDH 

Catalog #: 4326317E  
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Data were analyzed using either relative or absolute quantification methods. Using 

relative quantification data were expressed as fold increase using the comparative ∆∆CT 

method as previously described438. In order to permit absolute quantification, a first strand 

cDNA oligonucleotide was synthesized by the University of Calgary Core DNA Facility 

(Table 2.3) and used as the standard. Each standard was log diluted with GIBCO water 

(100 fg-0.0001 fg) supplemented with transfer RNA (100 ng/mL) and run with the same 

reaction mixture and cycling parameters as mentioned above. Data was expressed as either 

attograms or femtograms calculated from the standard curve after correction for minor 

variation to the housekeeping gene (GAPDH).  

Table 2.3: Real-Time RT-PCR Standard Sequences 

Gene Standard Sequence 

CXCL10 AAC TTG AAA TTA TTC CTG CAA GCC AAT TTT GTC CAC GTG 

TTG AGA TCA TTG CTA CAA TGA AAA AGA AGG GTG AGA AGA 

CXCL8 CCA AGC TGG CCG TGG CTC TCT TGG CAG CCT TCC TGA TTT 

CTG CAG CTC TGT GTG AAG GTG CAG TTT TGC CAA GGA GTG 

CTA AAG AAC 

RIG-I GAG AGC AGG ATT TGT AAA GCC CTG TTT TTA TAC ACT TCA 

CAT TTG CGG AAA TAT AAT GAT GCC CTC ATT ATC AGT GAG 

CAT 

MDA5 GCC CGT GGT CGA GCC GAG CTG ATG AGA GCA CCT ACG TCC 

TGG TTG CTC ACA GTG GTT CAG GA 
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 Enzyme Linked Immunosorbent Assay (ELISA) 2.13

2.13.1 CXCL10 

Supernatants from HBE or BEAS-2B cells were collected following various 

treatments and assayed for CXCL10 protein release using a matched antibody pair 

CXCL10 sandwich ELISA (R&D Systems). All incubation steps in this procedure were 

performed at RT and are stated as minimum incubation times. 96-well immulon 4 plates 

were coated with 100 µL/well monoclonal anti-human CXCL10 antibody (3 µg/mL) 

diluted in 1X phosphate buffered saline (PBS) and incubated overnight. Following the 

primary/capture antibody incubation, wells were washed four times with ELISA wash 

buffer (0.05% Tween-20 in 1X PBS pH 7.4) then non-specific binding sites were blocked 

with 300 µL/well blocking buffer (1% BSA 5% sucrose in 1X PBS) for 1 h. Following the 

blocking step, wells were washed as above and 100 µL/well of recombinant CXCL10 

protein standard in serial dilutions (3000-23.4 pg/mL), as well as samples in three serial 

dilutions, were applied to duplicate wells and incubated for 2 h. Both the protein standard 

and the samples were diluted in diluent buffer (0.1% BSA, 0.05% Tween-20 in 1X Tris-

buffered saline (TBS)). Wells were washed and 100 µL/well biotinylated anti-human 

CXCL10 detection/secondary antibody (300 ng/mL in diluent buffer) was applied for 2 h. 

Wells were washed and incubated with 100 µL/well streptavidin peroxidase (1 µg/mL in 

diluent buffer) for 30 min. Wells were washed again and developed with the addition of 

100 µL/well 1:1000 H2O2/ABTS in citrate phosphate buffer for approximately 30 min in 

the dark. The reaction was stopped with the addition of 100 µL/well 2 mM sodium azide 
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and the absorbance at 405 nm was read using the Bio-Rad Benchmark microplate reader. 

Protein concentrations were interpolated from the linear portion of a four-parameter 

standard curve. The sensitivity of the assay was 30 pg/mL.  

 

2.13.2 CXCL8 

Supernatants from HBE or BEAS-2B cells were collected following various 

treatments and assayed for CXCL8 protein release using a matched antibody pair CXCL8 

sandwich ELISA. All incubation steps in this procedure were performed at RT and are 

stated as minimum incubation times. 96-well immulon 4 plates were coated with 100 

µL/well monoclonal anti-human CXCL8 antibody at 1:1200 diluted in carbonate buffer and 

incubated overnight. Following the primary/capture antibody incubation, wells were 

washed four times with ELISA wash buffer and then non-specific binding sites were 

blocked with 100 µL/well blocking buffer (1:100 rabbit serum diluted in 1% BSA 0.05% 

Tween-80 1X PBS) for 30 min. Following the blocking step, wells were washed as above 

and 100 µL/well of recombinant CXCL8 protein standard in serial dilutions (7500-59 

pg/mL), as well as samples in three serial dilutions, were applied to duplicate wells and 

incubated for 90 min. Both the protein standard and the samples were diluted in diluent 

buffer (1% BSA, 0.05% Tween-80 in 1X PBS). Wells were washed and 100 µL/well 

biotinylated anti-human CXCL8 detection/secondary antibody (1:1200 in diluent buffer) 

was applied for 90 min. Wells were washed and incubated with 100 µL/well streptavidin 

peroxidase (1 µg/mL in diluent buffer) for 30 min. Wells were washed again and developed 

with the addition of 100 µL/well 1:1000 H2O2/ABTS in citrate phosphate buffer for 
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approximately 12-13 min at 37°C in the dark. The reaction was stopped with the addition of 

100 µL/well 2 mM sodium azide and the absorbance at 405 nm was read using the Bio-Rad 

Benchmark microplate reader. Protein concentrations were interpolated from the linear 

portion of a four-parameter standard curve. The sensitivity of the assay was 30 pg/mL. 

 

 Western Blotting 2.14

2.14.1 Whole cell lysate extraction 

Following the desired treatment of HBE or BEAS-2B cells, supernatant was 

removed and cells were lysed with the addition of  500 µL/well ice-cold lysis buffer (1% 

Triton X-100 in 1X MES buffered saline pH 7.4, anti-protease tablets, 50 nM sodium 

orthovanadate, 0.4 M sodium pyrophosphate, 1 M sodium fluoride and 100 mM 

phenylmethanesulfonylfluoride (PMSF)). Cells were scraped off the plate on ice using a 

cell scraper, transferred to an eppendorf tube and frozen overnight to aid in cell lysis. The 

following day, samples were defrosted at RT and centrifuged (20,000 x g, 10 min, 4°C). 

The triton-soluble supernatant was then transferred to fresh tubes and stored at -80°C.  

 

2.14.2 Protein assay 

Total protein concentration in cell lysates was quantified using the modified Lowry 

DC protein assay. 5 µL of human serum albumin standard (HSA) (4000-125 pg/mL serial 

dilutions in 1X PBS) and sample were added in duplicate to a 96-well plate. 25 µL of 

reagent A’ and 200 µL of reagent B were added to each well. The plates were then 

incubated at RT in the dark for a minimum of 15 min to allow for colour development. 
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Absorbance was quantified at 705 nm using the Bio-Rad Benchmark microplate reader and 

protein concentrations of each sample were interpolated from the HSA standard curve.  

 

2.14.3 Sodium dodecyl sulphate – polyacrylamide gel electrophoresis (SDS-PAGE) and 
protein transfer 

Equivalent amounts of each sample (10-30 µg total protein diluted in 1X PBS) were 

separated using the Biorad Mini-PROTEAN gel electrophoresis system. 5X Laemmli 

sample buffer (50% glycerol, 10% sodium dodecyl sulfate (SDS), 250 mM Tris-HCl pH 

6.8, 1 mg/mL bromophenol blue and 0.5 M DTT) was added to each sample and then each 

sample was boiled for a minimum of 5 min. Samples and a protein ladder standard were 

then loaded onto a 10% SDS polyacrylamide stacking gel atop a 10% SDS polyacrylamide 

resolving gel and electrophoresed at 100-150 V in 1X running buffer (192 nM glycine, 

0.1% SDS, 25 mM Tris-base pH 8.3). Proteins were then transferred to a 0.45 µm 

nitrocellulose membrane using a wet transfer system in 1X transfer buffer (20% methanol, 

2.5 mM Tris-base, 19.2 mM glycine) for 1-1.5 h at 100 V. 

 

2.14.4 Immunoblotting 

Non-specific binding sites on nitrocellulose membranes were blocked with 5% skim 

milk powder in 0.1% Tween-20 1X TBS pH 7.4 (TTBS) at RT for 1 h on an orbital shaker. 

Membranes were washed 3X with TTBS and incubated with a specific primary antibody 

(Table 2.4) at 4°C overnight with gentle shaking. Membranes were washes a minimum of 

3X with TTBS and incubated with the appropriate HRP-conjugated secondary antibody for 
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1 h at RT on an orbital shaker. Membranes were again washed a minimum of 3X in TTBS 

and placed in ECL substrate reagent for 1 min. Lastly, membranes were then exposed to 

film in a dark room for an appropriate length of time and developed using an automated 

developer.  

 

Table 2.4: Western Blotting Antibodies  

Target Epitope Source & 

conc.  

Supplier & 

Catalogue # 

Dilution 

& Diluent 

MW 

(kDa) 

Secondary 

Ab dilution 

Phosphoryl

ated (p)- 

IĸBα 

Ser 32/36 Mouse 

 

Cell Signaling 

9246 

1/2000 in 

TTBS+ 

5% BSA 

40 1/1000 in 

TTBS+ 5% 

skim milk 

IRF-1 C-terminus Rabbit 

200µg/mL 

Santa Cruz 

sc-497 

1/4000 in 

TTBS+ 

5% BSA 

48 1/10,000 in 

TTBS+ 5% 

skim milk 

IRF-2 C-terminus Rabbit 

200µg/mL 

Santa Cruz 

sc-498 

1/4000 in 

TTBS+ 

5% BSA 

50 1/10,000 in 

TTBS+ 5% 

skim milk 

IRF-9 n/a Mouse 

0.5mg/mL 

Abcam 

Ab56677 

2µg/mL in 

TTBS+ 

5% BSA 

48 1/2000 in 

TTBS+ 5% 

skim milk 

p-STAT-1 Tyr701 Rabbit Cell Signaling 

9167 

1/1000 in 

TTBS+ 

5% BSA 

91,84 1/7500 in 

TTBS+ 5% 

skim milk 

STAT-1 n/a Rabbit Cell Signaling 

9172 

1/1000 in 

TTBS+ 

5% BSA 

91,84 1/7500 in 

TTBS+ 5% 

skim milk 
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p-STAT-2 Tyr690 Rabbit Cell Signaling 

4441 

 1/1000 in 

TTBS+ 

5% BSA 

113 1/5000 in 

TTBS+ 5% 

skim milk 

p-STAT-2 Tyr690 

 

Rabbit Santa Cruz 

sc-21689-R 

1/1000 in 

TTBS+ 

5% BSA 

113 1/5000 in 

TTBS+ 5% 

skim milk 

STAT-2 

 

C-terminus Rabbit Santa Cruz 

sc-476 

1/1000 in 

TTBS+ 

5% BSA 

113 1/5000 in 

TTBS+ 5% 

skim milk 

p-STAT-3 Tyr705 Rabbit Cell Signaling 

9131 

1/1000 in 

TTBS+ 

5% BSA 

86,79 1/5000 in 

TTBS+ 5% 

skim milk 

p-STAT-3 Ser727 Rabbit Cell Signaling 

9134 

1/1000 in 

TTBS+ 

5% BSA 

86 1/5000 in 

TTBS+ 5% 

skim milk 

RIG-I C-terminus Rabbit Cell Signaling 

4520 

1/1000 in 

TTBS+ 

5% BSA 

102 1/7500 in 

TTBS+ 5% 

skim milk 

MDA-5 n/a Rabbit 

1mg/mL 

Alexis 

Biochemicals 

210-935-C100 

1/1000 in 

TTBS+ 

5% BSA 

117 1/7500 in 

TTBS+ 5% 

skim milk 

p-p38 

MAPK 

Thr180/ 

Tyr182 

Rabbit Cell Signaling 

9211 

1/1000 in 

TTBS+ 

5% BSA 

43 1/2000 in 

TTBS+ 5% 

skim milk 

p38 MAPK n/a Rabbit Cell Signaling 

9212 

1/1000 in 

TTBS+ 

5% BSA 

43 1/2000 in 

TTBS+ 5% 

skim milk 

AUF-1 n/a Rabbit Upstate 1/1000 in 37,40, 1/1000 in 
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.72mg/mL 07-260 TTBS+ 

5% skim 

milk 

42, 45 TTBS+ 5% 

skim milk 

HuR N-terminus Mouse 

100µg/mL 

Molecular Probes 

A-21277 

1µg/mL in 

TTBS + 

5% skim 

milk 

36 1/2000 in 

TTBS+ 5% 

skim milk 

KHSRP Internal 

sequence of 

amino acids 

648-697 

Rabbit 

1mg/mL 

Abcam 

Ab83291 

1µg/mL in 

TTBS + 

5% skim 

milk 

73 1/10,000 in 

TTBS+ 5% 

skim milk 

TTP n/a Rabbit 

n/a 

Gift courtesy of 

Perry Blackshear 

1/10,000 

in TTBS + 

5% BSA 

36 1/25,000 in 

TTBS + 5% 

skim milk 

TTP region 

between 

amino acids 

78-127 

Rabbit 

1mg/mL 

Abcam  

Ab33058 

1µg/mL in 

TTBS + 

5% BSA 

36 1/10,000 in 

TTBS + 5% 

skim milk 

TTP C-terminus 

Amino 

acids 166-

285 

Rabbit  

200µg/mL 

Santa Cruz 

Sc-14030 

1/1000 in 

TTBS + 

5% BSA 

36 1/7,500 in 

TTBS + 5% 

skim milk 

GAPDH C-terminus Mouse 

1mg/mL 

AbD Serotec 

MCA-4739 

1/40,000 

TTBS 

37 1/10,000 in 

TTBS 
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2.14.5 Assessment of equal protein loading  

Equal loading of protein was determined by stripping each membrane and re-

probing with an antibody to the housekeeping gene GAPDH, which is a gene that is often 

stably and constitutively expressed at high levels in most tissues and cells. GAPDH 

expression was initially determined not to be affected with the treatments used in further 

experiments. Membranes were either gently stripped with IgG elution buffer for 30 min or 

with a harsher stripping solution for 5 min (70 mM Tris-HCl, 2% SDS, pH 6.8 heated to 

80°C + 0.7% β-mercaptoethanol) on an orbital shaker. Membranes were washed a 

minimum of 3X and blocked in 5% skim milk in TTBS for 30 min. Subsequently, 

membranes were washed 3X and incubated with GAPDH antibody for 20 min. Again, 

membranes were washed 3X and incubated with the appropriate HRP-conjugated 

secondary antibody for 20 min at RT on an orbital shaker. Membranes were then developed 

as described above.  

 

2.14.6 Densitometry 

Densitometric analysis was performed using ImageJ software (version 1.41, 

National Institute of Health, Bethesda, MD, USA). Percent expression of the protein of 

interest was assessed by comparison to the appropriate control and normalized for minor 

protein loading variation to GAPDH levels. 
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 Luciferase Reporter Assay 2.15

2.15.1 CXCL10 promoter constructs 

The 972 bp human full length CXCL10 promoter corresponding to the sequence 

from -875 to +97 (relative to the transcriptional start site) of the 5’-flanking region of the 

human CXCL10 gene was amplified from human genomic DNA using specifically 

designed primers: 

- Forward = 5’ – GCGTAGGTACCTAGAACCCCATCGTAAATC – 3’ 

- Reverse = 5’ – GCGTAGCTAGCTAGCAGCAAATCAGAATGG – 3’. 

These primers incorporated the restriction sites for KpnI (forward primer) and NheI (reverse 

primer) to allow for proper orientation upstream of a firefly luciferase reporter. The 

amplicon was resolved using agarose gel electrophoresis and the excised band was gel 

purified with the QIAquick gel extraction kit according to the manufacturer’s instructions. 

The purified CXCL10 promoter amplicon (18 µL) and the pGL4.10 [luc2] vector (0.5 µg) 

containing an inducible firefly luciferase reporter gene and an ampicillin resistance gene 

were separately incubated with the restriction enzymes KpnI (1 µL/20 units) and NheI (1 

µL/20 units) along with NEBuffer 1 (2.5 µL) and 10X BSA (from NEB, 2.5 µL) for 2-3 h 

at 37°C. The resulting double-cut pGL4.10 [luc2] vector was then alkaline phosphatase 

treated at 37°C for 1 h followed by 65°C for 15 min using a shrimp alkaline phosphatase kit 

according to the manufacturer’s instructions in order to prevent re-annealing of the vector 

upon itself. The double-cut alkaline phosphatase-treated pGL4.10 [luc2] vector and the 

CXCL10 promoter amplicon were resolved on a 1% agarose gel and gel purified as 

described previously. The amplicon was then cloned into the vector using the Rapid DNA 
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ligation kit. Competent DH5α Escherichia coli Top10 were transformed with the resulting 

CXCL10 promoter – luciferase construct via heat shock (30 min on ice, 42°C for 30 sec 

and 2 min on ice) and grown on Luria-Bertani (LB) agar plates using LB broth (both 

supplemented with ampicillin (50 µg/mL)) overnight at 37°C. Individual colonies were 

grown in LB broth supplemented with ampicillin (100 µg/mL) overnight at 37°C with 

vigorous shaking. CXCL10 promoter luciferase plasmids were purified using the plasmid 

QIAprep spin miniprep kit according to the manufacturer’s instructions, double cut with the 

aforementioned restriction enzymes to ensure the presence of the correct product and the 

CXCL10 promoter fragment was confirmed by sequencing (University of Calgary Core 

DNA Services). Large quantities of the CXCL10 promoter luciferase plasmids to be used 

for future experiments were prepared using the QIAGEN plasmid maxi prep kit according 

to the manufacturer’s instructions.  

The 376 bp human truncated CXCL10 promoter corresponding to the sequence 

from -279 to +97 (relative to the transcriptional start site) was generated using the full 

length CXCL10 promoter as a template using specifically designed primers: 

- Forward = 5’ – GCGTAGGTACCTAGAGAATGGATTGCAACC – 3’ 

- Reverse = 5’ – GCGTAGCTAGCTAGCAGCAAATCAGAATGG – 3’ (same 

as full length CXCL10 promoter reverse primer). 

The resulting amplicon was then cloned according to the same protocol as described above. 

Putative transcription factor binding sites were determined using the Genomatix 

MatInspector program and supported by previous publications259,297,298,338,345. Point 

mutations within various transcription factor binding sites were then generated using site-
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directed mutagenesis techniques within the full length CXCL10 promoter construct. Primer 

sequences with mutated residues are listed in Table 2.5. The resulting amplicons were then 

cloned according to the same protocol as described above. 

 

Table 2.5: CXCL10 Promoter Point Mutation Primer Sequences 

Transcription Factor Binding Site Forward Primer Sequence (5’ → 3’) 

ISRE GTTTTGGAcAGTGAcACCTAATTC 

NF-ĸB (ĸB1) GCAACATGtGACTTCaCCAGG 

NF-ĸB (ĸB2) GCAGAGtGAAATTaCGTAACTTGG 

AP-1 CCAGCAGGTTTTGCTAAGatAACTGTAATGC 

STAT (STAT #1) GCTTTTAAATTCATTgCCTCAtAAAGC 

STAT (STAT #2) TGTTTaCCCTCAtAATAGTTATGTTGGAGG 

*Mutated residues in bold lowercase letters. Core sequence underlined.  

 

Tandem repeat constructs containing 5X repeats of either the CXCL10-specific ĸB1 

(5’ – TGGGACTTCCCCA – 3’) or ĸB2 (5’ – GGGAAATTCCGTC – 3’) were synthesized 

incorporating KpnI and NheI restriction sites and cloned in a similar manner as described 

above.  

 

2.15.2 CXCL8 promoter constructs 

The 720 bp human full length CXCL8 promoter corresponding to the sequence 

from -712 to +8 (relative to the transcriptional start site) of the 5’-flanking region of the 

human CXCL8 gene was amplified from human genomic DNA using specifically designed 

primers: 
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- Forward = 5’ – CGGGGTACCTATAGTCAGTCCTTACATTGC – 3’ 

- Reverse = 5’ – CCCAAGCTTCTTATGGAGTGCTCCGGTGGC – 3’. 

These primers incorporated the restriction sites for KpnI (forward primer) and HindIII 

(reverse primer) to allow for proper orientation upstream of a firefly luciferase reporter. 

The resulting amplicon was cloned in a similar manner to that described for the CXCL10 

promoter except NEBuffer 2 in place of NEBuffer 1 was used.  

 

2.15.3 Transient transfection and luciferase assay 

Subconfluent (40-50%) BEAS-2B cells were transiently transfected with the various 

promoter luciferase constructs using TransIT-LT1 lipid transfection reagent in a 3:1 ratio of 

lipid:DNA. Briefly, 0.1 µg/well of the promoter construct, TransIT-LT1 transfection 

reagent and 100 µL/well of BEBM was incubated for 20 min at RT in a separate tube. 

BEAS-2B cells were washed with HBSS and 600 µL of BEBM and 100 µL of the 

promoter/transfection lipid mixture was added per well and the cells were then incubated 

for 5 h at 37°C and 5% CO2. Following this incubation the supernatant was aspirated and 

cells were recovered overnight in BEGM without hydrocortisone containing 5% FBS. The 

next day, cells were treated with the relevant stimulus and incubated for a further 24 h 

(CXCL10) or 5 h (CXCL8) at 34°C and 5% CO2. Following treatment, supernatant was 

aspirated, cells were washed with HBSS and 500 µL/well of 1X Passive Lysis Buffer was 

added. Plates were placed on an orbital shaker for 20 min at RT, and then cells were 

scraped on ice using a cell scraper and lysates transferred to eppendorf tubes. Samples were 

then frozen at -80°C overnight to ensure maximal cell lysis. Lysates were then assayed 
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using the firefly luciferase assay kit and a luminometer (Monolight 3012, BD Biosciences). 

Each treatment was averaged from triplicate wells and expressed as relative light units 

(RLU) and/or fold over control.  

 

 Actinomycin D Chase Assay 2.16

BEAS-2B cells were exposed to medium control, CSE, HRV-16 or the combination 

for 2 h. Cell supernatants were aspirated and cells were washed with HBSS. Actinomycin 

D (Sigma Aldrich, catalog # A9415) was initially dissolved in DMSO and then diluted in 

cell culture media or CSE and added at a final concentration of 10 µg/mL. Cellular RNA 

was then isolated at various times for analysis of CXCL8 mRNA levels using real-time RT-

PCR. 

 

 Inhibitors and siRNA 2.17

2.17.1 IKKβ inhibitor 

Pharmacological inhibition of NF-ĸB was used to confirm the involvement of this 

pathway in HRV-16-induced CXCL10 induction. For this, the IKKβ inhibitor, PS1145 / N-

(6-chloro-9H-β-carbolin-8-yl) (Sigma Aldrich, catalog # P6624) was used to confirm the 

involvement of the canonical NF-ĸB pathway.  PS1145 was solubilized in DMSO as per 

manufacturer’s instructions and DMSO alone was used as vehicle control.  BEAS-2B cells 

were pre-incubated with PS1145 or an equal volume of vehicle control for 1.5 h at 37ºC 

and 5% CO2 to ensure maximal inhibition before treatment with medium control, CSE, 

HRV-16 or the combination for 24 h. The pre-treatment consisted of 500 µL/well of media 
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alone or media plus PS1145/DMSO and was left on for the subsequent treatment where 500 

µL/well was added of the appropriate stimulus. The final concentration of PS1145 was 10 

µM. 

 

2.17.2 JAK inhibitor 

To determine the involvement of the JAK/STAT pathway in the induction of 

CXCL10 by HRV-16 and CSE, the JAK inhibitor I was used. JAK inhibitor I is a potent, 

reversible, cell-permeable and ATP-competitive inhibitor against JAK1, JAK2, JAK3 and 

Tyk2. This compound was solubilized in DMSO as per manufacturer’s instructions and 

DMSO alone was used as vehicle control. BEAS-2B cells were incubated with various 

concentrations of the JAK inhibitor together with CSE, HRV-16 or the combination for 24 

h at 34°C and 5% CO2 prior to collection of supernatants for analysis of CXCL10 protein 

release.  

 

2.17.3 p38 MAPK inhibitor 

Pharmacological inhibition of the p38 MAPK was used to determine the 

involvement of this pathway in the stabilization of CXCL8 mRNA. The specific inhibitor 

of the p38 MAPK pathway used was SB203580439. SB202474 is as an inactive analog of 

SB203580 and was used as a negative control for p38 MAPK inhibition studies. Both 

compounds were solubilized in DMSO as per manufacturer’s instructions and DMSO alone 

was used as vehicle control. BEAS-2B cells were pre-incubated with SB203580 / 

SB202474 or an equal volume of vehicle control for 1 h at 37ºC and 5% CO2 to ensure 
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maximal inhibition before treatment with medium control, CSE, HRV-16 or the 

combination for 24 h at 34°C and 5% CO2. The pre-treatment consisted of 500 µL/well of 

media alone or media plus SB203580/ SB202474/ DMSO and was left on for the 

subsequent treatment where 500 µL/well was added of the appropriate stimulus. The final 

concentration of SB203580 and SB202474 was 3 µM. 

 

2.17.4 siRNA 

Sub-confluent HBE cells (70-80%) were used for transient siRNA transfections. 

Individual siRNAs (Table 2.6) were diluted to the appropriate concentrations in 125 

µL/well of serum-free OptiMEM media. Lipofectamine RNAiMAX reagent was diluted 

1:50 in OptimMEM for a total volume of 125 µL/well. These two dilutions were then 

combined and incubated at RT for 20 min. A lipid only control was included to ensure that 

the transfection reagent was not having an effect. A non-targeting siRNA control was also 

included using either a universal control siRNA with either a low GC or a medium GC 

content according to the siRNA of interest used. HBE cells were washed with HBSS and 

750 µL/well of BEGM without antibiotics (no PSF, gentamicin or amphotericin) was added 

along with 250 µL/well of the siRNA-transfection lipid mixture and incubated for 24 h at 

37°C and 5% CO2. The supernatant was then aspirated; cells washed with HBSS and 

recovered for 24 h at 37°C and 5% CO2 in BEGM without hydrocortisone. Following 

recovery, cells were subject to the desired treatment for an additional 24 h at 34°C and 5% 

CO2.  
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Table 2.6: siRNA Information 

Target Sequence (5’ → 3’) Supplier and Catalog # 

RIG-I AAGCTTTACAACCAGAATTTA Qiagen 

S103019646 

RIG-I TTCTACAGATTTGCTCTACTA Qiagen 

S104208673 

MDA5 CAGAACTGACATAAGAATCAA Qiagen 

S103648981 

MDA5 CAGGTGTAAGAGAGCTACTAA Qiagen 

S103649037 

STAT-1 CAGAAAGAGCTTGACAGTAAA Qiagen 

S102662324 

STAT-1 CCAGATGTCTATGATCATTTA Qiagen 

S102662884 

AUF-1 AACAGCCAAGGTTACGGTGGT Qiagen 

S100300454 

AUF-1 CACAATGTTGGTCTTAGTAAA Qiagen 

S102653665 

KHSRP AAGATGATGCTGGATGACATT Qiagen 

S100300587 

KHSRP CTGGAGTGAAGATGATCTTAA Qiagen 

S100054691 

HuR AAGTAGCAGGACACAGCTTGG Qiagen 

S100300139 

HuR ACCAGTTTCAATGGTCATAAA Qiagen 

S103246551 

Low GC negative Sequence not available Invitrogen 
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control siRNA  

(non-targeting) 

12935-200 

Medium GC negative 

control siRNA  

(non-targeting) 

Sequence not available Invitrogen 

12935-300 

 

 Electrophoretic Mobility Shift Assay (EMSA) 2.18

2.18.1 Nuclear extraction and protein quantification 

HBE cells were treated for the desired length of time prior to nuclear protein 

extraction. Cells were scraped in their medium on ice, the cell lysates were then placed in 

pre-chilled eppendorf tubes and centrifuged (5000 x g, 5 min, 4°C). The supernatant was 

aspirated, the pellet was re-suspended in 50 µL Gough Buffer (10 mM Tris-HCl pH 7.5, 

150 mM NaCl, 1.5 mM MgCl2, 0.65% Nonident P-40, 0.5 mM PMSF and 10 mM DTT), 

cell lysates were then vortexed for 15 sec, left on ice for 10 min and centrifuged (12000 x g, 

2 min, 4°C). The supernatant containing the cytoplasmic fraction was transferred to fresh 

tubes and stored at -80°C. The pellet, containing the nuclear fraction, was re-suspended in 

15 µL of Lysis Buffer C (2 0mM HEPES pH 7.9, 25% glycerol, 400 mM NaCl, 1.5 mM 

MgCl2, 0.2 mM ethylenediaminetetraacetic acid (EDTA) pH 8.0, 0.5 mM PMSF and 10 

mM DTT) and samples were then immediately agitated by running along an eppendorf tube 

rack for 5 stokes in one direction and 5 strokes in the opposite direction. Samples were 

placed on ice for 2 h with agitation as described every 15 min. Following the 2 h 

incubation, samples were centrifuged (12000 x g, 10 min, 4°C) and the supernatant 

containing the nuclear fraction was transferred to fresh eppendorf tubes containing 35 µL 
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Buffer D (20 mM HEPES pH 7.9, 20% glycerol, 50 mM KCl, 0.2 mM EDTA pH 8.0, 0.5 

mM PMSF and 10 mM DTT). The nuclear extracts were stored at -80°.  

Nuclear protein concentration was quantified using the Bradford protein assay. 2 µL 

on nuclear extract or HSA standard diluted in Buffer D (4000 pg/mL-125 pg/mL) were 

applied to duplicate wells of a 96-well plate containing 200 µL/well 1X Bradford reagent 

and incubated at RT for a minimum of 10 min. Spectrophotometric analysis at 570 nm 

using the Bio-Rad Benchmark microplate reader was used to determine protein 

concentration via interpolation from the HSA standard curve.  

 

2.18.2 Oligonucleotide generation, annealing and end-labelling 

CXCL10-specific oligonucleotides corresponding to specific transcription factor 

binding sites (Table 2.7) were synthesized by the University of Calgary DNA services and 

annealed.  

 

Table 2.7: EMSA Oligonucleotide Sequences  

Transcription Factor Sequence 

NF-ĸB1 5’ – TGCAACATGGGACTTCCCCAGGAAC – 3’ 

NF-ĸB2 5’ – GGAGCAGAGGGAAATTCCGTAACTT – 3’ 

ISRE 5’ – TGTTTTGGAAAGTGAAACCTAATTC – 3’ 

STAT #1 5’ – TAAATTCATTTCCTCAAAAAGCACC – 3’ 

STAT #2 5’ – AGCAATGTTTTCCCTCAAAATAGTT – 3’ 

*Core of the putative transcription factor binding site is underlined. 
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The annealing reaction consisted of: 25 µL each of sense and anti-sense 

oligonucleotides (100 µM each), 10 µL 10X Oligo Annealing Buffer (100 mM Tris-HCl 

pH 7.5, 1 M NaCl and 10 mM EDTA pH 7.4) and 40 µL of GIBCO water. Annealing was 

carried out in the Techne Flexigene thermocycler with the following parameters: 95°C for 2 

min, X (melting temperature (Tm) of the oligonucleotide + 5°C) for 5 min, decrease X to 

37°C by 1°C/cycle for 90 min and 37°C for 2 min. Annealed oligonucleotides were stored 

at -80°C. 

Annealed oligonucleotides were 5’ end-labelled with T4 polynucleotide kinase and 

γ-32 [P] ATP. In a 20 µL reaction, 2 µL of 1.75 µM CXCL10-specific oligonucleotide was 

incubated for 30 min at 37°C with 1 µL (10 units) of T4 polynucleotide kinase, 2 µL of 

10X T4 polynucleotide kinase buffer, 2 µL (40µCi) γ-32 [P] ATP, topped off with GIBCO 

water. Following this incubation 180 µL of TE buffer (10 mM Tris-HCl pH 7.4, 1 mM 

EDTA) was added to the radiolabelled oligonucleotide mixture and excess γ-32 [P] ATP was 

removed by centrifugation (3000 rpm, 2 min) using G-25 Sephadex spin columns. To 

ensure end-labelling was successful, 1 µL of radiolabelled oligonucleotide mixture was 

placed in a scintillation vial containing scintillation fluid and counts per million (cpm) of 

radioactivity were measured using a scintillation counter.  

 

2.18.3 EMSA binding reaction and non-denaturing PAGE 

The binding reaction consisted of 2 µg nuclear extract incubated with 4 µL of 5X 

EMSA binding buffer (20% glycerol, 2.5 mM EDTA, 5 mM MgCl2, 250 mM NaCl, 1 µg 

poly (dI:dC), 50 mM Tris-HCl and 10 mM DTT) and Buffer D up to 14 µL for 20 min on 
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ice. After the initial 20 min incubation, 2 µL of γ-32 [P] ATP end-labelled probe was added 

and samples were incubated for 1 h on ice. As a non-specific binding control, 2 µL of 100X 

fold excess of the corresponding unlabelled CXCL10-specific oligonucleotide probe was 

added to a separate binding reaction and treated in the same manner as mentioned above 

and for the remainder of the protocol.  Following the binding reaction, 3 µL of EMSA 

loading buffer (50% glycerol, 0.05% bromophenol blue) was added to each sample 

followed by separation on a 6% non-denaturing polyacrylamide gel. Samples were 

electrophoresed at 200 V for 1.5-2 h in 0.25X TBE buffer. Gels were then dried using a 

vacuum drier (80°C for 1-1.5 h), exposed to film at -80°C and developed with 

autoradiography.  

 

2.18.4 Supershift assays  

Supershift assays were conducted with the same protocol as above except 2 µL of 

the appropriate purified IgG antibody was added to the binding reaction and incubated for 2 

h on ice prior to the addition of the radiolabelled oligonucleotide probe. Antibodies used in 

supershift assays are listed in Table 2.8. 
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Table 2.8: Supershift Assay Antibodies 

Target Epitope Supplier 

p50 Nuclear localization sequence Santa Cruz Biotechnology, sc-114X 

p65 N-terminus Santa Cruz Biotechnology, sc-109X 

cRel N-terminus Santa Cruz Biotechnology, sc-848X 

IRF-1 C-terminus Santa Cruz Biotechnology, sc-497X 

IRF-2 C-terminus Santa Cruz Biotechnology, sc-498X 

IRF-3 Amino acids 1-425 Santa Cruz Biotechnology, sc-9082X 

IRF-7 Amino acids 1-246 at the  

N-terminus 

Santa Cruz Biotechnology, sc-9083X 

ISFG3 C-terminus of ISGF-3γ p48 Santa Cruz Biotechnology, sc-496X 

STAT-1α Amino acids 713-750 at the C-

terminus of Stat1α p91 

Santa Cruz Biotechnology, sc-345X 

STAT-2 C-terminus Santa Cruz Biotechnology, sc-476X 

STAT-3 C-terminus Santa Cruz Biotechnology, sc-482X 

 

 Chromatin Accessibility Assay 2.19

To quantitatively asses the chromatin structure and nuclease accessibility of the 

CXCL10 promoter region the EpiQ Chromatin analysis kit was used according to the 

manufacturer’s instructions with minor modifications. This assay combines in situ 

chromatin digestion, genomic DNA purification and real-time PCR to assess the chromatin 

state for the gene promoter of interest. 

 



100 

 

 

2.19.1 In situ chromatin digestion 

Sub-confluent (70-80%) BEAS-2B cells cultured in 24-well plates were pre-treated 

in BEGM without hydrocortisone overnight prior to treatment. 4 wells were designated for 

each treatment condition (medium control, CSE, HRV-16, HRV-16+CSE) and cells were 

treated for 12 h or 24 h at 34°C and 5% CO2.   EpiQ chromatin buffer was divided into two 

tubes (100 µL/sample) labelled U (undigested) and D (digested) and then incubated at 37°C 

for 10 min prior to the addition of EpiQ nuclease (2 µL/100µL EpiQ chromatin buffer) to 

the D tube only. Media was aspirated off the cell culture plates and 100 µL/well of U tube 

mixture was added to two out of the four wells of each treatment. The same was done with 

the D tube mixture, so that two wells from each treatment were subject to chromatin 

digestion and two wells were not. Plates were incubated at 37°C for 1 h. Following 

incubation, 25 µL of EpiQ stop buffer was added to each well and plates were incubated at 

37°C for an additional 10 min. Plates were then tilted and the cell lysate from each well 

was transferred to a 1.5 mL eppendorf tube containing 375 µL EpiQ DNA lysis solution. 

Samples were inverted several times and pulse spun in a microcentrifuge for 5 sec. 250 µL 

of 100% ethanol was added to each sample, then samples were inverted several times and 

pulse spun in a microcentrifuge for 5 sec. Samples were then stored for up to 2 h at RT 

prior to isolation of genomic DNA.  

 

2.19.2 Genomic DNA isolation 

Cell lysate samples were transferred to a 2 mL EpiQ mini column in a 2 mL un-

capped tube and centrifuged (13,400 x g, 1 min). The flow-through was discarded and 650 
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µL of EpiQ DNA low-stringency wash solution was applied to each column and 

centrifuged (13,400 x g, 1 min, RT). The flow-through was discarded and 650 µL of EpiQ 

DNA high-stringency wash solution was applied to each column and centrifuged (13,400 x 

g, 1 min, RT). The flow-through was again discarded and 650 µL of EpiQ DNA high-

stringency wash solution was applied to each column and centrifuged (13,400 x g, 1 min, 

RT). The previous step was repeated one more time, the flow-through was discarded and 

the spin columns were centrifuged once more to dry the columns (13,400 x g, 3 min, RT). 

Each spin column was transferred to a 2 mL capped tube and 52 µL of EpiQ DNA elution 

solution was added to the center of each column and incubated for 2 min. Samples were 

capped, centrifuged (13,400 x g, 2 min, RT) and the flow-through was retained. The elution 

step was repeated one more time for a total volume of 104 µL of retained flow-through for 

each sample. Duplicate samples were then combined and genomic DNA was quantified in 

each sample using the Nanodrop spectrophotometer. Samples were stored at -80°C until 

further analysis by real-time PCR.  

 

2.19.3 Primer design and real-time PCR analysis 

CXCL10 primers were designed and the PCR reaction was optimized according to 

the EpiQ Chromatin Analysis Kit Primer Design and qPCR Optimization Guide440. 

CXCL10 primers used for EpiQ chromatin analysis are as follows: 

Forward CXCL10 primer: 5’ – GAAACAGTTCATGTTTTGGAAAGTGAAACC – 3’ 

Reverse CXCL10 primer: 5’ – GCTGAGACTGGAGGTTCCTCTGCTG – 3’ 
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5 µL of each genomic DNA sample diluted to 1 ng/mL in TE buffer was added in 

triplicate to a 96 well optical plate. 15 µL of mastermix (10 µL SYBR greenER, 0.1 µL 

each forward and reverse CXCL10 primer from a stock of 10 µM and 4.8 µL GIBCO 

water) was then added to each well. In addition to each sample being analyzed for CXCL10 

expression, it was also analyzed in triplicate using EpiQ primers to an epigenetically 

silenced (reference) and constitutively expressed (control) gene promoter. The EpiQ 

reference and control primers were supplied with the forward and reverse primer in one 

tube and were added at 0.2 µL/well to the mastermix. The identity of these genes was not 

specified by the manufacturer but the control gene was implied to be GAPDH. A no 

template control (GIBCO water in place of sample) was run with each gene analyzed to 

exclude contamination. The PCR amplification consisted of: 96°C for 5 min, 40 cycles of 

96°C for 15 sec - 63°C for 1 min - 80°C for 30 sec and a melt analysis (70-96°C, 

0.2°C/step, 5 sec hold). The data were analyzed using the EpiQ chromatin kit data analysis 

tool (www.bio-rad.com/epiq) which took into account the expression profiles of the 

reference and control genes in addition to CXCL10. The data were expressed as % 

chromatin accessibility where: 

• 0-20% = highly inaccessible / completely silenced 

• 20-65% = low accessibility / moderately silenced 

• 65-95% = mostly accessible / low level of silencing 

• 95-100% = fully accessible / not silenced. 
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 Chromatin Immunoprecipitation (ChIP) Assay 2.20

To study the interaction between transcription factors binding to specific CXCL10 

promoter sites (protein/DNA interaction) following differential cell treatment the ChIP-IT 

Express kit was used following the manufacturer’s instructions with minor modifications.  

 

2.20.1 Cell fixation 

Following desired treatment of HBE or BEAS-2B cells (3 x 6 well 

plates/treatment), the cells were subject to fixation in order to cross-link and preserve 

protein/DNA interactions. The ChIP-IT Express kit includes all buffers (excluding 

formaldehyde) for fixation. Cellular supernatants were aspirated and 1 mL/well of RT 

fixation solution (1% formaldehyde: 0.54 mL 37% formaldehyde + 20 mL BEBM) was 

added and cells were incubated for 5 min at RT with gentle rocking on an orbital shaker. 

The fixation solution was poured off and cells were washed with 1 mL/well ice-cold 1X 

PBS for 5 sec. The fixation reaction was stopped via the addition of 1 mL/well RT glycine 

stop-fix solution (1X glycine buffer and 1X PBS in double-distilled water) and cells were 

incubated for 5 min at RT with gentle rocking on an orbital shaker. The stop-fix solution 

was poured off, cells washed with 1 mL/well ice-cold 1X PBS for 5 sec and 500 µL/well of 

ice-cold cell scraping solution (1X PBS, 0.5 nM PMSF) was added. Cells were forcefully 

scraped off the plates and each treatment was combined in a single tube. The cells were 

then pelleted by centrifugation (720 x g, 10 min, 4°C) and the supernatant was discarded. 

The cellular pellet was either stored at -80°C (with the addition of 1 µL 100 mM PMSF and 

1 µL protease inhibitor cocktail (PIC)) or the protocol was continued.  
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2.20.2 Chromatin shearing by sonication 

According to the manufacturer of the ChIP-IT Express kit, chromatin sheared to a 

size of 200-1500 bp is ideally used for ChIP experiments. Reagents for this step were not 

supplied with the ChIP-IT express kit. Cellular pellets were re-suspended in 1 mL ice-cold 

lysis buffer (5 mM piperazine-N,N-bis (2-ethanesulfonic acid) (PIPES) pH 8, 85 mM KCl, 

0.5% Triton X-100) supplemented with 5 µLPMSF/mL and 5 µL PIC/mL and then 

incubated on ice for 1 h. Following incubation samples were transferred to an ice-cold 

dounce homogenizer (Kimble-Kontes #885300-0002 with the tight pestle) and samples 

were homogenized with a minimum of 40 strokes to aid in the release of cellular nuclei. 

Nuclei release was confirmed with haematoxylin and eosin (H & E) staining. Samples were 

aliquoted into microcentrifuge tubes (1 mL/tube) and centrifuged to pellet the nuclei (3000 

x g, 10 min, 4°C). The supernatant was discarded by pipetting out; the nuclei were re-

suspended in 1 mL/tube shearing buffer (50 mM Tris, 10 mM EDTA, 0.1% SDS, 0.5% 

sodium deoxycholate, pH 8) and incubated on ice for 10 min. Each sample was then 

aliquoted into fresh microcentrifuge tubes at no more than 350 µL/tube and sonicated 5 

times for 10 sec at 15% amplitude with a 30 sec rest on ice between each pulse using the 

Fisher Scientific Sonic Dismembrator model 500. Samples were then centrifuged (20,000 x 

g, 10 min, 4°C) and supernatants of the same treatment were combined into one fresh tube. 

Samples were stored at -80°C. 
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2.20.3 DNA clean-up and concentration determination  

In order to confirm shearing efficiency and determine DNA concentration, 50 µL of 

each sample were subject to DNA clean-up and run on a 1% agarose gel. Reagents that 

were supplied with the ChIP-IT express kit include 5 M NaCl, RNaseA and Proteinase K 

whereas all other reagents were from other suppliers. 150 µL of GIBCO water and 10 µL of 

5 M NaCl was added to each 50 µL sample of sheared chromatin and heated on a heat 

block for 15 min at 95°C in order to reverse the cross-links. To degrade ssRNA, 1 µL of 

RNaseA/sample was added and incubated for 15 min in a 37°C water bath. In order to 

digest protein, 1 µL Proteinase K/sample was added and incubated for 15 min at 67°C in a 

heat block. Following this, 200 µL of phenol/chloroform (phenol: chloroform: isoamyl 

alcohol 25:24:1 pH 8.05-8.35) was added to each sample and then each sample was 

vortexed and centrifuged (max speed, 5 min, RT). The supernatant was transferred to a 

fresh tube, then 20 µL of 3 M sodium acetate pH 5.2 and 500 µL of 100% ethanol was 

added. The samples were vortexed and placed at -80°C for at least 1 h. Samples were then 

defrosted at RT and centrifuged (max speed, 10 min, 4°C). The supernatant was then 

removed and 500 µL of 70% ethanol was added to the pellet and the samples were again 

centrifuged (max speed, 5 min, 4°C). The supernatant was removed and the pellet was 

allowed to air dry. Samples were then re-suspended in 30 µL GIBCO water and DNA 

concentration was determined at 260 nm using a spectrophotometer. 4 µL of 6X loading 

buffer was added to 16 µL of each sample. Samples and a DNA standard were run on a 1% 

agarose gel for 45 min-1 h at 100 V. Sizes of sheared DNA fragments were visualized 

using a gel imager.  
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2.20.4 ChIP 

After the samples had been subject to shearing by sonication, the immunoprecipitation 

reaction was set up. First, 10 µL of the control chromatin (treated with only medium) was 

set aside to be used as the input DNA control for the PCR step later in the procedure. With 

the exception of the sheared chromatin, GIBCO water and antibodies, all reagents were 

supplied with the ChIP-IT Express kit. The ChIP reactions were carried out in the ChIP-IT 

express kit-provided siliconized tubes and the reaction components are listed in Table 2.9.  

The specific antibodies used are listed in Table 2.10. 

 
Table 2.9: ChIP Reaction Components 

Reagent <60µL chromatin >60µL chromatin 

Protein G magnetic beads 25 µL 25 µL 

ChIP Buffer 1 10 µL 20 µL 

Sheared chromatin (~7 µg) 20-60 µL 61-100 µL 

PIC 1 µL 1 µL 

GIBCO water Up to 100 µL Up to 200 µL 

Antibody (added last) 2-10 µL 2-10 µL 
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Table 2.10: Antibodies Used in the ChIP Reaction 

Target Concentration Volume used per 

ChIP reaction 

Supplier and catalogue # 

RNA pol II 

(positive 

control) 

0.2 µg/µL 10 µL Active Motif #39097 or 

#530100 (ChIP-IT control kit) 

IgG 

(negative 

control) 

0.2 µg/µL 10 µL Active Motif #53010 

(ChIP-IT control kit) 

IRF-1 2 µg/µL 2 µL Santa Cruz #sc-497 

p65 2 µg/µL 2 µL Santa Cruz #sc-109 

 

Only chromatin that was derived from samples that were treated with medium control was 

subject to ChIP with the control antibodies (RNA pol II or control IgG). ChIP with IRF-1 

and p65 was performed on all chromatin samples with the desired treatment. Samples were 

then vortexed and incubated on an end-to-end rotator overnight at 4°C. Following the 

overnight incubation, the samples were briefly spun to collect the liquid from the inside of 

the cap and the tubes were immediately placed on the magnetic stand (assembled according 

to the manufacturer’s instructions) to pellet the magnetic beads. For the following wash 

steps the magnetic beads were not allowed to dry out (no more than 1 min between 

removing one wash and adding the next). The supernatant was removed by pipetting and 

discarded. The beads were then washed one time with ChIP Buffer 1 (800 µL/tube). The 

magnetic beads were pelleted as before, the supernatant removed and the beads were 

washed two times in the same manner with ChIP Buffer 2 (800 µL/tube). The washed 
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magnetic beads were then re-suspended with 50 µL/tube Elution Buffer AM2 and 

incubated on an end-to-end rotator for 15 min at RT. The siliconized tubes were spun 

briefly to collect the liquid from caps and 50 µL/tube of Reverse Cross-Linking Buffer was 

added to the eluted chromatin and tubes were immediately placed on the magnetic stand to 

pellet the magnetic beads. The supernatant, which contained the chromatin, was transferred 

to fresh PCR tubes. 88 µL of ChIP Buffer 2 and 2 µL 5 M NaCl was added to the 

previously set aside 10 µL of input DNA to be used as the control. The input DNA and 

ChIP samples were then incubated for 15 min at 95°C in a thermocycler. The samples were 

returned to RT and 2 µL/tube of Proteinase K was added to degrade protein in the samples. 

Samples were incubated for 1 h at 37°C. Following this incubation, samples were returned 

to RT, and 2 µL/tube Proteinase K Stop Solution was added to end the reaction. Samples 

were stored at -20°C and were now ready to be used for PCR analysis.  

 

2.20.5 PCR analysis 

2.20.5.1 Conventional PCR 

Chromatin that was derived from samples treated with medium control and subject 

to ChIP with the positive control RNA polymerase II and the negative control IgG 

antibodies was analyzed with conventional PCR using the ChIP-IT Control kit. This step 

was performed to demonstrate that the positive and negative control antibodies were 

effective in performing ChIP using the chromatin that was prepared using the above 

protocol. A positive result using the ChIP-IT control kit would help support that the 

prepared chromatin is of adequate quality to be used for further analysis. With the 
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exception of the platinum Taq polymerase all reagents were supplied with the ChIP-IT 

control kit. First the input DNA control was diluted 1:10 with GIBCO water. Four PCR 

reactions were then set-up in PCR tubes containing: 5 µL of either (1) ChIP DNA with 

RNA pol II antibody, (2) ChIP DNA with negative control IgG antibody, (3) diluted input 

DNA or (4) GIBCO water alone with 20 µL of PCR master mix (12.5 µL 10X PCR loading 

buffer, 12.5 µL PCR loading dye, 5 µL 5 mM dNTP mix, 20 µL GAPDH control primer 

mix, 1 µL platinum Taq polymerase and 49 µL GIBCO water). The PCR amplification 

reaction consisted of 40 cycles with the following steps per cycle: 20 sec at 94°C, 30 sec at 

59°C and 30 sec at 72°C. The PCR products were then resolved on a 3% agarose gel. 

 

2.20.5.2 Real-Time PCR 

Chromatin that was derived from samples treated with the desired stimulus and 

subject to ChIP with the IRF-1 and p65 antibody was then purified using the QIAquick 

PCR purification kit according to the manufacturer’s protocol, concentration was 

determined using a spectrophotometer and DNA was analyzed using real-time PCR primers 

and probe encompassing the ISRE and both NF-ĸB binding regions in the CXCL10 

promoter. The primers mapping to the region between -224 and -90 of the CXCL10 

promoter have been previously described441 and were generated by the University of 

Calgary Core DNA Facility. The sequences of the primers are as follows: 

• Forward primer: 5’ – TTTGGAAAGTGAAACCTAATTCA – 3’ 

• Reverse primer: 5’ – AAAACCTGCTGGCTGTTCCTG – 3’ 



110 

 

 

The Primer Express 3 program was used to design a specific probe to this region which was 

generated by the Applied Biosystems custom oligonucleotide synthesis service and the 

sequence is as follows: 

• Probe: 5’ – TGGAGGCTACAATAAA – 3’ 

This region of CXCL10 was amplified in a real-time PCR reaction using the StepOnePlus 

sequence detector. The experimental setup consisted of 25 µL reaction/well in a 96 well 

optical plate. The primers and probes were diluted to 10 µM with GIBCO water and stored 

at -80°C. The PCR reaction mixture consisted of: 2 µL DNA, 12.5 µL Taqman universal 

mastermix (1X), 1 µL each of forward and reverse primer (400 nM), 0.5 µL Taqman probe 

(200 nM) and GIBCO water to a final volume of 25 µL per well. The reaction consisted of 

PCR amplification (10 min at 95°C, 40 cycles of 15 sec at 95°C and 1 min at 57°C). 

Samples were run in either duplicate or triplicate and a no template control (GIBCO water 

in place of sample) was run to exclude contamination.  

 

 H & E 2.21

Cells that needed to be visualized during chromatin preparation for ChIP were 

stained using H & E. 70 µL of cellular suspensions were aliquoted into cytospin funnels 

and spun onto positively charged microscope slides at 450 rpm for 6 min (Thermo Electron 

Corporation Cytospin 4). Following the cytospin, slides were placed in 95% ethanol for 10 

min. Slides were then rinsed in distilled water and placed in haematoxylin for 5 min. Slides 

were again rinsed in distilled water and then run under warm tap water for 1 min. A colour 

change from purple to blue was observed. Slides were rinsed in 75% ethanol and dipped 
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20-30 times in eosin before being placed in 95% ethanol. Slides were then thoroughly 

rinsed twice in 100% ethanol and twice in xylene. A cover slip was mounted using 

permount and mounted slides were allowed to air dry for 5 min before being visualized 

under a microscope.  

 

 Statistical Analyses  2.22

All data are presented as mean ± standard error of the mean (SEM). An “n” is 

defined as either a distinct set of HBE cell derived from a lung donor or a distinct passage 

of BEAS-2B cells. Statistical analysis was performed using the GraphPad Prism 5 software. 

Normally distributed data were analyzed using either paired t tests or one-way repeated 

measures analysis of variance (ANOVA) with student Newman-Keuls post hoc analysis. 

Data that were not normally distributed were analyzed using either Wilcoxon matched pairs 

signed-rank test or Friedman’s test with Dunn’s post hoc analysis. To determine whether 

there was synergy between HRV-16 and CSE, the sum of HRV-16 alone and CSE alone 

was compared with HRV-16+CSE. Paired t tests or Wilcoxon matched-pairs signed-rank 

tests were used to determine differences. Data that had two independent variables were 

analyzed using two-way repeated measures ANOVA with Bonferroni’s multiple 

comparison post hoc analysis. Values of p≤0.05 were considered significant. 
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 CSE Differentially Modulates HRV-Induced Chapter Three:
Chemokine Responses in Airway Epithelial Cells 

 

Portions of data presented in this Chapter have been published: 
 
 
Hudy MH, Traves SL, Wiehler S, Proud D. Cigarette smoke modulates rhinovirus-induced 
airway epithelial cell chemokine production. Eur. Respir. J. 2010;35(6):1256–1263. 
 
Copyright © European Respiratory Society. 
 
 
 
Proud D, Hudy MH, Wiehler S, et al. Cigarette smoke modulates expression of human 
rhinovirus-induced airway epithelial host defense genes. PLoS ONE. 2012;7(7):e40762. 
 
This work was reprinted with permission based on the PLoS open-access license:  
Creative Commons Attribution 2.5 Generic License 
(http://creativecommons.org/licenses/by/2.5/legalcode).  

http://creativecommons.org/licenses/by/2.5/
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 Background 3.1

As previously mentioned, the airway epithelial cell is the only cell type that has 

been shown, thus far, to be infected with HRV in vivo30. The airway epithelium is also the 

primary target of inhaled cigarette smoke. Based on previous literature presented in the 

introduction of this thesis, it is reasonable to assume that cigarette smoke alters the immune 

response to HRV in a manner that results in worse clinical outcomes in HRV-infected 

smokers and particularly, during HRV-induced exacerbations of COPD and asthma in 

individuals who smoke. To date, only a limited number of studies have examined how 

cigarette smoke affects HRV-induced responses in the lung442,443,specifically in airway 

epithelial cells132,355,444,445. Two of the four published studies in airway epithelial cells are a 

result of data generated from this thesis project, while another was published concurrently 

by others.  

Although many components of the immune response induced by HRV could 

potentially be altered by CSE, a complete examination of this would be an enormous 

undertaking. Thus, this thesis focuses on two particularly important chemokines involved in 

HRV-induced inflammation, namely CXCL10 and CXCL8. The chemokines CXCL10 and 

CXCL8 are readily and robustly induced in airway epithelial cells following HRV 

infection258,259,446,447. Each of these chemokines significantly contributes to the immune 

response following infection with HRV. CXCL10 is a chemoattractant for type 1 

lymphocytes and NK cells and has been linked to host defence247,257,448. CXCL8 is one of 
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the most potent chemoattractants for neutrophils and is intimately involved in the pro-

inflammatory response following infection235,278.  

 

3.1.1 Effects of cigarette smoke on HRV-induced CXCL10 

Prior to publications based on studies from this thesis project132,445 and one 

concurrent study from another research group355, there had been no previous literature on 

the effects of cigarette smoke on HRV-induced CXCL10.  

 

3.1.2 Effects of cigarette smoke on HRV-induced CXCL8  

Prior to a publication based on findings from this thesis project445, there has only 

been one report on the effects of the combined exposure of HRV and cigarette smoke on 

airway epithelial CXCL8 production444. In this study by Wang et al, A549 cells were 

treated with CSE alone or HRV-16+CSE for 3 days. They showed an increase in CXCL8 

mRNA and protein induced by the combined stimulus of HRV-16+CSE compared to CSE 

alone using a variety of CSE concentrations. Unfortunately, it was not clear from this study 

whether CSE alone induced significant levels of CXCL8, since the authors did not compare 

levels to medium control. Additionally, this study did not look at the effect on CXCL8 

mRNA and protein induction by HRV alone; therefore, this study was inconclusive as to 

whether the combined treatment of HRV-16+CSE modulated CXCL8 expression compared 

to HRV-16 treatment alone.  
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 Hypothesis 3.2

Cigarette smoke modulates HRV-induced CXCL10 and CXCL8 expression in 

airway epithelial cells in a manner that would be expected to lead to worse clinical 

outcomes. 

 

 Results 3.3

3.3.1 CSE alone or in combination with HRV-16 is not overtly cytotoxic to airway 
epithelial cells 

In order to establish a concentration of CSE to use for further studies, either alone 

or in combination with HRV-16, it was necessary to evaluate cell viability post treatment in 

both cell types that would be utilized for future experiments. A concentration of HRV-16 

that did not cause overt cell death but caused a biological response has previously been 

established in both HBE and BEAS-2B cells (unpublished laboratory data). Based on 

previous literature, in which CSE was prepared in a similar fashion to that done in these 

studies, which evaluated CSE cytotoxicity on rat alveolar type II cells, a top concentration 

of CSE was chosen that had an optical density of 0.15 at 320 nm (100% CSE). A 24 h time-

point was chosen to evaluate cell viability because further studies aimed at evaluating 

alteration of HRV-16-induced chemokine responses, which have previously been shown to 

be robust at this time-point132,259,297,298,323.  

In the current study, viability of HBE and BEAS-2B cells was evaluated using both 

MTT and LDH viability assays following treatment with 2-fold serial dilutions of CSE 

alone or in combination with HRV-16 (Figure 3.1). A concentration of 50% CSE either 
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alone or in combination with HRV-16 did not overtly affect cell viability of either HBE 

(Figure 3.1 A and C) or BEAS-2B (Figure 3.1 B and D) cells. Concentrations of CSE 

above 50% had minor effects on cell viability, particularly in BEAS-2B cells; hence a 

concentration of 50% CSE was chosen for use in further studies. All subsequent studies 

were conducted using 50% CSE unless stated otherwise.  
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Figure 3.1: CSE alone or in combination with HRV-16 does not overtly affect cell 
viability of airway epithelial cells at concentrations of ≤ 50% CSE.   
HBE (A&C) and BEAS-2B (B&D) cell viability was assessed by MTT and LDH viability 
assays 24 h post-treatment with medium control, 2-fold serial dilutions of CSE, HRV-16, or 
HRV-16 in combination with 2-fold serial dilutions of CSE. Data are presented as mean ± 
SEM (n=3). Asterisks denote significant difference compared to control medium (* p≤0.05, 
** p<0.01 and *** p<0.001). Data presented in A & B have been published445. 
 

Figure 3.1 A and B containing viability results as 
assayed by MTT were removed due to copyright 
restrictions. Data contained in these figures can be found 
in Supplementary figure A in: 
Hudy MH, Traves SL, Wiehler S, Proud D. Cigarette 
smoke modulates rhinovirus-induced airway epithelial 
cell chemokine production. Eur. Respir. J. 
2010;35(6):1256–1263. 
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3.3.2 CSE inhibits HRV-16-induced CXCL10 in airway epithelial cells 

A time-course of HRV-16-induced CXCL10 was previously determined in primary 

epithelial cells259. Spurrell et al. reported that CXCL10 mRNA and protein were 

significantly induced by HRV-16 at 24 h post-infection of epithelial cells. A limited time 

course in both HBE cells and BEAS-2B cells confirmed these observations (Figure 3.2).  

CSE alone did not induce CXCL10 mRNA or protein at various time-points 

examined (data not shown). Although Spurrell et al. showed that CXCL10 protein 

continued to increase with time at 48 and 72 h post HRV-16 infection259, prolonged 

exposure to CSE could have adverse effects on epithelial cell viability, therefore, the 24 h 

time-point was chosen for subsequent experiments to evaluate if and how CSE modulated 

HRV-16-induced CXCL10.  
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Figure 3.2: Time-course of HRV-16-induced CXCL10 in airway epithelial cells.  
CXCL10 mRNA (A; n=3) and protein (B; n=3 & C; n=4) were determined at various times 
post treatment with medium control or HRV-16 in HBE (A & B) and BEAS-2B (C) cells. 
Data are presented as mean ± SEM. Asterisks denote significant induction of CXCL10 with 
HRV-16 compared to medium control for that respective time-point (** p<0.01 and *** 
p<0.001). 
 

A gene microarray study was conducted as a joint effort of the Proud and Leigh labs 

utilizing HBE cells derived from four distinctdonors. HBE cells were then treated with 

medium control, CSE, HRV-16 or the combination for HRV-16 plus CSE for 24 h132. In 
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this gene microarray, the most highly up-regulated gene following treatment with HRV-16 

for 24 h was CXCL10, being enhanced 540 fold compared to medium control (Figure 3.3 

A). CSE alone did not enhance the expression of CXCL10 but significantly decreased 

HRV-16-induced CXCL10 expression to 65 fold compared to medium control (Figure 3.3 

A). The same HBE-derived mRNA samples that were used for the gene microarray were 

verified for CXCL10 expression using real time RT-PCR (Figure 3.3 B). The trend 

assessed by real time RT-PCR was the same compared to the gene microarray results: 

CXCL10 mRNA was enhanced by HRV-16 and HRV-16-induced CXCL10 was 

significantly inhibited by CSE. Matched supernatant samples were also analyzed for 

CXCL10 protein release (Figure 3.3 C). HRV-16 treatment induced CXCL10 protein 

release from HBE cells and HRV-16-induced CXCL10 was significantly inhibited by CSE.  
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Figure 3.3: CSE inhibits HRV-16-induced CXCL10 in airway epithelial cells as 
assessed by gene microarray.  
HBE cells were treated for 24 h with either medium control, CSE, HRV-16 or HRV-
16+CSE. Cellular RNA was harvested and analyzed via gene microarray (A) and verified 
with real time RT-PCR (B) while CXCL10 protein levels in matched supernatants were 
measured by ELISA (C). Data are presented as mean ± SEM from 4 HBE cell donors. 
Asterisks denote significant inhibition with HRV-16+CSE compared to HRV-16 alone (** 
p<0.01). Data presented in this figure have been published132.  
 

The aforementioned studies were extended to a larger number of HBE cell donors 

as well as to the BEAS-2B bronchial epithelial cell line (Figure 3.4). Ten HBE cell donors 
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were analyzed for CXCL10 following treatment with medium control, CSE, HRV-16 or the 

combination of HRV-16 and CSE for 24 h. In agreement with the previous experiments, 

HRV-16 induced CXCL10 mRNA and protein, as well as HRV-16-induced CXCL10 

mRNA and protein was significantly inhibited in the presence of CSE (Figure 3.4 A and 

B). The magnitude of HRV-16-induced CXCL10 induction differed in these sets of 

experiments, most likely due to the variability seen between individual HBE cell donors. 

As HBE cells are from distinct individuals, variability in magnitude of gene expression is 

expected. It should be noted that the trends remained the same between HBE cell donors 

and the degree of HRV-16-induced CXCL10 inhibition by CSE also remained very similar.  

As some planned future experiments, such as promoter transfection experiments or 

experiments requiring a large number of cells, would be technically difficult to conduct 

using primary HBE cells, BEAS-2B cells were also analyzed for CXCL10 following the 

same treatments for 24 h (Figure 3.4 C and D). HRV-16 induced CXCL10 mRNA and 

protein from BEAS-2B cells and this induction was inhibited by CSE. Although there was a 

trend in each passage of BEAS-2B cells for inhibition of HRV-16-induced CXCL10 

mRNA, only inhibition of CXCL10 protein was significant. A larger number of 

experiments could have been performed to try and achieve significance for CXCL10 

mRNA but was deemed unnecessary since protein levels, which are more relevant, were 

significantly inhibited. Since the general trend was the same between BEAS-2B cells 

compared to HBE cells in terms of HRV-16-induced CXCL10 and its inhibition by CSE, 

BEAS-2B cells were deemed an appropriate surrogate to use for subsequent experiments 

that would be difficult to perform using HBE cells.  
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Figure 3.4: CSE inhibits HRV-16-induced CXCL10 in airway epithelial cells.  
CXCL10 mRNA (A; n=10) and protein (B; n=10) levels were determined at 24 h post-
treatment in HBE cells. CXCL10 mRNA (C; n=9) and protein (D; n=10) levels were 
determined at 24 h post-treatment in BEAS-2B cells. Data are presented as mean ± SEM. 
Asterisks denote significant inhibition with HRV-16+CSE compared to HRV-16 alone (** 
p<0.01 and *** p<0.001). The data presented in this figure have been published445. 
 

Figures 3.4 A-D were removed due to copyright 
restrictions. Data contained in these figures can be found 
in Figure 2 in: 
Hudy MH, Traves SL, Wiehler S, Proud D. Cigarette 
smoke modulates rhinovirus-induced airway epithelial 
cell chemokine production. Eur. Respir. J. 
2010;35(6):1256–1263. 
 



124 

 

 

In order to establish whether there was a concentration-dependent effect of HRV-

16-induced CXCL10 inhibition by CSE, studies using serial fold-dilutions of CSE were 

performed. HBE cells were treated with medium control, 2-fold dilutions of CSE, HRV-16, 

or the combination of HRV-16 with 2-fold dilutions of CSE. HRV-16-induced CXCL10 

mRNA and protein was significantly inhibited by all 3 serial 2-fold dilutions of CSE 

(Figure 3.5 A and B).  

 

Figure 3.5: At a variety of concentrations CSE inhibits HRV-16-induced CXCL10 in 
airway epithelial cells.  
CXCL10 mRNA (A) and protein (B) levels were determined at 24 h post-treatment with 
varying concentrations of CSE alone or in combination with HRV-16 in HBE cells. Data 
are presented as mean ± SEM (n=4). Asterisks denote significant inhibition with HRV-
16+CSE compared to HRV-16 alone (*** p<0.001). 
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These studies were extended to BEAS-2B cells and the same phenomenon was observed: 3 

serial 2-fold dilutions of CSE potently inhibited HRV-16-induced CXCL10 (Figure 3.6 A). 

This inhibition was examined further with 10 fold-dilutions of CSE and resulted in a 

concentration-dependent inhibition of HRV-16-induced CXCL10 (Figure 3.6 B). Thus, 

even very low concentrations of CSE were still capable of significantly inhibiting HRV-16-

induced CXCL10.  

 

 

Figure 3.6: Even at low concentrations, CSE inhibits HRV-16-induced CXCL10 in 
airway epithelial cells.  
CXCL10 protein levels were determined at 24 h post-treatment with 2-fold (A) and 10 fold 
(B) dilutions of CSE alone or in combination with HRV-16 in BEAS-2B cells. Data are 
presented as mean ± SEM (n=3). Asterisks denote significant inhibition with HRV-16+CSE 
compared to HRV-16 alone (* p≤ 0.05, ** p<0.01 and *** p<0.001). Data presented in B 
have been published445. 

Figure 3.6 B was removed due to 
copyright restrictions. Data contained 
in this figure can be found in 
Supplementary figure E in: 
Hudy MH, Traves SL, Wiehler S, 
Proud D. Cigarette smoke modulates 
rhinovirus-induced airway epithelial 
cell chemokine production. Eur. 
Respir. J. 2010;35(6):1256–1263. 
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3.3.3 CSE and HRV-16 each induce CXCL8 alone and at least additively increase 
CXCL8 in combination in airway epithelial cells 

A time-course of HRV-16-induced CXCL8 has previously been determined by 

members of our laboratory323. HRV-16 induced significant levels of CXCL8 mRNA as 

early as 3 h post-infection and significant levels of protein were seen between 6 and 24 h323. 

Based on additional time-course studies of CXCL8 mRNA and protein induced with CSE 

(Figure 3.7 A & B), CXCL8 mRNA levels following treatment with CSE, HRV-16 or 

HRV-16+CSE were measured at 5 h post stimulation, while protein levels were assessed at 

24 h after stimulation.   

HRV-16 alone and CSE each induced CXCL8 mRNA and protein from both HBE 

(Figure 3.8 A & B) and BEAS-2B cells (Figure 3.8 C & D).   The combination of HRV-

16 and CSE induced levels of CXCL8 mRNA and protein that were significantly greater 

than those induced by either stimulus alone. CXCL8 mRNA and protein induced by the 

combination of CSE and HRV-16 in BEAS-2B cells was synergistic compared to the two 

stimuli individually (Figure 3.8 C & D).  Synergistic induction of CXCL8 mRNA by 

HRV-16+CSE was also observed in HBE cells (Figure 3.8 A).  By contrast, CXCL8 

protein production from HBE cells by HRV-16+CSE was not significantly greater than the 

sum of responses to each stimulus individually (Figure 3.8 B).  Collectively, these data 

show that CXCL8 is induced by each of CSE and HRV-16 and then at least additively 

induced by the combined treatment of HRV-16+CSE.  
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Figure 3.7: Time-course of CSE-induced CXCL8 in airway epithelial cells.  
CXCL8 mRNA (A) peaked at 5 h post CSE treatment and CXCL8 protein (B) continuously 
increased post CSE treatment up to 24 h in BEAS-2B cells. Data are presented as mean ± 
SEM (n=4). Asterisks denote a significant difference between CSE and medium control 
within each time-point (***p<0.001). Data presented in this figure have been published445. 
 

Figures 3.7 A and B were removed due to copyright 
restrictions. Data contained in these figures can be found 
in Supplementary figure C in: 
Hudy MH, Traves SL, Wiehler S, Proud D. Cigarette 
smoke modulates rhinovirus-induced airway epithelial 
cell chemokine production. Eur. Respir. J. 
2010;35(6):1256–1263. 
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Figure 3.8: CSE and HRV-16 each induce CXCL8 alone and at least additively 
increase CXCL8 in combination in airway epithelial cells.  
CXCL8 mRNA (A; n=10) levels were determined at 5 h and protein (B; n=9) levels were 
determined at 24 h post treatment in HBE cells. CXCL8 mRNA (C; n=6) levels were 
determined at 5 h and protein (D; n=10) levels were determined at 24 h post-treatment in 
BEAS-2B cells. Data are presented as mean ± SEM. Asterisks denote significant difference 
between HRV-16+CSE compared to HRV-16 or CSE alone (*p≤0.05, ** p<0.01 and *** 
p<0.001). Hash marks denote a significant difference between HRV-16+CSE and the sum 
of the values from CSE and HRV-16 treatments alone. The data presented in this figure 
have been published445. 
 

Figures 3.8 A-D were removed due to copyright 
restrictions. Data contained in these figures can be found 
in Figure 1 in: 
Hudy MH, Traves SL, Wiehler S, Proud D. Cigarette 
smoke modulates rhinovirus-induced airway epithelial 
cell chemokine production. Eur. Respir. J. 
2010;35(6):1256–1263. 
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In order to determine whether enhancement of CXCL8 by HRV-16+CSE occurred 

at earlier time-points, a limited time-course study was conducted. Additive induction of 

CXCL8 protein was only apparent at 24 h following treatment with HRV-16+CSE at the 

time-points assessed in HBE cells (Figure 3.9). The time-course was not continued past 24 

h as viability of cells exposed to CSE for longer periods of time was a concern.  

 

 

Figure 3.9: Time-course of CSE-induced and HRV-16-induced CXCL8 protein release 
from airway epithelial cells.  
CXCL8 protein levels were determined at various times post treatment with medium 
control, CSE, HRV-16 or HRV-16+CSE in HBE cells. Data are presented as mean ± SEM 
(n=3). Asterisks denote a significant difference between HRV-16+CSE compared with 
HRV-16 or CSE alone (** p<0.01 and *** p<0.001). 
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Figure 3.10: CSE concentration-dependently induces CXCL8 alone and in 
combination with HRV-16 in airway epithelial cells.  
CXCL8 mRNA levels were determined at 5 h post-treatment with varying concentrations 
of CSE alone or in combination with HRV-16 in HBE cells (A; n=4). CXCL8 protein 
levels were determined at 24 h post-treatment with varying concentrations of CSE alone or 
in combination with HRV-16 in HBE (B; n=8) and BEAS-2B (C: n=3) cells. Data are 
presented as mean ± SEM. Asterisks denote a significant difference between HRV-16+CSE 
compared with HRV-16 alone (*p≤0.05 and ** p<0.01). Data presented in C have been 
published445.  

Figure 3.10 C was removed due to 
copyright restrictions. Data contained 
in this figure can be found in 
Supplementary figure D in: 
Hudy MH, Traves SL, Wiehler S, 
Proud D. Cigarette smoke modulates 
rhinovirus-induced airway epithelial 
cell chemokine production. Eur. 
Respir. J. 2010;35(6):1256–1263. 
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The effects of CSE alone or in combination with HRV-16 on CXCL8 protein production 

was concentration-dependent (Figure 3.10). Synergistic induction of CXCL8 mRNA was 

only observed at 50% and 25% CSE in HBE cells (Figure 3.10 A) and synergistic 

induction of CXCL8 protein was only observed at 50% CSE in both HBE and BEAS-2B 

cells (Figure 3.10 B & C).  

 

3.3.4 CSE modulates HRV-1A-induced CXCL10 and CXCL8 from airway epithelial cells 

To determine if the effects of CSE on viral production of the epithelial chemokines 

CXCL10 and CXCL8 was unique for HRV-16, a minor group rhinovirus serotype (HRV-

1A), was used as a stimulus in BEAS-2B cells. As was the case with HRV-16, CSE 

inhibited HRV-1A-induced production of CXCL10 (Figure 3.11 A). Only a small volume 

of HRV-1A was available for use, thus only 3 experiments were permitted and HRV-1A-

induced CXCL10 inhibition by CSE was not significant but the trend was the same for each 

individual passage. CSE in combination with HRV-1A significantly induced additive 

induction of CXCL8 (Figure 3.11 B).  
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Figure 3.11: CSE modulates HRV-1A-induced CXCL10 and CXCL8 from airway 
epithelial cells.  
CXCL10 (A) and CXCL8 (B) protein levels were determined 24 h post-treatment in BEAS-
2B cells. Data are presented as mean ± SEM (n=3). Asterisks denote a significant 
difference between HRV-16+CSE compared with HRV-16 or CSE alone (*** p<0.001). 
Data presented in this figure have been published445. 
 
 
3.3.5 Inhibition of CXCL10 and induction of CXCL8 is unaffected by “aging” of CSE 

In order to determine whether the ability of CSE to modulate HRV-16-induced 

CXCL10 or CXCL8 was mediated by unstable, short-lived or volatile components in the 

extract, CSE was incubated for 24 h at 4°C prior to use. Fresh CSE was prepared 

immediately before the start of the experiment to compare the effects of fresh versus aged 

CSE.  

Although inhibition of HRV-16-induced CXCL10 mRNA by CSE (fresh and 

“aged”) was not statistically significant, there was no significant difference between the 

two preparations of CSE (Figure 3.12 A). The magnitude of CXCL10 was markedly 

Figures 3.11 A and B were removed due to copyright 
restrictions. Data contained in these figures can be found 
in Supplementary figure F in: 
Hudy MH, Traves SL, Wiehler S, Proud D. Cigarette 
smoke modulates rhinovirus-induced airway epithelial 
cell chemokine production. Eur. Respir. J. 
2010;35(6):1256–1263. 
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variable between experiments and explains why statistical significance was not reached. 

Evaluation of protein levels, which are more relevant, show that both freshly prepared and 

“aged” CSE significantly inhibited HRV-16-induced CXCL10, and they did this to a 

comparable extent (Figure 3.12 B). Additionally, both freshly prepared and “aged” CSE 

induced comparable levels of CXCL8 mRNA (Figure 3.12 C) and protein (Figure 3.12 D), 

either alone or in combination with HRV-16. Interestingly, both freshly prepared and 

“aged” CSE in combination with HRV-16 synergistically induced CXCL8 protein levels 

(Figure 3.12 D). 
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Figure 3.12: The effects of freshly prepared versus “aged” CSE alone or in 
combination with HRV-16 on CXCL10 and CXCL8 production in airway epithelial 
cells.  
CXCL10 mRNA (A; n=6) and protein (B; n=8) levels were determined 24 h post treatment 
in BEAS-2B cells. CXCL8 mRNA (C; n=6) and protein (D; n=8) levels were determined 5 
h and 24 h respectively post-treatment in BEAS-2B cells. Data are presented as mean ± 
SEM. Asterisks denote a significant difference between the specified groups (* p≤ 0.05, ** 
p<0.01 and *** p<0.001). Hash marks denote a significant difference between HRV-
16+CSE and the sum of the values from CSE and HRV-16 treatments alone. ns = not 
significant. Data presented in B & D have been published445. 

Figures 3.12 B and D were removed 
due to copyright restrictions. Data 
contained in these figures can be found 
in Figure 3 in: 
Hudy MH, Traves SL, Wiehler S, Proud 
D. Cigarette smoke modulates 
rhinovirus-induced airway epithelial cell 
chemokine production. Eur. Respir. J. 
2010;35(6):1256–1263. 
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3.3.6 Nicotine does not mimic the modulating effects of CSE on HRV-16-induced 
CXCL10 and CXCL8 

Nicotine is the key addictive component in cigarette smoke449,450 and many claim 

that it is one of the key components responsible for many physiological effects in the body. 

In order to determine whether nicotine was responsible for mediating HRV-16-induced 

effects on CXCL10 and CXCL8, various dilutions of nicotine were used both alone and in 

combination with HRV-16 prior to determination of CXCL10 and CXCL8 protein levels.  

Human plasma nicotine concentration in smokers has been reported to be around 1-

50 ng/mL451. The solubilized concentration of nicotine in the ASF is unknown. It is logical 

to speculate that the concentration of nicotine would be higher than in the plasma, since this 

would be the first point of contact for cigarette smoke, although it must be acknowledged 

that there could be substantial variations depending on how many cigarettes an individual 

smokes per day. The nicotine concentration of the 3R4F research grade cigarettes is 

reported to be 0.73 mg/cigarette452. After dilution of CSE following the standard protocol 

used for this project, and assuming complete solubility of nicotine, the concentration of 

nicotine in the final CSE preparation applied to cells would be around 10-20 µg/mL. 

Therefore, various nicotine dilutions covering this range were used for further experiments.  

Chosen concentrations of nicotine alone or in combination with HRV-16 did not 

affect BEAS-2B cell viability as assessed by the MTT viability assay (Figure 3.13 A). 

Nicotine alone did not have any effect on CXCL10 or CXCL8 protein production at any of 

the concentrations of nicotine that were used (Figure 3.13 A & B). Additionally, nicotine 

did not modulate HRV-16-induced CXCL10 (Figure 3.13 B) or CXCL8 (Figure 3.13 C).  
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Figure 3.13: The effects of nicotine alone or in combination with HRV-16 on airway 
epithelial cell viability and chemokine production.  
Cell viability was determined using the MTT viability assay in BEAS-2B cells that were 
treated with varying concentrations of nicotine in the presence or absence of CSE for 24 h 
(A). CXCL10 (B) and CXCL8 (C) protein levels were determined 24 h post-treatment in 
BEAS-2B cells. Data are presented as mean ± SEM (n=3). 
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 Discussion 3.4

The data presented in this chapter clearly show that HRV-induced pro-inflammatory 

responses are differentially regulated by CSE. HRV infection results in the induction of 

both CXCL10 and CXCL8 from airway epithelial cells. HRV-induced CXCL10 is 

significantly and potently inhibited by CSE, while, in contrast, HRV-induced CXCL8 is 

further, at least additively, enhanced by CSE. 

To determine whether there was a concentration-dependent effect of HRV-induced 

CXCL10 inhibition by CSE and CXCL8 enhancement by the combination of HRV+CSE, 

studies using serial fold-dilutions of CSE were performed. Interestingly, CSE was markedly 

more potent in suppressing HRV-induced CXCL10 than in enhancing CXCL8 production. 

HRV-induced CXCL10 was inhibited by CSE at even low concentrations, while CXCL8 

enhancement was only significant when a high dose of CSE was used in conjunction with 

HRV. This suggests that a different mechanism may be involved in the modulation of these 

two chemokines.  

The modulation of chemokine responses did not appear to be unique for HRV-16, 

as a minor group HRV (HRV-1A) had a similar trend in the modulation of CXCL10 and 

CXCL8. Moreover, the ability of CSE to modulate HRV-induced epithelial CXCL10 and 

CXCL8 production did not appear to be regulated by unstable, short-lived volatile 

components in soluble CSE, as comparable results were observed using CSE prepared 24 h 

prior to use. This does not eliminate the possibility that unstable and volatile components 

that are present in cigarette smoke are unable to affect chemokine responses, for instance 

the components that were too short lived to even be present in the ‘freshly prepared’ CSE. 
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However, short-lived, volatile components of soluble CSE are not playing a role 

modulating the chemokine responses observed in this study.  

Nicotine, the major addictive component in cigarette smoke was not, at least on its 

own, responsible for the modulation of HRV-induced chemokine responses, as nicotine 

alone did not inhibit HRV-induced CXCL10 or enhance HRV-induced CXCL8. There are 

over 4000 components in cigarette smoke and a thorough examination of which component 

is responsible for these effects is beyond the scope of this thesis. It is also possible that a 

combination of many components in cigarette smoke are responsible for these effects, 

making delineation of the components responsible for these effects that much more 

difficult.  

In summary, it has been shown here that CSE differentially modulates HRV-

induced CXCL8 and CXCL10 responses in airway epithelial cells.  This study has shown 

for the first time that HRV-induced CXCL10 is inhibited in the presence of CSE and the 

combined treatment of HRV and CSE enhances the production of CXCL8 at least 

additively above either treatment alone. Thus, these results warranted a further examination 

of the mechanisms involved in the regulation of HRV-induced CXCL10 and CXCL8 by 

CSE.  
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 Modulation of HRV-Induced Chemokine Chapter Four:
Production by CSE is Independent of Effects on Receptor 

Expression and Viral Replication 

 

Portions of data presented in this Chapter have been published: 
 
 
Hudy MH, Traves SL, Wiehler S, Proud D. Cigarette smoke modulates rhinovirus-induced 
airway epithelial cell chemokine production. Eur. Respir. J. 2010;35(6):1256–1263. 
 
Copyright © European Respiratory Society. 
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 Background 4.1

As discussed in detail in Chapter 1, major group HRVs, such as HRV-16, are 

recognized by ICAM-1 on airway epithelial cells resulting in internalization and 

downstream signaling events. Following internalization, HRVs undergo replication via a 

dsRNA intermediate in the cytoplasm, ultimately resulting in the release of new virion 

particles. The results presented in Chapter 3 show that CSE differentially affects HRV-

induced chemokine responses. HRV-induced CXCL10 was inhibited by CSE, while HRV-

induced CXCL8 was further enhanced by CSE. Thus, it is unlikely that a common 

mechanism, such as effects on HRV receptor expression or HRV replication, are, at least, 

solely responsible for such disparate chemokine results.  

 

 Hypothesis 4.2

CSE does not modulate HRV-induced CXCL10 and CXCL8 chemokine expression 

by altering HRV receptor expression or replication of HRV in airway epithelial cells. 

 

 Results 4.3

4.3.1 CSE alone or in combination with HRV-16 does not alter the number of airway 
epithelial cells expressing the HRV-16 receptor, ICAM-1. 

In order to assess whether the major group HRV receptor, namely ICAM-1, was 

modulated by CSE, flow cytometry analysis was performed for ICAM-1 expression on 

BEAS-2B cells following treatment with control medium alone, CSE alone, HRV-16 alone 

or the combined stimulus. The number of BEAS-2B cells expressing the ICAM-1 receptor 
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did not change regardless of treatment (Figure 4.1 A), as 100% of cells expressed ICAM-1 

and continued to express this receptor following all of the treatments. The number of 

receptors being expressed per cell can be relatively compared using the geometric mean 

calculated from the histogram plot. HRV-16 alone increased the number of ICAM-1 

receptors per cell compared to the medium control (Figure 4.1 B). Interestingly, the 

number of receptors per cells was not decreased, but rather, increased following stimulus 

with HRV-16+CSE compared to medium control and CSE alone (Figure 4.1 B). 

 

Figure 4.1: CSE alone, HRV-16 alone or the combination of HRV-16+CSE do not 
alter the number of airway epithelial cells expressing ICAM-1 but both HRV-16 alone 
and HRV-16+CSE increase the number of ICAM-1 receptors per cell.  
ICAM-1 receptor levels were determined by flow cytometry 24 h post-treatment in BEAS-
2B cells and indicate % of airway epithelial cells expressing ICAM-1 (A) and the relative 
number of ICAM-1 receptors per cell (B). Data are presented as mean ± SEM (n=4). 
Asterisks denote a significant difference between the specified groups (* p≤ 0.05 and ** 
p<0.01). ns = not significant. 
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4.3.2 CSE does not affect HRV-16 titre in airway epithelial cells 

In order to determine the effects of CSE on HRV-16 replication, HBE or BEAS-2B 

cells were exposed for 1 h to HRV-16 alone or HRV-16+CSE. Cells were then washed with 

HBSS to remove excess HRV-16, and fresh control medium or CSE was applied 

accordingly. Viral titres obtained in supernatants from HBE (Figure 4.2 A) and BEAS-2B 

(Figure 4.2 B) cells after 24 h, expressed as Log TCID50, were not different between cells 

exposed to HRV-16 alone or HRV-16 in combination with CSE. Control medium and CSE 

were then further re-applied to BEAS-2B cells for an additional 24 h to assess whether CSE 

had an effect on HRV-16 viral titre at later time-points (24 to 48 h). Again, viral titres were 

not different between cells exposed to HRV-16 alone and HRV-16+CSE (Figure 4.2 B). 

 

Figure 4.2: CSE does not affect HRV-16 titre in airway epithelial cells.  
Viral titres were determined in supernatants from HBE (A) and BEAS-2B (B) cells that 
were infected with HRV-16 in the presence or absence of CSE for 24 h (A&B) and 
additionally from 24 h to 48 h (B). Data are presented as mean ± SEM (n=3). Data 
presented in A have been published445.  

Figure 4.2 A was removed due to 
copyright restrictions. Data contained 
in this figure can be found in 
Supplementary figure B in: 
Hudy MH, Traves SL, Wiehler S, 
Proud D. Cigarette smoke modulates 
rhinovirus-induced airway epithelial 
cell chemokine production. Eur. 
Respir. J. 2010;35(6):1256–1263. 
 



143 

 

 

4.3.3 CSE inhibits poly [I:C]-induced CXCL10 and poly [I:C]+CSE enhance CXCL8 
above either stimulus alone in airway epithelial cells.  

Poly [I:C] can be used as a synthetic analog of the dsRNA intermediate formed 

during HRV replication and it has previously been demonstrated that poly [I:C] robustly 

induces both CXCL10 and CXCL8 production from airway epithelial cells158,259,355,453. This 

tool was used in order to determine whether the chemokine responses observed with poly 

[I:C] and CSE would correlate with those seen with HRV-16 and CSE. Prior to analysis of 

chemokine responses, viability of cells transfected with a standard concentration of poly 

[I:C] alone or subsequently treated with CSE was assayed using both the MTT and LDH 

viability assays in both HBE and BEAS-2B cells (Figure 4.3). There were no overt effects 

on cell viability observed with poly [I:C] alone or in combination with CSE in either cell 

type.  

As previously reported, poly [I:C] induced robust production of CXCL10 mRNA 

and protein (Figure 4.4). As seen with HRV-16-induced CXCL10, Poly [I:C]-induced 

CXCL10 protein production was potently inhibited by CSE in HBE cells (Figure 4.4 A). 

This inhibition was also seen in BEAS-2B cells at both the mRNA (Figure 4.4 B) and 

protein level (Figure 4.4 C). Furthermore, poly [I:C]-induced CXCL8 protein production 

and this was further enhanced with the combination of poly [I:C]+CSE (Figure 4.5). 
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Figure 4.3: CSE alone or in combination with poly [I:C] does not overtly affect airway 
epithelial cell viability.  
HBE (A&C) and BEAS-2B (B&D) cell viability was assessed by MTT and LDH viability 
assays 24 h post-treatment with medium control, 2-fold serial dilutions of CSE, poly [I:C], 
or poly [I:C] in combination with 2-fold serial dilutions of CSE. Data are presented as 
mean ± SEM (A&C&D: n=3, B: n=1).  
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Figure 4.4: CSE inhibits poly [I:C]-induced CXCL10 in airway epithelial cells.  
CXCL10 protein levels were determined at 24 h post-treatment with control medium, 
varying concentrations of CSE alone or in the presence of poly [I:C] in HBE cells (A; n=4). 
CXCL10 mRNA (B; n=3) and protein (C; n=3) levels were determined at 24 h post-
treatment in BEAS-2B cells. Data are presented as mean ± SEM. Asterisks denote a 
significant difference between poly [I:C]+CSE and poly [I:C] alone (* p≤0.05 and *** 
p<0.001). Data presented in A & C have been published445. 

Figure 4.4 C was removed due to 
copyright restrictions. Data 
contained in this figure can be found 
in Supplementary figure G in: 
Hudy MH, Traves SL, Wiehler S, 
Proud D. Cigarette smoke modulates 
rhinovirus-induced airway epithelial 
cell chemokine production. Eur. 
Respir. J. 2010;35(6):1256–1263. 
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Figure 4.5: CSE and poly [I:C] each induce CXCL8 alone and further increase 
CXCL8 in combination in airway epithelial cells.  
CXCL8 protein levels were determined at 24 h post treatment in BEAS-2B cells. Data are 
presented as mean ± SEM (n=3). Asterisks denote significant difference between poly 
[I:C]+CSE compared to poly [I:C] or CSE alone (*** p<0.001). 
 

 Discussion 4.4

The data presented in this chapter show that CSE does not significantly affect HRV 

receptor expression, at least of major group HRVs, and does not alter HRV-16 replication 

in a relevant time frame to have an effect on CXCL10 and CXCL8 chemokine expression.  

Initial examination using flow cytometry revealed that ICAM-1 was basally 

expressed on all BEAS-2B cells. The number of cells expressing ICAM-1 did not change 

following treatment with CSE, HRV or the combination of HRV+CSE for 24 h. The 

number of receptors per cell was also examined and showed that CSE alone did not alter 
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the number of receptor per cell while HRV alone or in combination with CSE significantly 

enhanced the number of ICAM-1 receptors per cell. Indeed, it has been previously shown 

that HRV induces the expression of its cognate receptor ICAM-1454. Unfortunately, these 

data could not be confirmed in primary HBE cells due to technical difficulties involved 

with lifting these cells off culture plates. HBE cells could only be successfully lifted 

following very lengthy incubation with a variety of cell lifting solutions (upwards of an 

hour), after which no expression of ICAM-1 could be detected, most likely due to enzyme-

related receptor cleavage. Based on very similar responses shown in Chapter 3 between 

the BEAS-2B cell line and primary HBE cells, it can be speculated that relative ICAM-1 

expression following the treatments of interest would be comparable. 

Next, using viral titre assays it was determined that CSE did not alter HRV 

replication following a 24 h exposure. In support of this, a previous study, performed in 

A549 alveolar cells, using CSE, HRV-16 and a viral titre assay, showed that CSE did not 

alter HRV replication444. Additionally, a recent publication has also shown that although 

CSE does increase HRV RNA levels in BEAS-2Bs after a 48 h exposure, this effect is not 

seen at 24 h355. This data suggests that early effects on HRV-induced CXCL10 and CXCL8 

expression following CSE exposure are not due effects on viral replication. How CSE 

modulates HRV-induced CXCL10 and CXCL8 at later time-points was not explored in this 

study, but it is possible that CSE may have an effect on viral replication at later time-points 

and this could subsequently affect chemokine expression levels.  

CXCL10 production is dependent on HRV replication, as it has been shown that 

ultraviolet (UV) inactivated virus that is replication deficient, does not induce the 
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production of CXCL10259. Conversely, although initial CXCL8 production is not dependent 

on viral replication, as UV-inactivated HRV is still able to generate CXCL8 production, it 

is thought that replication-dependent signalling contributes to subsequent CXCL8 

generation323. Here it was found that the synthetic analog of the dsRNA stage formed 

during HRV replication, namely poly [I:C], induced robust production of both CXCL10 

and CXCL8 at 24 h after treatment. Moreover, CSE modulated these poly [I:C]-induced 

responses in an analogous manner to its modulation of HRV-induced CXCL10 and 

CXCL8. These results further support the notion that CSE is not inhibiting HRV-16 

replication, particularly through impacting the formation of the dsRNA replication 

intermediate, since similar effects regarding the modulation of CXCL10 are observed with 

poly [I:C].  

In summary, the data presented in this chapter have shown that CSE does not alter 

major group HRV receptor expression or HRV replication in a relevant time frame to 

account for alterations in HRV-induced CXCL10 and CXCL8 expression. Additionally, 

poly [I:C], a synthetic mimic for the dsRNA stage formed during HRV replication, revealed 

that similar modulatory effects by CSE on poly [I:C]-induced CXCL10 and CXCL8 were 

seen. This implies that the modulatory effects that CSE has on these HRV-induced 

chemokines must take place further downstream from the HRV replication stage or in an 

altogether different manner. Thus, a further examination of the mechanisms involved in the 

differential modulation of HRV-induced CXCL10 and CXCL8 by CSE were warranted.  
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 Future Studies 4.5

Future studies could include an investigation into the expression levels of the minor 

group HRV receptor, namely the LDL receptor, and as to whether it is altered by CSE. 

Additionally, similar viral titre experiments could be conducted using a member of the 

minor group HRVs. If the results were similar to the ones presented in this chapter, this 

would further validate that CSE has non-selective effects on HRV-induced airway 

epithelial cell chemokine responses.  
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 Mechanisms of HRV-induced CXCL10 inhibition Chapter Five:
by CSE 

 
 
Portions of data presented in this Chapter have been published: 
 
 
Hudy MH, Traves SL, Wiehler S, Proud D. Cigarette smoke modulates rhinovirus-induced 
airway epithelial cell chemokine production. Eur. Respir. J. 2010;35(6):1256–1263. 
 
Copyright © European Respiratory Society. 
 
 
 
Proud D, Hudy MH, Wiehler S, et al. Cigarette smoke modulates expression of human 
rhinovirus-induced airway epithelial host defense genes. PLoS ONE. 2012;7(7):e40762. 
 
This work was reprinted with permission based on the PLoS open-access license:  
Creative Commons Attribution 2.5 Generic License 
(http://creativecommons.org/licenses/by/2.5/legalcode).  

http://creativecommons.org/licenses/by/2.5/
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 Background 5.1

CXCL10 expression is regulated mainly at the transcriptional level. Two proximal 

NF-ĸB and one ISRE site in the CXCL10 promoter region have been shown to be 

important for transcriptional control of human CXCL10 following a variety of stimuli299–

304.  

 

5.1.1 Regulation of CXCL10 expression by HRV 

CXCL10 has been shown to be enhanced by HRV in human bronchial epithelial 

cells via transcriptional mechanisms, involving two NF-ĸB and one ISRE transcription 

factor binding sites in the CXCL10 promoter region259,297,298,338,345 (Figure 5.1). 

Specifically, the p50/p65 NF-ĸB heterodimer and IRF-1 have been implicated to be the 

transcription factors involved in binding to the NF-ĸB and ISRE sites respectively297,298. 

Although, specific sites involved have not been delineated, regions upstream of the ISRE 

binding site have also been suggested to be important in HRV-induced CXCL10 promoter 

activation in airway epithelial cells259.  

 

 

Figure 5.1: Schematic diagram of the putative CXCL10 promoter.  
A schematic diagram of the putative 972 bp CXCL10 promoter construct inserted upstream 
of a firefly luciferase gene. Diagram is not to scale. 
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5.1.2 Regulation of CXCL10 expression by cigarette smoke 

Although the effects of cigarette smoke on CXCL10 have not been examined, 

cigarette smoke has been shown to have modulatory effects on transcription factors which 

have putative binding sites in the CXCL10 promoter203,210,263,433,455–461. Furthermore, 

cigarette smoke has also been shown to epigenetically affect gene expression in the 

airways312,313. 

 

 Hypothesis 5.2

The inhibition of HRV-16-induced CXCL10 expression by CSE occurs at the level 

of transcription, involving inhibition of one or more transcription factors such as NF-ĸB, 

IRF-1, and/or involves aspects of epigenetic regulation.  

 

 Results 5.3

5.3.1 CSE suppresses HRV-induced and poly [I:C]-induced CXCL10 promoter activation 

In order to determine whether the inhibition of HRV-16-induced CXCL10 by CSE 

was being mediated at the transcriptional level, the BEAS-2B bronchial epithelial cell line 

was transiently transfected with a full-length CXCL10 promoter-luciferase construct 

(Figure 5.1) and assayed for firefly luciferase activity following a 24 h treatment with 

medium control, CSE, HRV-16 or HRV-16+CSE (Figure 5.2 A & B). Since poly [I:C], a 

mimic for viral dsRNA generated during the replication cycle, was also shown to induce 

CXCL10 production which was inhibited in the presence of CSE (Chapter 3), it was used 
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to perform analogous experiments (Figure 5.2 C & D). BEAS-2B cells were used for these 

experiments as primary HBE cells are difficult to transfect with large promoter constructs. 

The use of BEAS-2B cells for these experiments was justified based on similar results seen 

with primary HBE and BEAS-2B cells regarding CXCL10 expression (Chapter 3). Data 

are displayed as both raw RLU (Figure 5.2 A & C) and fold increase compared to medium 

control (Figure 5.2 B & D) to show that the trend in the data remained the same regardless 

of how the data were expressed. 

CSE alone did not induce CXCL10 promoter activation and, indeed, slightly 

suppressed basal promoter activation (Figure 5.2 A-D). As previously reported, both HRV-

16 (Figure 5.2 A & B) and poly [I:C] (Figure 5.2 C & D) induced robust activation of the 

CXCL10 promoter alone259,338. Interestingly, CSE significantly inhibited both HRV-16-

induced and poly [I:C]-induced CXCL10 promoter activation (Figure 5.2 A-D).  
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Figure 5.2: CSE inhibits both HRV-16-induced and poly [I:C]-induced CXCL10 
promoter activation in airway epithelial cells.  
BEAS-2B cells that were transiently transfected with the full length (972bp) CXCL10 
promoter were then treated with control medium, CSE alone, HRV-16 alone or the 
combination for 24 h (A&B; n=14). BEAS-2B cells that were transiently transfected with 
the full length (972 bp) CXCL10 promoter were then treated with control medium, CSE 
alone, or transfected with poly [I:C] alone or in combination with CSE for 24 h (C&D; 
n=6). Cell lysates were assessed for firefly luciferase activity and data are presented as both 
relative light units (RLU; A&C) and fold induction as compared to cells treated with only 
medium control (B&D). Data are presented as mean ± SEM. Asterisks denote a significant 
difference between HRV-16+CSE compared to HRV-16 alone or between poly [I:C]+CSE 
compared to poly [I:C] alone (*** p<0.001). B & D have been published445. 

Figures 5.2 B and D were removed 
due to copyright restrictions. Data 
contained in these figures can be 
found in Figure 4 in: 
Hudy MH, Traves SL, Wiehler S, 
Proud D. Cigarette smoke modulates 
rhinovirus-induced airway epithelial 
cell chemokine production. Eur. 
Respir. J. 2010;35(6):1256–1263. 
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5.3.2 HRV-16-induced CXCL10 promoter activation is suppressed by CSE but not 
dependent on activator protein 1 (AP-1) 

It has previously been shown that HRV-16-induced CXCL10 expression is 

dependent both on binding of NF-ĸB to each of the two NF-ĸB recognition sequences and 

on binding of IRF-1 to the ISRE sequence in the CXCL10 promoter259,298. To investigate 

which putative binding sites play a role in CSE-mediated inhibition of HRV-16-induced 

promoter activation, BEAS-2B cells were transiently transfected with either the wild type 

CXCL10 promoter or the CXCL10 promoter with mutations in the ISRE, each of two NF-

ĸB, or the AP-1 transcription factor binding sites and then treated with control medium, 

CSE alone, HRV-16 alone or the combination (Figure 5.3 A (RLU) & B (fold induction)). 

Mutation of the AP-1 recognition sequence did not lead to any significant differences in 

HRV-16-induced CXCL10 promoter activation or its inhibition by CSE compared to the 

wild type promoter. CSE alone did not induce activation of the ∆AP-1 CXCL10 promoter 

either. As previously reported, however, mutation of the ISRE or either of the NF-ĸB 

recognition sequences reduced HRV-16-induced CXCL10 promoter activation essentially 

to baseline levels259,297. It was not possible to evaluate if CSE inhibition is affected in the 

absence of viral drive, but it seemed feasible that the same sites involved in HRV-induced 

CXCL10 promoter activation may also be involved in CSE-mediated inhibition. Therefore, 

alternative approaches were used to evaluate this. 
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Figure 5.3: Effects of point mutations on CXCL10 promoter activation in airway 
epithelial cells.  
BEAS-2B cells that were transiently transfected with the wild type CXCL10 promoter or 
the CXCL10 promoter with various point mutations in putative transcription factor binding 
sites were then treated with control medium, CSE alone, HRV-16 alone or the combination 
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for 24 h. Cell lysates were assessed for firefly luciferase activity and data are presented as 
both relative light units (RLU; A) and fold induction as compared to cells treated with only 
medium control for each respective promoter variant (B). Data are expressed as mean ± 
SEM (n=8). Asterisks denote a significant difference between cells treated with HRV-
16+CSE and cells treated with HRV-16 that were transfected with the corresponding 
CXCL10 promoter variant (* p≤0.05 and *** p<0.001). Hash marks denote a significant 
difference between the specified treatment and HRV-16 treatment in the wild type CXCL10 
promoter. 
 

5.3.3  Inhibition of HRV-16-induced CXCL10 by CSE is partially dependent on 
inhibition of NF-ĸB 

Involvement of NF-ĸB in transcriptional activation of HRV-16-induced CXCL10 

was confirmed using the selective IKKβ inhibitor, PS1145 (Figure 5.4). As a first step to 

delineate the role of NF-ĸB in HRV-16-induced CXCL10 inhibition by CSE, BEAS-2B 

cells were transfected with promoter-luciferase constructs containing tandem repeats of 5 

copies of either the CXCL10-specific NF-ĸB #1 or the NF-ĸB #2 recognition sequences 

prior to stimulation with either medium, CSE alone, HRV-16 alone or the combination. 

HRV-16 infection induced activation of both 5X NF-ĸB #1 and 5X NF-ĸB #2 and, in each 

case, activation was significantly, if modestly, inhibited in the presence of CSE (Figure 5.5 

A (RLU) & B (fold induction)).  
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Figure 5.4: Induction of CXCL10 protein by HRV-16 is partially dependent on 
transcriptional activation by NF-ĸB.  
BEAS-2B cells were treated with control medium alone or in combination with DMSO or 
PS1145 and HRV-16 alone or in combination with DMSO or PS1145 for 24 h, were then 
assessed for CXCL10 protein levels via ELISA (A; n=3). BEAS-2B cells were transiently 
transfected with the wild type CXCL10 and  were then treated with the same stimuli for 24 
h and cell lysates were then assessed for firefly luciferase activity and data are presented as 
both relative light units (RLU; B; n=6) and fold induction as compared to cells treated with 
only medium control (C; n=6). Data are expressed as mean ± SEM. Asterisks denote a 
significant difference between cells treated with HRV-16+PS1145 and cells treated with 
HRV-16 alone (** p<0.01 and *** p<0.001).  
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Figure 5.5: CSE inhibits HRV-16-induced promoter activation of two CXCL10-
specific NF-ĸB recognition sequences.  
BEAS-2B cells transiently transfected with two different CXCL10-specific 5x NF-ĸB 
promoter constructs representing sites in the CXCL10 promoter (NF-ĸB #1 and NF-ĸB #2) 
were then treated with control medium, CSE alone, HRV-16 alone or the combination for 
24 h. Cell lysates were assessed for firefly luciferase activity and data are presented as both 
relative light units (RLU; A) and fold induction as compared to cells treated with only 
medium control for each respective promoter variant (B). Data are expressed as mean ± 
SEM (n=8). Asterisks denote a significant difference between cells treated with HRV-
16+CSE and cells treated with HRV-16 that were transfected with the corresponding 
promoter variant, (*p≤0.05 and ** p<0.01). 
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To determine if CSE had an effect on HRV-16 induced nuclear translocation and/or 

binding of NF-ĸB to recognition sequences in the CXCL10 promoter, EMSA analysis was 

used. As it has previously been reported in airway epithelial cells297, two oligonucleotide-

protein complexes were formed by 3 h post HRV-16 infection (Figure 5.6 A & B), and 

these complexes persisted through 6 and 9 h post HRV-16 infection297. The same 

publication has also reported that the upper complex is a heterodimer of the p50 and p65 

subunits of NF-ĸB, while the lower band comprises p50 homodimers297. This was 

confirmed using antibodies to the p50 and p65 NF-ĸB subunits (Figure 5.6 A & B (right 

panels)). As, the cRel NF-ĸB subunit has previously been shown not to be involved297, an 

antibody to cRel was used as a negative control. When primary HBE cells were treated 

with HRV-16 in combination with CSE, the intensity of both bands was reduced (Figure 

5.6 A & B (left panels)), suggesting that CSE inhibited HRV-16-induced nuclear 

translocation and/or binding of NF-ĸB subunits to both NF-ĸB transcription factor binding 

sites in the CXCL10 promoter.  
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Figure 5.6: CSE inhibits HRV-16-induced NF-ĸB translocation/binding to the 
CXCL10-specific NF-ĸB recognition sequences.  
HBE cells were treated with control medium, CSE alone, HRV-16 alone or the combination 
for 3 h prior to nuclear protein extracts being prepared. EMSA (left) and supershift (right) 
results are presented for nuclear protein extracts incubated with either radiolabelled 
CXCL10-specific ĸB1 (A) or ĸB2 (B) oligonucleotide probes. For supershifts, nuclear 
extracts were incubated for 2 h with antibodies to p50, p65 or cRel NF-ĸB subunits. 100x 
cold comp. indicates the presence of 100 fold excess un-radiolabelled oligonucleotide 
probe. Data are representative of 2 or 3 separate experiments. 
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Activation of NF-ĸB requires phosphorylation, ubiquitination and subsequent 

degradation of IĸBα330. This occurs via the inhibitory actions of IKKβ which 

phosphorylates IĸBα leading to its dissociation from the NF-ĸB complex, ubiquitination of 

IĸBα and degradation by the 26S proteasome. HRV-16-infection resulted in induction of p-

IĸBα at various early and late time-points (3, 6, and 24 h). This induction was inhibited in 

the presence of CSE at all time-points studied in HBE cells (Figure 5.7 A). An extended 

time-course in BEAS-2B cells showed similar results (Figure 5.7 B). 

 



163 

 

 

 

Figure 5.7: HRV-16-induced phosphorylation of IĸBα is inhibited by CSE in airway 
epithelial cells.  
Whole cell lysates were harvested form HBE (A) and BEAS-2B (B) cells treated with 
control medium, CSE alone, HRV-16 alone or the combination at various time-points and 
analyzed via immunoblotting. Membranes were probed with a specific p-IĸBα antibody, 
then were stripped and re-probed with antibody to GAPDH to ensure equal protein loading. 
Data are representative of 3 separate experiments.  
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5.3.4 Inhibition of HRV-16-induced CXCL10 by CSE is partially dependent on inhibition 
of IRF-1 

As previously reported in airway epithelial cells297, EMSA analysis utilizing a 

radiolabelled oligonucleotide corresponding to the ISRE recognition sequence in the 

CXCL10 promoter showed that HRV-16-induced formation of three complexes, 

represented by two strong bands (band 1 and 3) and one weaker band (band 2) at 6 h post 

treatment (Figure 5.8).  As has also been previously reported, antibodies to IRF-1 shift the 

upper band, which was confirmed (Figure 5.8 (right panel)), while siRNA targeted to 

IRF-1 prevents formation of all 3 bands297,298.  When HBE cells were treated with HRV-16 

in combination with CSE, the intensity of all three bands was considerably reduced (Figure 

5.8). 
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Figure 5.8: CSE inhibits HRV-induced IRF-1 translocation/binding to the CXCL10-
specific ISRE recognition sequence.  
HBE cells were treated with control medium, CSE alone, HRV-16 alone or the combination 
for 6 h prior to nuclear protein extracts being prepared. EMSA (left) and supershift (right) 
results are presented for nuclear protein extracts incubated with radiolabelled CXCL10-
specific ISRE oligonucleotide probe. For supershifts, nuclear extracts were first incubated 
for 2 h hours with antibodies to IRF-1, IRF-2, IRF-3, IRF-7 or ISGF3. 100x cold comp. 
indicates the presence of 100 fold excess un-radiolabelled oligonucleotide probe. Data are 
representative of 3 separate experiments.  
 

The gene microarray study previously mentioned in Chapter 3 showed that IRF-1 

gene was significantly induced by HRV-16 alone (Figure 5.9 A). CSE alone did not 

enhance the expression of IRF-1 but significantly decreased HRV-16-induced IRF-1 

expression to 2.6 fold compared to medium control (Figure 5.9 A). The gene microarray 

results were verified using an additional 7 individual HBE donors for IRF-1 expression 

using real time RT-PCR (Figure 5.9 B). The trend assessed by real time RT-PCR was the 
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same compared to the gene microarray results: CXCL10 mRNA was enhanced by HRV-16 

and HRV-16-induced CXCL10 was significantly inhibited by CSE. HRV-16-infection 

resulted in induction of IRF-1 protein at 6 and 24 h post infection in HBE cells and this was 

also inhibited in the presence of CSE (Figure 5.9 C). 

It has been reported that IRF-2 can inhibit transcriptional activation of genes caused 

by IRF-1 via competition for binding sites341, so it was examined whether CSE alters IRF-2 

expression. Although there was a low basal expression level of IRF-2 protein in HBE cells, 

this was not noticeably altered in the presence of CSE alone, HRV-16 alone, or the 

combination of these two stimuli at the time-points that were studied (Figure 5.10).  
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Figure 5.9: CSE inhibits HRV-16-induced IRF-1 expression in airway epithelial cells.  
HBE cells were treated with either control medium, CSE, HRV-16 or HRV-16+CSE. 
Cellular RNA was harvested at 24 h and analyzed via gene microarray (A; n=4) or real time 
RT-PCR (B; n=7). Data are presented as mean ± SEM. Asterisks denote significant 
inhibition with HRV-16+CSE compared to HRV-16 alone where ** p<0.01. Whole cells 
lysates from cells treated with the same stimuli were harvested at various time-points and 
analyzed via immunoblotting (C; representative of 3 separate experiments). Membranes 
were probed with a specific IRF-1 antibody, then were subsequently stripped and re-probed 
with an antibody to GAPDH to ensure equal protein loading. 
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Figure 5.10: IRF-2 expression is not altered by CSE, HRV-16 or the combination in 
airway epithelial cells.  
HBE cells were treated with either control medium, CSE, HRV-16 or HRV-16+CSE. 
Whole cells lysates were harvested at various time-points and analyzed via 
immunoblotting. Membranes were probed with a specific IRF-2 antibody, then were 
subsequently stripped and re-probed with an antibody to GAPDH to ensure equal protein 
loading. Data are representative of 3 separate experiments.  
 

5.3.5 Induction of HRV-16-induced CXCL10 and its inhibition by CSE is partially 
dependent on STAT-1 

It has previously been reported that truncation of the 972 bp full length CXCL10 

promoter to 376 bp results in partial loss of HRV-16-induced activation259.  This implies 

that transcription factor recognition sequences between 279 and 875 bp upstream of the 

transcriptional start site may play a role in HRV-16-induced promoter activation, but these 

sites were not identified.  Here it was confirmed that HRV-16-induced activation the 

truncated 376 bp CXCL10 promoter was significantly decreased compared to the 972 bp 

CXCL10 promoter (Figure 5.11). HRV-induced activation of the truncated CXCL10 

promoter by HRV-16 was still reduced by CSE, although this did not reach statistical 

significance.  



169 

 

 

 

Figure 5.11: Effects of CXCL10 promoter truncation on activation by HRV-16 in 
airway epithelial cells.  
BEAS-2B cells that were transiently transfected with the full-length (972 bp) or truncated 
(392 bp) CXCL10 promoter were then treated with control medium, CSE alone, HRV-16 
alone or the combination for 24 h. Cell lysates were assessed for firefly luciferase activity 
and data are presented as both relative light units (RLU; A) and fold induction as compared 
to cells treated with only control medium for each respective promoter variant (B). Data are 
expressed as mean ± SEM (n=7). Asterisks denote a significant difference as indicated 
(*p≤0.05, ** p<0.01 and *** p<0.001).  
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Individual mutations in either of the putative CCAAT/enhancer-binding protein 

(C/EBP)-β recognition sequences did not decrease either HRV-16-induced activation of the 

972 bp promoter, or alter the inhibition of this response by CSE (data not shown).  

Mutation of either of the two putative STAT recognition sequences did appear to affect 

CXCL10 promoter activation when the data was expressed in terms of fold induction.  

When the data were expressed as raw RLU (Figure 5.12 A), rather than fold induction 

(Figure 5.12 B), in contrast to all of the other mutations performed, mutations in the STAT 

sites affected basal promoter drive (Wild type; 58,684 ± 21,158, ∆STAT #1; 11,674 ± 

4,964, ∆STAT #2; 9,049 ± 1,675). In terms of absolute RLU, mutation of either STAT site 

led to a marked, significantly reduced level of HRV-16-induced activation of the CXCL10 

promoter, with no further inhibition in the presence of CSE.   
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Figure 5.12: Effects of STAT site point mutations on CXCL10 promoter activation in 
airway epithelial cells.  
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BEAS-2B cells transiently transfected with the wild type CXCL10 promoter or the 
CXCL10 promoter with point mutations in either of two putative STAT transcription factor 
binding sites were then treated with control medium, CSE alone, HRV-16 alone or the 
combination for 24 h. Cell lysates were assessed for firefly luciferase activity and data are 
presented as both relative light units (RLU; A) and fold induction as compared to cells 
treated with only medium control for each respective promoter variant (B). Data are 
expressed as mean ± SEM (n=8). Asterisks denote a significant difference as indicated 
(*p≤0.05, ** p<0.01 and *** p<0.001).  
 

Because the core sequences of the two STAT transcription factor binding sites in 

the CXCL10 promoter were identical, EMSA was performed using a single radiolabelled 

oligonucleotide corresponding to these sequences. Initial time course studies in HBE cells 

showed HRV-16-induced formation of a single binding complex beginning to form as early 

as 3 or 6 h and persisting to 9 h in nuclear extracts from HBE cell donors, although some 

variability between donors in terms of timing of complex formation was observed.  Further 

analysis at the 6 h time-point showed HRV induction of a single band that was completely 

abrogated in the presence of CSE (Figure 5.13 A (left panel)). Using antibodies to various 

STAT proteins, complex formation was inhibited by antibodies to STAT-1 and STAT-2, 

with supershifted complexes retained in the loading well (Figure 5.13 A (right panel)).  

An antibody to STAT-3 had no effect.  Supershift antibodies were verified to pick up each 

respective STAT protein at the appropriate molecular weight using immunoblotting 

(Figure 5.13 B).  
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Figure 5.13: CSE inhibits HRV-induced transcription factor translocation/binding to 
the CXCL10-specific STAT recognition sequence.  
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A: HBE cells were treated with medium control, CSE alone, HRV-16 alone, or the 
combination for 6 h prior to nuclear protein extracts being prepared. EMSA (left) and 
supershift (right) results are presented for nuclear protein extracts incubated with a 
radiolabelled CXCL10-specific STAT oligonucleotide probe. For supershift assays, nuclear 
extracts were first incubated for 2 h with antibodies to STAT-1, STAT-2 or STAT-3 prior 
to EMSA. The lane labelled 100x cold comp. contained 100 fold excess un-radiolabelled 
oligonucleotide probe. EMSA and supershift data are representative of 2 or 3 separate 
experiments. B: EMSA supershift antibodies were verified via immunoblotting using HBE 
cell lysates treated with medium control, CSE alone, HRV-16 alone, or the combination for 
6, 9 and 24h.  
 

Further analyses by western blotting were unable to detect activated STAT-2 (p-

STAT-2) in HRV-16-infected HBE cells using two different antibodies, while total STAT-

2 was constitutively expressed and unchanged, regardless of treatment (Figure 5.13 B and 

data not shown). Additionally, STAT-2 gene expression was not significantly induced by 

HRV-16 in the gene array study. By contrast, STAT-1 gene expression was readily induced 

by HRV-16 in the gene array study (Figure 5.14 A) and this was confirmed by real-time 

RT-PCR with an additional 6 individual HBE donors (Figure 5.14 B). In both cases, HRV-

16-induced gene expression of STAT-1 was significantly suppressed in the presence of 

CSE. Moreover, HRV-16-induced phosphorylation of STAT-1 as early as 9 h post-

treatment, and activation at both 9 and 24 h post infection was inhibited in the presence of 

CSE (Figure 5.15 C). Additionally, both basal expression and HRV-16-induced expression 

of total STAT-1 was reduced by CSE at 24 h (Figure 5.15 C).  
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Figure 5.14: CSE inhibits HRV-16-induced p-STAT-1 in airway epithelial cells.  
HBE cells were treated with either control medium, CSE, HRV-16 or HRV-16+CSE. 
Cellular RNA was harvested at 24 h and analyzed via gene microarray (A; n=4) or real time 
RT-PCR (B; n=6). Data are presented as mean ± SEM. Asterisks denote significant 
inhibition with HRV-16+CSE compared to HRV-16 alone where ** p<0.01. Whole cells 
lysates were harvested at 24 h post-treatment and analyzed via immunoblotting (C; 
representative of 3 separate experiments). Membranes were probed with a specific p-
STAT-1 antibody, then were subsequently stripped and re-probed with an antibody to total 
STAT-1, stripped again and re-probed with an antibody to GAPDH to ensure equal protein 
loading. Data presented in this figure have been published132. 
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Figure 5.15: HRV-16 induces p-STAT-1 as early as 9 h post-treatment and this 
induction is inhibited in the presence of CSE in airway epithelial cells.  
HBE cells were treated with either control medium, CSE, HRV-16 or HRV-16+CSE and 
whole cells lysates were harvested at various time-points post-treatment and analyzed via 
immunoblotting. Membranes were probed with a specific p-STAT-1 antibody, then were 
subsequently stripped and re-probed with an antibody to total STAT-1, stripped again and 
re-probed with an antibody to GAPDH to ensure equal protein loading. Data are 
representative of 3 separate experiments. 
 

Evidence that activation of the STAT pathway plays a functional role in HRV-16-

induced CXCL10 expression was obtained by showing that a selective JAK inhibitor 

caused a concentration-dependent inhibition of HRV-16-induced CXCL10 protein release 

(Figure 5.16). Ten-fold dilutions in the range of 1000-0.1 nM were chosen because this 

particular JAK inhibitor displays potent inhibitory activity against members of the JAK 

family at between 1-15 nM and inhibits other kinases only at much higher concentrations. 
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Figure 5.16: HRV-16-induced CXCL10 is concentration-dependently inhibited in the 
presence of a specific JAK inhibitor.  
HBE cells were treated with control medium, HRV-16 or HRV-16+various concentrations 
of the JAK inhibitor (10 fold dilutions).  Supernatants were harvested at 24 h post-treatment 
and analyzed via ELISA. Data are presented as mean ± SEM (n=3). Asterisks denote a 
significant difference compared to HRV-16 alone (** p<0.01 and *** p<0.001). Vehicle 
denotes the presence of the JAK inhibitor diluent alone (DMSO). 
 

As another approach to evaluating the role of STAT-1 in the induction of HRV-16-

induced CXCL10, siRNA studies using duplexes targeting STAT-1 were performed. 

Unfortunately, although the siRNAs targeting STAT-1 did significantly knock-down the 84 

kDa isoform of STAT-1 they did not effectively knock-down the 91 kDa isoform (Figure 

5.17 A). With only sufficient knock-down of the 84 kDa isoform there was no significant 

impact on the expression of HRV-16-induced CXCL10 (Figure 5.17 B).  
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Figure 5.17: Effects of STAT-1-targeting siRNA on p-STAT-1 knock-down and 
CXCL10 protein expression in airway epithelial cells.  
HBE cells were treated for 24 h prior to harvesting cell supernatants for analysis with 
ELISA and whole cell lysates for analysis with immunoblotting. To determine the level of 
p-STAT-1 protein knock-down membranes were probed with a specific p-STAT-1 
antibody, then were subsequently stripped and re-probed with an antibody to GAPDH to 
ensure equal protein loading (A, left panel; representative of 3 separate experiments). 
Densitometry analysis with % knock-down relative to HRV-16 alone is shown on the right 
panel (A; n=3). Matching supernatants were analyzed for CXCL10 protein (B; n=3). Data 
are presented as mean ± SEM. ns = not significant. NT denotes non-targeting control 
siRNA. 
 

5.3.6 ChIP of HRV-induced CXCL10 with NF-ĸB and IRF-1 

In order to determine whether CSE decreased in vitro endogenous association of 

HRV-induced NF-ĸB and IRF-1 to their respective transcription factor binding sites in the 

CXCL10 promoter, ChIP was performed using p65 and IRF-1 antibodies following 

stimulation of cells with either control medium, HRV-16 alone, CSE alone or HRV-

16+CSE for 6 h. The 6 h time-point was used to correlate these data with previously 

generated EMSA data. Initial experiments focused on optimizing fixing of protein-DNA 

complexes in cells, extracting nuclei and shearing of chromatin to optimally sized 

fragments (200-1500 bp) (Figure 5.18 A). In order to establish whether the protocol was 

effective, initial ChIP experiments were performed using a RNA polymerase II antibody 

and GAPDH conventional PCR primers, which would provide a robust signal if the 

technique was working successfully. Preliminary results indicated that the optimized ChIP 

procedure was working using both BEAS-2B and HBE cells (Figure 5.18 B). Following 

ChIP with p65 and IRF-1, specifically designed CXCL10 primers, corresponding to 

relevant areas where each transcription factor would bind in the CXCL10 promoter, were 
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used to determine if there was a difference in binding association of HRV-induced p65 and 

IRF-1 following treatment with CSE. Unfortunately, the CXCL10 signal was either too low 

to be detected by real-time PCR or the antibodies used in ChIP were inadequate.  

 

 

Figure 5.18: ChIP Optimization.  
Agarose gel of sheared BEAS-2B cell DNA to be used for ChIP (A). Sheared DNA from 
BEAS-2B (B) and HBE (C)  was subject to ChIP with either an RNA polymerase II 
antibody or an IgG control antibody and analyzed for GAPDH expression using specific 
primers in conjunction with conventional PCR. Input DNA that was not subject to ChIP 
and water alone was used as positive and negative controls respectively.  
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5.3.7 Induction of HRV-16-induced CXCL10 and its inhibition by CSE is partially 
dependent on MDA5 

Up to this point, factors regulating transcriptional activation directly upstream of the 

CXCL10 promoter were examined. It is possible that other factors further upstream from 

NF-ĸB, IRF-1 and STAT-1 could be influencing the induction of CXCL10 by HRV-16 and 

the inhibition of HRV-16-induced CXCL10 by CSE. As the signalling pathways are 

complex directly upstream from each of these transcription factors, and not necessarily 

overlapping or fully defined, an analysis using the ‘top-down’ (starting with the initiating 

stimulus and working down the signalling pathway) as opposed to the ‘bottom-up’ (starting 

from the transcription factor and working up the signalling pathway) approach was used. 

HRV-16 binds to its cognate receptor, is internalized and begins replication. In Chapter 4 

it was shown that CSE did not markedly affect ICAM-1 expression and, more importantly, 

CSE did not inhibit ICAM-1 expression. Additionally, it was demonstrated that CSE did 

not alter HRV-16 titre in the relevant time frame to correlate with the reduction of 

downstream HRV-16-induced signalling.  

The HRV replication stage utilizes a dsRNA intermediate that can be recognized by 

the immune system via the PRR viral sensors TLR3, RIG-I and MDA5.  Therefore, an 

analysis of the effects of CSE on HRV-16-induced PRR was performed. Members of the 

Proud/Leigh laboratory have been unable to detect either constitutive or HRV-16-induced 

protein expression of TLR3  in primary human bronchial epithelial cells using an antibody 

that readily detects recombinant TLR3 (unpublished data). Both RIG-I and MDA5 gene 

expression were significantly induced by HRV-16 in the gene array study (Figure 5.19 A) 
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and suppressed in the presence of CSE.  These data were confirmed by real-time RT-PCR 

(Figure 5.19 B & D). RIG-I and MDA5 protein expression were also induced by HRV-16 

at 24 h and this was inhibited in the presence of CSE (Figure 5.19 C & E). A limited time-

course revealed that induction of both of these helicases occurred as early as 9 h post HRV-

16 treatment was also inhibited in the presence of CSE (Figure 5.20 A & B).   
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Figure 5.19: CSE inhibits HRV-16-induced RIG-I and MDA5 in airway epithelial 
cells.  
HBE cells were treated with either control medium, CSE, HRV-16 or HRV-16+CSE. 
Cellular RNA was harvested at 24 h and analyzed via gene microarray (A; n=4) or real time 
RT-PCR (B & D; n=4). Data are presented as mean ± SEM. Asterisks denote significant 
inhibition with HRV-16+CSE compared to HRV-16 alone where ** p<0.01 and 
***p<0.001. Whole cells lysates were harvested at 24 h post-treatment and analyzed via 
immunoblotting (C & E; representative of 4 separate experiments). Membranes were 
probed with a specific RIG-I or MDA5 antibody, then were subsequently stripped and re-
probed with an antibody to GAPDH to ensure equal protein loading. Data presented in this 
figure have been published132. 
 

 

Figure 5.20: Time-course of RIG-I and MDA5 induction by HRV-16 and inhibition in 
the presence of CSE in airway epithelial cells.  
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BEAS-2B cells were treated with either control medium, CSE, HRV-16 or HRV-16+CSE. 
Whole cells lysates were harvested at various time-points and analyzed via 
immunoblotting. Membranes were probed with a specific RIG-I (A) and MDA5 (B) 
antibody, then were subsequently stripped and re-probed with an antibody to GAPDH to 
ensure equal protein loading. Data are representative of 3 separate experiments.  
 

In order to determine whether RIG-I and/or MDA5 had a direct role in the 

expression of HRV-16-induced CXCL10, siRNA studies utilizing duplexes targeting both 

of these helicases were conducted. Although both RIG-I siRNA duplexes were able to 

knock-down protein expression of RIG-I, duplex #2 was more effective than duplex #1 

(93% knock-down versus 55% knock-down) (Figure 5.21 A). CXCL10 protein level 

determination in matched supernatants following knock-down of RIG-I revealed that HRV-

16-induced CXCL10 was not affected following this knock-down even with the more 

effective siRNA duplex (Figure 5.21 B).  

Both MDA5 siRNA duplexes were extremely potent in knocking down protein 

expression of HRV-16-induced MDA5, resulting in almost a complete knock out of the 

protein (Figure 5.22 A). When CXCL10 protein levels were analyzed in matched 

supernatants, knock-down of HRV-16-induced MDA5 significantly reduced HRV-16-

induced CXCL10 protein expression (Figure 5.22 B). Collectively, these data suggest that 

HRV-16-induced MDA5, but not RIG-I, are involved in regulating HRV-16-induced 

CXCL10 expression and suppression of HRV-16-induced MDA5 by CSE is one of the 

mechanisms contributing to the inhibition of HRV-16-induced CXCL10 by CSE. 
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Figure 5.21: Knock-down of HRV-16-induced RIG-I does not affect CXCL10 protein 
expression in airway epithelial cells.  
HBE cells were treated for 24 h prior to harvesting cell supernatants for analysis with 
ELISA and whole cell lysates for analysis with immunoblotting. To determine the level of 
RIG-I protein knock-down membranes were probed with a specific RIG-I antibody, then 
were subsequently stripped and re-probed with an antibody to GAPDH to ensure equal 
protein loading and analyzed by densitometry with % knock-down relative to HRV-16 
shown (A; representative of 3 separate experiments and n=3 for densitometry). Matching 
supernatants were analyzed for CXCL10 protein (B; n=3). Data are presented as mean ± 
SEM. NT denotes non-targeting control siRNA.  
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Figure 5.22:  Knock-down of HRV-16-induced MDA5 results in suppression of 
CXCL10 protein expression in airway epithelial cells.  
HBE cells were treated for 24 h prior to harvesting cell supernatants for analysis with 
ELISA and whole cell lysates for analysis with immunoblotting. To determine the level of 
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MDA5 protein knock-down membranes were probed with a specific MDA5 antibody, then 
were subsequently stripped and re-probed with an antibody to GAPDH to ensure equal 
protein loading and analyzed by densitometry with % knock-down relative to HRV-16 
shown (A; representative of 3 separate experiments and n=3 for densitometry). Matching 
supernatants were analyzed for CXCL10 protein (B; n=3). Data are presented as mean ± 
SEM. Asterisks denote significant inhibition MDA5 siRNA compared to HRV-16 alone 
(*p≤0.05). NT denotes non-targeting control siRNA.  
 

5.3.8 Inhibition of HRV-16-induced CXCL10 be CSE is, in part, regulated epigenetically 

To determine if CSE also inhibits HRV-16-induced CXCL10 expression by 

modifying DNA accessibility around the transcriptional start site of the CXCL10 promoter, 

the EpiQ™ chromatin analysis kit was used in conjunction with specific primers targeting 

the region around the TATA box in the CXCL10 promoter. At both 12 h and 24 h after 

infection of BEAS-2B cells with HRV-16, the chromatin accessibility around the 

transcriptional start site of the CXCL10 gene was 58.3 ± 4% and 37 ± 3.9 % respectively. 

An earlier time-point (6 h) was also analyzed but failed to provide a detectable signal 

following real-time PCR analysis (data not shown). When cells were treated with HRV-16 

in combination with CSE, the chromatin accessibility in this region was significantly 

reduced to 33.3 ± 11.6 and 23 ± 6.9% respectively (Figure 5.23), suggesting that, in 

addition to direct inhibition of HRV-16-induced activation of transcription factors, CSE 

also inhibits HRV-16-induced CXCL10 expression via epigenetic regulation of this gene. 
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Figure 5.23: HRV-induced chromatin accessibility of the CXCL10 promoter region is 
partially supressed by CSE.  
BEAS-2B cells were treated for 12 h (A; n=4) or 24 h (B; n=6) with medium control, CSE, 
HRV-16 or the combination. Whole cells were then incubated for an additional hour with 
EpiQ™ chromatin buffer in the presence or absence of EpiQ™ nuclease. Cellular genomic 
DNA was then isolated and analyzed with real time PCR using specific primers designed to 
amplify the CXCL10 promoter region near the transcriptional start site along with reference 
and control genes provided with the EpiQ™ kit. Data analysis was then performed using 
the EpiQ™ Chromatin Kit Data Analysis Tool and presented here as % chromatin 
accessibility. Data are presented as mean ± SEM. Asterisks denote significant inhibition 
with HRV-16+CSE compared to HRV-16 alone (*p≤0.05).  
 

 Discussion  5.4

The data presented in this chapter investigated the mechanism behind the novel 

observation first reported in Chapter 3, that HRV-induced CXCL10 is inhibited by CSE. 

The inhibition of HRV-induced CXCL10 by CSE appears to be regulated by multiple 

mechanisms, as it is demonstrated that CSE-mediated inhibition of HRV-induced CXCL10 
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expression occurs both via inhibition of HRV-induced activation of multiple transcription 

factors/signaling pathways and by regulation of chromatin accessibility. 

Initially, a CXCL10 promoter-luciferase reporter plasmid was used to determine if 

CXCL10 induction was being regulated transcriptionally. In agreement with previous 

literature, HRV treatment alone induced CXCL10 promoter activation259,297,338. A novel 

observation was then subsequently made, that HRV-induced CXCL10 promoter activation 

was partially inhibited by CSE. It has previously been shown that HRV-induced production 

of CXCL10 in airway epithelial cells is dependent on viral replication, and that a synthetic 

dsRNA mimic (poly [I:C]) of the dsRNA stage that is generated during HRV replication, 

also induces CXCL10 production259,338. Here it was also shown that poly [I:C]-induced 

CXCL10 promoter activation was partially inhibited by CSE. Collectively, these data 

suggest that CSE inhibits HRV-induced CXCL10, at least in part, through transcriptional 

mechanisms. 

Various approaches were then used in order to determine which transcription factors 

were playing a role in this inhibition. First, promoter luciferase constructs were generated 

with mutations in proximal putative transcription factor binding sites shown to be important 

in HRV-induced CXCL10 promoter activation, including ISRE and two NF-ĸB binding 

sites, along with a mutation in the AP-1 binding site which has previously been shown not 

to be important in HRV-induced CXCL10 promoter activation259,297. As previously 

reported, mutation of the AP-1 site did not alter HRV-induced CXCL10 promoter 

activation but it also did not alter inhibition by CSE. This suggests that, despite evidence in 

other systems that cigarette smoke can modulate activation of the AP-1 pathway455–458, 
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CSE-mediated inhibition of HRV-induced CXCL10 expression does not involve such a 

mechanism. Consistent with earlier studies, mutation of the ISRE site or either of the NF-

ĸB sites completely abrogated HRV-induced activation of the CXCL10 promoter. Thus, it 

was not possible using standard promoter studies to evaluate if CSE exerts inhibitory 

effects at these sites, but it seemed feasible that the same sites involved in HRV-induced 

CXCL10 promoter activation may also be involved is CSE-mediated inhibition. Alternative 

approaches were used to evaluate this. 

Using a combination of tandem repeat reporter constructs, EMSA and western 

blotting, it was demonstrated that CSE alone did not activate the NF-ĸB pathway. Rather, 

CSE clearly inhibited HRV-induced activation of NF-ĸB, as shown by inhibition of HRV-

induced activation of CXCL10-specific tandem repeat NF-ĸB constructs, inhibition of the 

phosphorylation of IĸBα, and inhibition of HRV-16-induced nuclear translocation and/or 

binding of NF-ĸB subunits to both NF-ĸB transcription factor binding sites in the CXCL10 

promoter.  In a broader context, these data suggest that the inhibition of HRV-induced NF-

ĸB signalling by CSE may contribute to the down-regulation of numerous HRV-induced 

genes in airway epithelial cells. 

The data here add to a conflicting body of literature regarding activation of the NF-

ĸB pathway in airway epithelial cells following cigarette smoke exposure. Although several 

studies show that cigarette smoke alone increases the activation of NF-ĸB in airway 

epithelial cells263,433,459–461, others have reported that NF-ĸB activation/ translocation/ 

binding is not affected by cigarette smoke exposure203,210,455.  Studies have also examined 

the effects of CSE on NF-ĸB activation in response to several inflammatory stimuli.  In 
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contrast to the data presented here, cigarette smoke condensate modestly enhanced 

respiratory syncytial virus nuclear abundance of p65 in A549 cells210. Also in contrast, 

LPS-induced activation of NF-ĸB in BEAS-2B cells was not affected by CSE455. Consistent 

with the current study, however, cigarette smoke conditioned medium inhibited nuclear 

translocation of the p65 subunit of NF-ĸB in BEAS-2B cells exposed to poly [I:C]203. 

Overall, the varying results obtained in these studies could imply that the effects of 

cigarette smoke on NF-ĸB activation may be dependent on the initiating stimulus or on the 

varying methods of cigarette smoke preparation (extract/condensate/conditioned medium), 

although the use of various airway epithelial cell populations and variable time frames may 

also contribute to these variations in responses. 

In addition to NF-ĸB, HRV-induced CXCL10 expression is dependent upon 

activation of IRF-1298. Here it was demonstrated, for the first time, that HRV-induced IRF-

1 mRNA and protein expression were suppressed in the presence of CSE. Additionally, 

EMSA results suggest that CSE inhibits HRV-induced nuclear translocation and/or binding 

of IRF-1 to the ISRE recognition sequence in the CXCL10 promoter. Because IRF-2 has 

been shown to be a negative regulator of IRF-1341, it was determined whether CSE altered 

IRF-2 expression. Neither HRV nor CSE, either alone or in combination, altered 

constitutive expression of IRF-2, suggesting that effects of CSE on IRF-1 expression are 

not mediated via alterations of IRF-2. The demonstration that CSE inhibits HRV-induced 

IRF-1 expression is consistent with the observation that IFN-γ-induced IRF-1 protein 

expression is reduced in macrophages from smokers as compared to non-smokers 462. 
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Although only the proximal ISRE and two NF-ĸB recognition sequences in the 

CXCL10 promoter have been directly linked to HRV-induced CXCL10 promoter 

activation, truncation of the promoter to 376 bp, preserving these proximal recognition 

sequences, led to a significant drop in HRV-induced promoter activation259. Indeed, here it 

was confirmed that HRV-induced activation the truncated promoter was significantly 

reduced compared to the wild type. Although HRV-induced activation of the truncated 

CXCL10 promoter by HRV was still reduced by CSE, this did not reach statistical 

significance. These data suggested that transcription factor recognition sequence(s) between 

279 and 875 bp upstream of the transcriptional start site were contributing to HRV-induced 

CXCL10 promoter activation and, potentially, to the inhibition by CSE.   

Mutations to either of the C/EBP-β sites did not result in a reduction in HRV-

induced CXCL10 promoter activation or alter CSE-mediated inhibition. Mutations to either 

of two distal STAT sites resulted in inconclusive results. Unfortunately, in contrast to 

previous promoter-luciferase studies, when the data with individual STAT site mutations 

were expressed as RLU and fold induction, the trend was not the same. Based on raw RLU 

numbers, mutation of either of the STAT sites caused a significant reduction in both basal 

and HRV-induced CXCL10 promoter activation. The cause of this reduction is unclear. It is 

difficult to clearly interpret these data due to the effects on basal activation but they 

potentially implicate both STAT sites as important in HRV-induced CXCL10 promoter 

activation and do not rule out that they may be important in HRV-induced CXCL10 

inhibition by CSE. Although promoter-luciferase studies are useful tools for analyzing 

transcriptional regulation are they are also inherently artificial non-physiological systems 
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and may not mimic the regulation of the endogenous gene. Alternate approaches are often 

used to validate promoter-luciferase data. Moreover,due to the inconclusive nature of this 

data set, alternative approaches were used to further evaluate the role of STAT transcription 

factors in the regulation of HRV-induced CXCL10 expression and its inhibition by CSE.  

EMSA analysis showed that HRV induced a DNA/protein complex with the 

CXCL10-specific STAT oligonucleotide. Furthermore, HRV-induced complex formation 

was inhibited in the presence of CSE. The binding complex formed was shifted using 

antibodies to both STAT-1 and STAT-2, but not STAT-3. Activation of STAT-2 with the 

stimuli of interest was undetectable in HBE cells using two different p-STAT-2 antibodies 

specifically designed for immunoblotting.  Although the specificity of EMSA supershift 

antibodies (STAT-1, STAT-2 and STAT-3) were verified by immunoblotting, this raises 

the possibility that the antibody to total STAT-2 used in supershift experiments was not 

entirely selective, despite only the proteins of interest being visualized on the immunoblot 

at those particular exposure times.  Nonetheless, the discrepancy between EMSA and 

immunoblotting data regarding the involvement of STAT-2 is not entirely clear. In 

accordance with the EMSA data, activated STAT-3 (p-STAT-3) detection by 

immunoblotting showed constitutive expression without noticeable alteration, regardless of 

the treatment used (data not shown). By contrast, and consistent with earlier reports 132,159, 

STAT-1 was detected in HBE cells and HRV infection induced phosphorylation of this 

protein. Moreover, CSE inhibited HRV induced STAT-1 phosphorylation.  

In other cell types, CXCL10 expression is reported to be regulated by JAK/STAT 

signalling by stimuli including IFN-γ and HRV exposure359,302. Initially, evidence that 
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activation of the STAT pathway played a functional role in HRV-16-induced CXCL10 

expression in airway epithelial cells was obtained by showing that a selective JAK inhibitor 

resulted in inhibition of HRV-induced CXCL10 protein release. Others have concurrently 

reported that HRV-induced p-STAT-1 is inhibited by CSE355, but this is the first 

demonstration that inhibition of the JAK/STAT signalling pathway can modulate HRV-

induced epithelial CXCL10 production. In support of this, inhibition of the JAK/STAT 

signalling pathway has been shown to modulate HRV-induced CXCL10 production in 

human monocytic cells, albeit via replication-independent mechanisms359.  

The specific involvement of STAT-1 was evaluated using siRNA knock-down of 

STAT-1, but unfortunately the results were inconclusive. STAT-1 is expressed as two 

isoforms, or functional splice variants, including STAT-1α (91kDa) and STAT-1β (84kDa). 

Two different siRNAs targeting STAT-1 were purchased, but they were only able to 

effectively knock-down one of the two isoforms of this protein, namely STAT-1β. Knock-

down of STAT-1β did not have an effect on HRV-induced CXCL10 expression indicating 

that this isoform of STAT-1 is most likely not playing a significant role in viral induction 

of this gene. This data does not rule out the involvement of STAT-1α, and in fact, the 

limited information available on STAT-1 regulation of CXCL10 expression generally 

focuses on the 91kDa splice variant, suggesting that this may be the dominant 

isoform302,304,463. Specific knock-down of STAT-1α would have made these results more 

conclusive.  

The difference between the STAT-1α (750 amino acids) and the STAT-1β (712 

amino acids) isoforms is that STAT-1β lack 38 C-terminal amino acids (amino acids 713-
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750). Contained within these 38 amino acids is a critical serine residue (Ser727), the 

phosphorylation of which is required for maximal transcription induced by IFN-γ464. 

Furthermore, the STAT-1 antibody used for supershift experiments targeted the C-terminal 

sequence of this protein, and specifically the portion that is not present in the STAT-1β 

isoform. Thus, collectively, these data suggest that STAT-1α, but not STAT-1β, is involved 

in HRV-induced CXCL10.  

Although it has been reported that IFN-γ stimulation can induce STAT-1α to bind to 

the ISRE region of the CXCL10 promoter as part of an ISGF3 complex composed of a 

STAT-1α homodimer in conjunction with p48/IRF-9302,465, this does not occur upon 

exposure of epithelial cells to HRV. It has previously been shown that antibodies 

recognizing ISGF3 complex components did not alter complex formation with the ISRE 

region of the CXCL10 promoter 297,338 but that this is regulated by antibodies to IRF-1298. 

Thus, these data further suggest that STAT-1, and specifically STAT-1α, regulates 

CXCL10 expression through the distal STAT transcription factor binding sites, rather than 

the ISRE binding site, in the CXCL10 promoter.  

Classically, the ISGF3 complex consists of tyrosine phosphorylated -STAT-1α, 

and/or -STAT-1β and -STAT-2 proteins, in conjunction with a 48 kDa (p48) DNA-binding 

protein that has been reported to specifically binds to ISRE354,466. Although the STAT-2 

antibody caused a supershift of the STAT-protein complex, activated STAT-2 (p-STAT-2) 

could not be detected. Additionally, no alteration in constitutive IRF-9 was detected 

following any of the stimuli of interest (data not shown). Thus, the data here suggest that it 

is unlikely that an ISGF3 complex is involved in binding/activation of the distal CXCL10-
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specific STAT sites, although an ISGF3 complex used in supershift experiments would 

have helped to make this speculation more conclusive. Similar to that which occurs during 

IFN-γ stimulation in cells resulting in phosphorylation of STAT-1α but not of STAT-2 and 

subsequent binding to the GAS sequence in other genes, it is feasible that phosphorylation 

of STAT-1 triggers homodimerization and migration to the nucleus where it can bind to the 

distal CXCL10 STAT sites in the CXCL10 promoter. Additionally, it is feasible that these 

sites are alternate binding sites for a STAT-1α homodimer since CXCL10 does not contain 

a conserved GAS element in its promoter region239.  

Next, the ChIP technique was used in an attempt to determine whether the protein-

DNA interactions that are observed with the EMSA analysis are also observable in a more 

endogenous environment. ChIP allows for analysis of endogenous DNA-protein 

interactions in the cell rather than just using a nuclear extract containing translocated 

protein in conjunction with a synthetic oligonucleotide which corresponds to the region if 

interest. Unfortunalely, ChIP also has its limitations. In this case, although ChIP with a 

readily expressed protein (RNA polymerase II) and PCR analysis with a constitutively 

expressed gene (GAPDH) was successful, ChIP with p65 NF-ĸB subunit or IRF-1 followed 

by the more sensitive real-time PCR analysis using specific primers was unsuccessful. 

Reasons for this are not entirely clear, but it is possible that since CXCL10 is expressed at 

much lower levels than GAPDH, that this technique is just not sensitive enough to detect 

these lower levels. It is also possible that the timeframe that was analyzed (6 h post HRV 

infection of cells), although in correspondence with the time-frame utilized for EMSA 

analysis, was too early in the process of transcriptional activation of CXCL10 by HRV to 
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detect any significant changes. Indeed, chromatin structure analysis using the EpiQ kit 

revealed that opening of CXCL10 around the transcriptional start site was detectable at 12 

h but not at 6 h. But this again could also be due to sensitivity of this technique and does 

not rule out that chromatin opening and association of p65 and IRF-1 with the CXCL10 

promoter doesn’t occur at earlier time-points.  

Although CSE appears to affect multiple signalling pathways to regulate HRV-

induced CXCL10 expression, and this could just be a result of CSE inhibiting HRV-

induced upstream events, it was determined in Chapter 4 that CSE did not inhibit HRV-

induced ICAM-1 expression nor alter HRV titre in the relevant time frame (24 h) required 

for HRV-induced signalling. A dsRNA intermediate formed during viral replication of 

RNA viruses such as HRV can be detected via PRRs including TLR3, RIG-I and/or MDA-

5 resulting in a variety of signalling events. To date, there is controversy in the literature 

about the relative role of these PRRs in HRV-induced signalling154,155,157.  Here it is 

demonstrated that HRV induces both RIG-I and MDA5, but not TLR3 (unpublished 

laboratory data) in primary human bronchial epithelial cells and this induction is 

significantly inhibited in the presence of CSE. HRV-induced expression of RIG-I and 

MDA5 is seen as early as 9 h post infection, suggesting that both of these proteins could 

readily affect CXCL10 gene expression at 24 h. siRNA knock-down studies showed that 

MDA-5, but not RIG-I, was involved in regulating HRV-induced CXCL10 expression and 

these results imply that suppression of HRV-induced MDA5 by CSE is one of the 

mechanisms contributing to the inhibition of HRV-induced CXCL10 by CSE. These data 

are consistent with a report that showed that knock-down of MDA5, but not RIG-I, lead to 
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the decreased expression of CXCL10 induced by HRV1B, a minor group rhinovirus154. 

Additionally, while RIG-I preferentially recognizes RNA from a variety of RNA viruses, 

MDA5 has been shown to preferentially bind picornavirus RNA165. Moreover, RIG-I has 

been shown to favour uncapped 5’ triphosphate ssRNA and short dsRNA, while MDA5 

favours longer dsRNA467–469. Since HRV has a longer RNA genome, this is consistent with 

MDA5 being important for HRV-induced CXCL10 expression, while RIG-I does not 

appear to be. While it is possible that MDA5 is more suitable for the detection of the HRV 

dsRNA replication intermediate, it is also possible that MDA5 may just have a higher 

affinity for dsRNA than RIG-I. These possibilities have not yet been explored and provide 

future avenues to explore.  

Although one of general results of MDA5 signalling is the production of antiviral 

type I IFNs149,166, HRV-induced CXCL10 has been shown to be type I IFN-independent259. 

In conjunction with the data shown here, this suggests that MDA5 could directly induce 

CXCL10 production without the need for initial up-regulation of type I IFNs. In support of 

this it has been shown that long dsRNA, such as that produced during HRV replication, can 

induce anti-viral responses independent of IFN470. Moreover, virus-induced ISG induction 

has been been shown to be independent of Type I and Type III IFN receptors471. 

Recently it has been shown that other PRRs may also be involved in the recognition 

of HRV infection and the subsequent innate immune antiviral response157. Triantafilou et al 

demonstrated that in addition to MDA5, but not RIG-I, TLR2, TLR7 and TLR8 expression 

are induced following HRV infection of primary airway epithelial cells and that this 

successively triggers innate immune antiviral response including production of IL-6 and 
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IFN-β. In agreement with this study, cell surface expression of TLR2 has been shown to be 

involved in recognition of viral proteins166. Thus, it is possible that during HRV infection, 

in addition to MDA5, TLR2, TLR7 and/or TLR8 may be playing a role in the subsequent 

expression of CXCL10. Since HRV-induced CXCL10 generation is dependent on viral 

replication259, it is possible that only following initial replication and enhancement of TLR 

expression that these receptors are contributing to CXCL10 generation. On the other hand, 

since TLR2 expression, but not TLR7 and TLR8, has been shown to be up-regulated 

following exposure to UV-inactivated HRV and still able to induce innate immune antiviral 

responses157, it is more likely that this PRR is not contributing to CXCL10 generation 

unless there is differential signalling via this receptor depending on the replication 

competency of HRV.  

Transcriptional control of gene activation also involves epigenetic mechanisms 

regulating accessibility of DNA to both the basal transcriptional complex and specific 

transcription factors via chromatin remodelling. It is evident that cigarette smoke can exert 

effects on chromatin remodelling312,313. However, while it is known that CXCL10 is 

amenable to epigenetic control441,472, there are no prior reports of cigarette smoke 

modulating DNA accessibility in the area of the CXCL10 promoter. Since little CXCL10 

mRNA is expressed under basal conditions, CSE alone had no effect the degree of 

constitutive accessibility. By contrast, HRV alone caused significant chromatin unwinding, 

leading to enhanced DNA susceptibility to nuclease digestion. When cells were treated with 

HRV+CSE, CXCL10 DNA accessibility was significantly suppressed compared to cells 

treated with virus alone, demonstrating that CSE inhibits HRV-induced CXCL10 
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expression via epigenetic regulation of accessibility of DNA around the CXCL10 

transcriptional start site. HRV-induced chromatin accessibility was higher at 12 h than 24 h, 

which correlates with HRV-induced CXCL10 mRNA first becoming detectable by real-

time RT-PCR at 9 h. Moreover, the suppression of HRV-induced chromatin accessibility 

occurs early in CXCL10 gene transcription at 12 h and it is further sustained up to 24 h 

when HRV-induced CXCL10 protein is robust and also significantly inhibited by CSE. 

In summary, the data presented in this chapter report the novel observation that 

HRV-induced CXCL10 inhibition is a result of a combination of multiple mechanisms. 

Partial suppression of transcription factors involved in HRV-induced CXCL10 generation, 

namely NF-ĸB, IRF-1 and STAT-1, partial suppression of upstream signalling via the viral 

sensor MDA5, and partial suppression of HRV-induced CXCL10 chromatin accessibility 

all contribute to the collective, potent inhibition of HRV-induced CXCL10 at the protein 

level.  

 

 Future Studies 5.5

A number of potential future studies could enhance and/or strengthen the 

conclusions drawn from the data presented in this chapter. A selection of these are 

discussed below. 

Using custom designed siRNA to specifically knock-down the STAT-1α isoform 

would help to more conclusively decipher the involvement of this isoform in the generation 

of HRV-induced CXCL10. This siRNA could be designed in such a manner as to target the 

38 amino acid sequence in the C-terminal portion of STAT-1 that is present in the STAT-
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1α isoform but not the STAT-1β isoform. Additionally, the lack of a role for STAT-1β in 

HRV-induced CXCL10 could be further examined by using supershift antibodies targeting 

only this isoform. If an antibody to STAT-1β did not cause a shift in the protein-DNA 

complex formed using CXCL10-specific STAT oligonucleotides, while the STAT-1α did, 

then this would more conclusively implicate the specific involvement of the STAT-1α 

isoform. A supershift antibody to the ISGF3 complex could be used to help eliminate the 

involvement of STAT-2 and IRF-9.  

Although the EpiQ chromatin accessibility studies showed that HRV-induced 

CXCL10 chromatin accessibility was reduced by CSE, the manner of how this occurred 

was not addressed. Studies investigating whether histone modifications and/or DNA 

methylation are altered by CSE in the CXCL10 promoter area could provide more insight 

into this, although, admittedly, this could be difficult to do. ChIP techniques would have to 

be utilized in conjunction with antibodies to modified histones and methylated DNA and 

then real-time analysis would have to be performed using CXCL10-specific primers. The 

same problems already encountered with the ChIP technique could therefore arise with this 

investigation as well.  

Lastly, since there is suggestion that TLR2, TLR7 and/or TLR8 may be involved in 

the recognition of HRV, analysis of the expression of these PRRs and whether they are 

affected by CSE may be useful. If either and/or all of these were to be shown to be induced 

by HRV and/or altered by CSE in this in vitro model, then a further investigation to 

determine whether signalling through these PRRs is linked to HRV-induced CXCL10 

generation could be useful.   
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 Mechanisms of CXCL8 Enhancement by the Chapter Six:
Combination of HRV and CSE  

 

Portions of data presented in this Chapter have been published: 
 
 
Hudy MH, Traves SL, Wiehler S, Proud D. Cigarette smoke modulates rhinovirus-induced 
airway epithelial cell chemokine production. Eur. Respir. J. 2010;35(6):1256–1263. 
 
Copyright © European Respiratory Society. 
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 Background 6.1

In response to a variety of stimuli, CXCL8 mRNA expression is rapidly induced 

and can be detected as early as 1 h post stimulus, although it can persist for up to 72 h305,306. 

It is now well known that CXCL8 gene expression is regulated both transcriptionally and 

post-transcriptionally278,305. Reported mechanisms of CXCL8 gene regulation will be 

discussed in detail below.  

 

6.1.1 Transcriptional regulation of CXCL8 

CXCL8 has been shown to be regulated via transcription factors binding to the AP-

1, C/EBP-β (NF-IL-6) and NF-ĸB binding sites in the CXCL8 promoter306–311,473. The 

region between -1 and -133 in the 5’ flanking region of the CXCL8 gene has been shown to 

be sufficient for the transcriptional regulation of this gene279, including when induced by 

HRV-16323. A representative diagram of the CXCL8 promoter is depicted in Figure 6.1 A. 

The distal AP-1 site is located between -120 and -126 in the gene promoter has been shown 

to interact with protein dimers of the Jun and Fos family306. The proximal C/EBP-β site 

located between -81 and -92 and the NF-ĸB site located between -70 and -80 have been 

shown to interact with protein dimers of the C/EBP basic-leucine zipper and Rel/NF-ĸB 

family respectively306. The extent to which each transcription factor contributes to CXCL8 

induction seems to be dependent not only on the stimulus but also on the cell type studied.  
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6.1.1.1 Transcriptional Regulation of CXCL8 by HRV 

There is some controversy in terms of the mechanisms behind HRV-induced 

transcriptional regulation of CXCL8 gene expression. It has been reported, using the A549 

alveolar carcinoma cell line infected with HRV type 14, that HRV-induced stimulation of 

CXCL8 is NF-ĸB dependent involving an increase in p50/p65 heterodimer binding to the 

NF-ĸB consensus sequence in the CXCL8 promoter283.  Additionally, this study used 

CXCL8 promoter-luciferase constructs to show that HRV-14-induced CXCL8 promoter 

activation is decreased when the NF-ĸB sequence is mutated. Interestingly, using similar 

methods, this study also shows that C/EBP-β is only partially required for CXCL8 gene 

expression. In support of these findings, another study, using transiently transfected 

CXCL8 promoter-luciferase constructs in the BEAS-2B bronchial epithelial cell line, 

demonstrated that HRV-16-induced activation of the CXCL8 promoter is dependent on NF-

ĸB, partially dependent on C/EBP-β but not dependent on AP-1323. In contrast to these two 

reports, Kim and colleagues have reported that although HRV activates NF-ĸB, HRV 

stimulates CXCL8 gene expression independent of NF-ĸB activation474. In this 

aforementioned study, the BEAS-2B bronchial epithelial cell line and HRV type 16 were 

used in conjunction with inhibitors of NF-ĸB to show that HRV-16 still induced CXCL8 

even when NF-ĸB signalling was inhibited. The discrepancy between these studies could in 

part be attributed to different cell types, culture conditions, and serotypes of HRV; and in 

part to different techniques used to investigate the involvement of NF-ĸB in CXCL8 gene 

regulation.  



207 

 

 

6.1.1.2 Transcriptional Regulation of CXCL8 by Cigarette Smoke 

As discussed in Chapter 3, cigarette smoke has been shown to induce the 

expression of CXCL8 in a variety of cell types. The mechanism behind this induction has 

not been rigorously studied as only a handful of studies have been reported. Cigarette 

smoke has been shown to activate NF-ĸB263,433,459,461, have no effect on NF-ĸB203,210,455 and 

to modulate stimulus-induced NF-ĸB signalling in airway epithelial cells203,210. One study 

reports that cigarette smoke-induced CXCL8 expression is dependent on the NF-ĸB 

pathway in macrophages but does not show a direct link in transcriptional regulation423. In 

Chapter 5, the current study shows that CSE does not alter NF-ĸB signalling alone, but 

inhibits HRV-16-induced NF-ĸB signalling. It is therefore unlikely, and contradictory to 

previous results presented in this thesis, that the enhancement of CXCL8 following 

treatment with HRV-16+CSE is regulated by transcriptional activation via NF-ĸB. 

Cigarette smoke has also been reported to modulate C/EBP-β475,476 and AP-1456,458,477–480. 

Furthermore, cigarette smoke conditioned medium up-regulates C/EBP-β and coincides 

with increased CXCL8 levels in human fibroblasts476. Also notable, cigarette smoke 

induces CXCL8 expression and c-jun binding to the AP-1 site in the CXCL8 promoter in 

THP-1 monocytic cells480. It is therefore plausible that the enhancement of CXCL8 by 

HRV-16+CSE compared to either treatment alone is mediated via transcriptional 

mechanisms specifically involving C/EBP-β and/or AP-1.  
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6.1.2 Post-transcriptional regulation of CXCL8 

CXCL8 has very unstable mRNA susceptible to rapid degradation279. Located 

within the proximal portion of the 3’ UTR of CXCL8 mRNA are AREs containing four 

AUUUA motifs, two of which overlap (Figure 6.1 B)381. As discussed in Chapter 1, AREs 

are hallmarks of mRNAs that are amenable to stabilization/destabilization and are shown to 

be involved in docking of mRNA stabilizing/destabilizing proteins. 

 

Figure 6.1: Schematic diagrams of the putative CXCL8 promoter and mRNA 
transcript.  
A: A schematic diagram of the putative 720 bp CXCL8 promoter construct inserted 
upstream of a firefly luciferase gene. B: A schematic diagram of the CXCL8 promoter 
highlighting the AREs in the 3’ UTR. Diagrams are not to scale. 
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Activation of the p38 MAPK pathway following a variety of stimuli has been 

shown to induce CXCL8 mRNA stabilization325–327. More specifically, activation of the 

MAPKK6-p38 MAPK-MK2 signalling pathway is linked to stabilization of the CXCL8 

transcript325. As evidence of this, inhibition of the p38 MAPK pathway using 

pharmacological inhibitors, including SB203580 and SB202190, has been shown to 

suppress CXCL8 in some cells279. Although p38 MAPK can significantly contribute, it is 

not necessarily essential for CXCL8 expression279. 

Thus far, there is no general consensus of which ARE binding protein(s) is/are most 

important in the regulation of CXCL8 gene stability. At least four ARE binding proteins 

have linked to the regulation of CXCL8 gene stability, including HuR382,384–386, which 

stabilizes mRNA, KHSRP383,384 and TTP387–389, which both destabilize mRNA, and AUF-

1382, which has four isoforms and has been shown to both stabilize and destabilize mRNA 

transcripts. To date none of these proteins have specifically been linked to CSE-induced 

stabilization of CXCL8.  

Palanisamy et al have shown using uv-crosslinking and immunoprecipitation 

experiments that both AUF-1 and HuR associate with CXCL8 mRNA in human saliva382. 

Wang et al have shown using supershift-EMSA, immunoprecipitation and uv-crosslinking 

experiments that following stimulus with nitric oxide, HuR associated with CXCL8 mRNA 

in monocytic THP-1 cells385. Although Winzen and colleagues also have shown that 

CXCL8 mRNA is stabilized through the 3’ UTR via HuR, in their hands, HuR does not 

associate with the AUUUA core elements but rather with the auxiliary domain in the 

CXCL8 3’UTR386. Additionally, Winzen and colleagues have shown that KHSRP 
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associates with the 3’ UTR of CXCL8 and is essential for rapid degradation of this 

transcript383. It has also been demonstrated that both HuR and KHSRP associate with the 3’ 

UTR of CXCL8 but, at least in breast cancer cells following IL-1β treatment, there was a 

much greater association of the stabilizing factor HuR than the destabilizing factor 

KHSRP384. Additionally, while TTP is expressed at very low levels in cystic fibrosis lung 

epithelial cells at rest, upon stimulation it has been shown to regulate CXCL8 mRNA 

expression in these cells387,388. 

 

6.1.2.1 Post-Transcriptional Regulation of CXCL8 by HRV 

HRV has not been shown to directly up-regulate CXCL8 via mRNA stabilization 

but HRV has been shown to induce rapid phosphorylation of p38 MAPK in the BEAS-2B 

bronchial epithelial cell line323,324,481,482. Moreover, this pathway has also been linked to 

HRV-induced CXCL8 expression482. Only one publication had reported that HRV induces 

one of the stabilizing/destabilizing proteins that are linked to CXCL8 induction, and that is 

AUF-1, but it was only induced at late time-points including 24 and 48 h which would not 

be relevant for the early induction of CXCL8 being investigated here259.  

 

6.1.2.2 Post-Transcriptional Regulation of CXCL8 by Cigarette Smoke 

CSE has been shown to induce rapid phosphorylation of p38 MAPK in human 

airway smooth muscle483, lung fibroblasts484, small airway epithelial485 and bronchial 

epithelial cell cultures458,485,486. Moreover, using a pharmacological inhibitor of p38 MAPK, 

Moretto et al. have shown that there is a link between CSE-induced CXCL8 and p38 
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MAPK activation in human lung fibroblasts484. Recently, this group has also demonstrated 

that p38 MAPK-MK2 pathway is directly responsible for CSE-induced CXCL8 expression 

by mRNA stabilization in human bronchial smooth muscle cells485.   

To date, there is no literature whether cigarette smoke modulates the 

expression/activation of AUF-1, KHSRP, HuR or TTP.  

 

 Hypothesis 6.2

CXCL8 enhancement by the combination of HRV and CSE above either treatment 

alone is regulated either transcriptionally, but not involving NF-ĸB, or post-

transcriptionally by stabilizing CXCL8 mRNA.  

 

 Results 6.3

6.3.1 HRV-16-induced CXCL8 enhancement by CSE is not regulated transcriptionally 

Data presented in Chapter 3 showed that CSE-induced CXCL8 mRNA was 

beginning to accumulate at 5 h post treatment and HRV-16-induced CXCL8 mRNA was 

further enhanced with CSE starting at 5 h post-treatment. In order to determine whether the 

enhancement of HRV-16-induced CXCL8 by CSE was being regulated on the 

transcriptional level, the BEAS-2B bronchial epithelial cell line was transiently transfected 

with a full-length CXCL8 promoter-luciferase construct (Figure 6.1 A) and assayed for 

firefly luciferase activity following a 5 h treatment with medium control, CSE, HRV-16 or 

HRV-16+CSE (Figure 6.2). BEAS-2B cells were used for these experiments as primary 

cells are difficult to transfect with large promoter constructs. The use of BEAS-2B cells for 
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these experiments was justified based on similar results seen with primary HBE and BEAS-

2B cells regarding CXCL8 expression in Chapter 3.  

What was found was that CSE alone did not induce the activation of the CXCL8 

promoter. In contrast, HRV-16 alone significantly induced CXCL8 promoter activation. 

Surprisingly, HRV-16-induced CXCL8 promoter activation was not enhanced in 

combination with CSE. Interestingly, HRV-16-induced CXCL8 promoter activation was 

significantly inhibited in the presence of CSE. Data are displayed as both raw RLU (Figure 

6.2 A) and fold increase compared to medium control (Figure 6.2 B) to show that the trend 

in the data remained the same regardless of how the data was expressed. Thus, these data 

suggest that HRV-16-induced CXCL8 protein enhancement by CSE is not regulated on the 

transcriptional level. 
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Figure 6.2: HRV-16-induced CXCL8 enhancement by CSE is not regulated 
transcriptionally in airway epithelial cells.  
BEAS-2B cells that were transiently transfected with the full length CXCL8 promoter were 
then treated with medium, CSE alone, HRV-16 alone or the combination for 5 h. Cell 
lysates were assessed for firefly luciferase activity and data are presented as both relative 
light units (RLU; A) and fold induction as compared to cells treated with only medium 
control (B). Data are presented as mean ± SEM (n=6). Asterisks denote a significant 
difference between HRV-16+CSE and HRV-16 alone (*** p<0.001). Data presented in B 
have been published445. 
 
6.3.2 The combination of HRV-16 and CSE stabilizes CXCL8 mRNA 

As previously mentioned, CXCL8 can be regulated post-transcriptionally through 

mRNA stabilization. In order to determine whether the combination of HRV-16 and CSE 

was stabilizing CXCL8 mRNA, studies using the actinomycin D chase assay were 

conducted. Actinomycin D is an inhibitor of transcription and the actinomycin D chase 

Figure 6.2 B was removed due to 
copyright restrictions. Data contained in 
this figure can be found in Figure 5 in: 
Hudy MH, Traves SL, Wiehler S, Proud 
D. Cigarette smoke modulates 
rhinovirus-induced airway epithelial cell 
chemokine production. Eur. Respir. J. 
2010;35(6):1256–1263. 
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assay is used to monitor the decay rate of mRNA of a given gene over time following a 

particular treatment487. 

Preliminary data demonstrated that induction of CXCL8 steady state mRNA was 

first observed at 2 h after stimulation with HRV-16 in HBE and BEAS-2B cells 

(unpublished laboratory results). Additive induction of CXCL8 protein following treatment 

with HRV-16+CSE compared to either treatment alone was observed as early as 5 h post-

treatment (Chapter 3, Figure 3.9). Thus, a 2 h exposure before addition of actinomycin D 

was used with 3 h post actinomycin D exposure as the last time-point collected. As 

actinomycin D can be quite toxic to cells, limiting the time of exposure is essential. Primary 

HBE cells were not used for this experiment due to the large volume of cells that would be 

required per cell donor. In BEAS-2B cells treated with either CSE alone or HRV-16 alone, 

CXCL8 mRNA decayed, with 50% loss occurring between 2 and 3 h in each case (Figure 

6.3). In cells exposed to the combination of HRV-16 and CSE, however, a significant 

stabilization of CXCL8 mRNA was observed, such that there was no significant 

degradation of CXCL8 mRNA over the 3 h time period studied (Figure 6.3). The half-life 

of CXCL8 mRNA has been reported to be ~4.6 h305 but due to toxicity effects of 

actinomycin D at a longer duration of exposure (unpublished laboratory results), the 

actinomycin D chase experiment was not continued on past 3 h.  
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Figure 6.3: The combination of HRV-16 and CSE stabilizes CXCL8 mRNA in airway 
epithelial cells.  
BEAS-2B cells were treated for 2 h with medium control, CSE, HRV-16 or the 
combination and then actinomycin D (10 µg/mL) was added to inhibit further transcription. 
Total cellular RNA was extracted at 30, 60 (1 h), 120 (2 h) and 180 (3 h) min and CXCL8 
mRNA levels were assessed with real time RT-PCR. Data are expressed as a percentage of 
CXCL8 mRNA at time 0 for each treatment. Data are presented as mean ± SEM (n=4). 
Asterisks denote a significant difference between HRV-16+CSE and HRV-16 alone for the 
respective time-point (* p≤0.05). Data presented in this figure have been published445. 
 

6.3.3 The p38 MAPK pathway is involved in CSE-induced and HRV-16+CSE-induced 
CXCL8 

As previously mentioned, stability of CXCL8 mRNA279 and the induction of 

CXCL8 by cigarette smoke has been linked to the p38 MAPK pathway484–486. Additionally, 

inhibition of the p38 MAPK pathway reduces HRV-16 induced CXCL8 production from 

airway epithelial cells323.  In agreement with this earlier study323, HRV-16 induced rapid 

phosphorylation of p38 (Figure 6.4 A).  Also consistent with earlier reports484–486, CSE 

Figure 6.3 was removed due to copyright restrictions. 
Data contained in this figure can be found in Figure 6 in: 
Hudy MH, Traves SL, Wiehler S, Proud D. Cigarette 
smoke modulates rhinovirus-induced airway epithelial 
cell chemokine production. Eur. Respir. J. 
2010;35(6):1256–1263. 
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also modestly induced phosphorylation of p38 MAPK in BEAS-2B cells. The combination 

of HRV-16 and CSE induced additive phosphorylation of p38 MAPK at 30 minutes (as 

assessed by densitometry), but the response to the combination was less than additive at 

later time-points (Figure 6.4 A).  Similar results were obtained in HBE cells (Figure 6.4 

B).  

In order to link the involvement of the p38 MAPK pathway to CXCL8 production 

following treatment, this pathway was inhibited using the selective p38 MAPK inhibitor 

SB203580 prior to measuring CXCL8 protein levels. A concentration of 3 µM was used 

because this has been shown to effectively inhibit p38 MAPK and have no substantial 

inhibitory effects on other kinases488. SB203580 significantly inhibited CSE-induced 

CXCL8 protein production as well as CXCL8 production in response to the combination of 

HRV-16 and CSE (Figure 6.4 C). The vehicle control (DMSO) or the negative control for 

SB203580 (SB202474) did not significantly alter CXCL8 protein production following 

CSE, HRV-16 or HRV-16+CSE treatment. Together, these data suggest that enhanced p38 

MAPK activation by HRV-16+CSE could contribute to enhanced CXCL8 protein 

production. 
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Figures 6.4 A and C were removed due to copyright 
restrictions. Data contained in these figures can be found 
in Figure 7 in: 
Hudy MH, Traves SL, Wiehler S, Proud D. Cigarette 
smoke modulates rhinovirus-induced airway epithelial 
cell chemokine production. Eur. Respir. J. 
2010;35(6):1256–1263. 
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Figure 6.4: The p38 MAPK pathway is involved in CSE-induced and HRV-16+CSE-
induced CXCL8 production in airway epithelial cells. 
A: BEAS-2B cells were treated with medium control, CSE, HRV-16 or the combination for 
the times indicated and probed using a specific antibody to phosphorylated-p38 MAPK, 
then were subsequently stripped and re-probed using an antibody to total p38 MAPK to 
ensure equal protein loading (representative of 3 separate experiments). B: HBE cells were 
treated with medium control, CSE, HRV-16 or the combination for the times indicated and 
probed using a specific antibody to p38 MAPK (representative of 2 separate experiments). 
C: BEAS-2B cells were incubated with media alone or in the presence of DMSO, 
SB202474 or SB203580 for 1h before treatment with CSE, HRV-16 or the combination for 
24h. Data are presented as mean ± SEM (n=3). Asterisks denote a significant difference 
with treatment + SB203580 versus treatment alone or treatment + DMSO/SB202474 
(*p≤0.05 and ***p<0.001). Data presented in A & C have been published445. 
 

6.3.4 CSE, HRV-16 and HRV-16+CSE all fail to alter the expression of AUF-1, KHSRP 
or HuR 

Stability of CXCL8 mRNA has been reported to be regulated, in various systems, 

by the stabilizing/destabilizing proteins AUF-1, TTP, KHSRP and HuR, but to date none of 

these proteins have specifically been linked to CSE-induced enhancement by stabilization 

of HRV-induced CXCL8.  To investigate the roles of these specific mRNA stabilizing/de-

stabilizing proteins it was first determined whether the expression of these proteins was 

altered with CSE alone, HRV-16 alone or HRV-16+CSE. Using the actinomycin D chase 

assay, mRNA stabilization of CXCL8 by HRV-16+CSE was observed within 3 h post-

treatment, therefore, expression levels of these stabilizing/destabilizing proteins were 

examined at early time-points, as this would be most relevant to the time-frame for 

stabilization of CXCL8 mRNA following treatment with CSE, HRV-16 and HRV-16+CSE. 

Although there was constitutive expression of AUF-1, KHSRP and HuR at 30 min, 1 h and 
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3 h, neither treatment markedly affected the expression level of these proteins in HBE cells 

at the time-points studied (Figure 6.5).  
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Figure 6.5: CSE alone, HRV-16 alone or the combination of the two stimuli does not 
alter the expression of ARE-binding proteins AUF-1, KHSRP and HuR at early time-
points in airway epithelial cells.  
HBE cells were treated with medium control, CSE, HRV-16 or HRV-16+CSE for the times 
indicated. Total cell lysates were harvested and analyzed via immunoblotting. Membranes 
were probed with specific AUF-1 (A), KHSRP (B) or HuR (C) antibodies, then were 
subsequently stripped and re-probed with an antibody to GAPDH to ensure equal protein 
loading. Data are representative of 3 separate experiments. 
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Examination of AUF-1 and HuR expression at later time-points, including 6 and 9 h 

post treatment with CSE, HRV-16 or HRV-16+CSE resulted in similar observations, with 

no marked difference in expression levels of these proteins following treatment (Figure 

6.6). Using three different antibodies, TTP protein detection was unsuccessful in both the 

HBE and BEAS-2B cells, either constitutively of following any of the treatments.  

 
 

 

Figure 6.6: CSE alone, HRV-16 alone or the combination of the two stimuli does not 
alter the expression of ARE-binding proteins AUF-1 and HuR at later time-points in 
airway epithelial cells.  
HBE cells were treated with medium control, CSE, HRV-16 or HRV-16+CSE for the times 
indicated. Total cell lysates were harvested and analyzed via immunoblotting. Membranes 
were probed with specific AUF-1 (A) or HuR (B) antibodies, then were subsequently 
stripped and re-probed with an antibody to GAPDH to ensure equal protein loading. Data 
are representative of 3 separate experiments. 
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6.3.5 HuR is involved in enhancement of CXCL8 by the combination of HRV-16+CSE 

The function of mRNA stabilizing/destabilizing proteins can also be regulated via 

post-translational modifications, including but not limited to phosphorylation, that affect 

the activity or localization of these proteins. Unfortunately, there are no currently available 

commercial antibodies which identify post-translational modifications of AUF-1, KHSRP 

or HuR. siRNA knock-down of each protein was used as an alternative approach to assess 

the role of AUF-1, KHSRP or HuR in the regulation of HRV-induced CXCL8 expression 

by CSE.  

 As a reference to compare effects of siRNA knock-down on levels of CXCL8, 

protein levels from a collection of 6 HBE cell donors that were used for subsequent siRNA 

experiments are shown in Figure 6.7. Although the pattern in CXCL8 protein expression 

was similar to that reported in Chapter 3, the magnitude was different from other HBE cell 

donors used earlier in the project. Since primary cells are derived from different 

individuals, donor-to-donor variation is expected.  
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Figure 6.7: CXCL8 protein production is enhanced by HRV-16+CSE compared to 
CSE or HRV-16 alone in airway epithelial cells.  
HBE cells from 6 HBE cell donors to be used for siRNA experiments were treated with 
medium control, CSE, HRV-16 or HRV-16+CSE for 24 h and cell supernatants were 
assessed for CXCL8 protein release. Data are presented as mean ± SEM (n=6). Asterisks 
denote a significant difference between the specified treatments (*** p<0.001). 
 

HBE cells were transfected with two different siRNA duplexes targeting AUF-1 

(Figure 6.8), KHSRP (Figure 6.9) or HuR (Figure 6.10). Appropriate controls were 

performed in parallel including, treatment with medium alone, mock transfection with the 

transfection reagent (lipid) alone, as well as transfection with the appropriate concentration 

of a universal control non-targeting siRNA. Cells were recovered for 24 h prior to an 

additional 24 h treatment with HRV-16+CSE. Initial studies focused on validation of 

respective protein knock-down. Although there was basal expression of AUF-1, KHSRP 



224 

 

 

and HuR in HBE cells (Figure 6.5), siRNA knock-down was confirmed following the 

treatment of interest (HRV-16+CSE) in order to ensure that this treatment was not limiting 

the ability of the siRNAs to successfully produce knock-down. For all siRNA validation 

experiments (Figure 6.8A, 6.9A and 6.10A), similar levels of knock-down were observed 

in cells treated with medium alone, CSE alone or HRV-16 alone (data not shown).  

AUF-1 is expressed as four alternatively spliced products with differing molecular 

weights, including 37, 40, 42 and 45 kDa isoforms. Neither the transfection reagent alone 

nor the control non-targeting siRNA (30 nM) had a significant effect on protein expression 

of any AUF-1 isoform (Figure 6.8 A). Each of the two siRNAs targeting AUF-1 was only 

able to significantly knock-down the expression of the 45 kDa isoform of AUF-1. 

Densitometry calculations showed that the knock-down of the 45 kDa isoform was 

substantial, with around 90% knock-down with each of the two siRNAs (Figure 6.8 A). A 

higher concentration (100 nM) of AUF-1 siRNA was tried but, at this concentration, effects 

on cell viability were apparent. Next, CXCL8 protein levels were measured from 

supernatants collected from HBE cells treated with these siRNAs.  No significant 

differences were observed between HRV+CSE treated cells after pre-treatment with 

medium alone, transfection reagent alone or either of the two AUF-1 siRNA duplexes 

(Figure 6.8 B).  

Transfection reagent alone, or the control non-targeting siRNA (10 nM), did not 

have a significant effect on protein expression of KHSRP (Figure 6.9 A). Each of the two 

siRNAs targeting KHSRP were significantly able to knock-down the expression of KHSRP 

protein as assessed by densitometry, with a 61% and 78% knock-down compared to HRV-
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16+CSE alone (Figure 6.9 A). CXCL8 protein level measurements revealed that KHSRP 

knock-down did not reverse the enhancement of HRV-16-induced CXCL8 by CSE (Figure 

6.9 B). One of the two siRNA duplexes had a slight, but significant, effect on enhancing 

CXCL8 protein levels in cells treated with HRV-16+CSE.  

Transfection reagent alone, or the control non-targeting siRNA (10 nM), did not 

have a significant effect on protein expression of HuR (Figure 6.10 A). Each of the two 

siRNAs targeting HuR were significantly able to knock-down the expression of HuR 

protein as assessed by densitometry, with 68% and 70% knock-down compared to HRV-

16+CSE alone (Figure 6.10 A). CXCL8 protein level measurements revealed that HuR 

protein knock-down, using two different HuR-targeting siRNA duplexes, did have a 

significant effect on CXCL8 protein expression from HBE cells following treatment with 

HRV-16+CSE (Figure 6.10 B). CXCL8 protein expression was reduced to levels observed 

with treatment of HBE cells with CSE or HRV-16 alone (Figure 6.7). Compared to 

medium alone, CSE alone induced CXCL8 protein levels to 8.4 ± 1.7 ng/mL and HRV-16 

alone induced CXCL8 protein levels to 9.5 ± 2.4 ng/mL. The combination of HRV-

16+CSE induced CXCL8 protein levels to levels above 15 ng/mL. Levels of CXCL8 

protein released from HBE cells following treatment with HRV-16+CSE in conjunction 

with HuR-targeting siRNA #1 or siRNA #2 were 8.9 ± 1.6 ng/mL and 9.0 ± 1.5 

respectively.  
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Figure 6.8: Effects of AUF-1-targeting siRNA on CXCL8 protein expression in airway 
epithelial cells.  
HBE cells were treated for 24 h prior to harvesting cell supernatants for analysis with 
ELISA and whole cell lysates for analysis with immunoblotting. To determine the level of 
AUF-1 protein knock-down membranes were probed with a specific AUF-1 antibody 
recognizing 4 isoforms of AUF-1, then were subsequently stripped and re-probed with an 
antibody to GAPDH to ensure equal protein loading (A; representative of 3 separate 
experiments). Densitometry analysis with % knock-down relative to HRV-16+CSE alone is 
also shown (A; n=3). Supernatants were analyzed for CXCL8 protein (B; n=3). Data are 
presented as mean ± SEM. Lipid denotes transfection reagent alone. NT denotes non-
targeting control siRNA. ns = not significant. 
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Figure 6.9: Effects of KHSRP-targeting siRNA on CXCL8 protein expression in 
airway epithelial cells.  
HBE cells were treated for 24 h prior to harvesting cell supernatants for analysis with 
ELISA and whole cell lysates for analysis with immunoblotting. To determine the level of 
KHSRP protein knock-down membranes were probed with a specific KHSRP antibody, 
then were subsequently stripped and re-probed with an antibody to GAPDH to ensure equal 
protein loading (A; representative of 3 separate experiments). Densitometry analysis with 
% knock-down relative to HRV-16+CSE alone is also shown (A; n=3). Cell supernatants 
were analyzed for CXCL8 protein (B; n=5). Data are presented as mean ± SEM. Lipid 
denotes transfection reagent alone. NT denotes non-targeting control siRNA. Asterisks 
denote a significant difference between the specified treatments (**p<0.01). ns = not 
significant. 
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Figure 6.10: Effects of HuR-targeting siRNA on CXCL8 protein expression in airway 
epithelial cells.  
HBE cells were treated for 24 h prior to harvesting cell supernatants for analysis with 
ELISA and whole cell lysates for analysis with immunoblotting. To determine the level of 
HuR protein knock-down membranes were probed with a specific HuR antibody, then were 
subsequently stripped and re-probed with an antibody to GAPDH to ensure equal protein 
loading (A; representative of 3 separate experiments). Densitometry analysis with % 
knock-down relative to HRV-16+CSE alone is also shown (A; n=3). Cell supernatants were 
analyzed for CXCL8 protein (B; n=6). Data are presented as mean ± SEM. Lipid denotes 
transfection reagent alone. NT denotes non-targeting control siRNA. Asterisks denote a 
significant difference between the specified treatments (***p<0.001). 
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 Discussion 6.4

This chapter investigated the mechanism behind the novel observation first reported 

in Chapter 3, that the combination of HRV-16+CSE enhanced CXCL8 expression, at least 

additively, above either HRV-16 or CSE treatment alone in airway epithelial cells.  

Initially, a CXCL8 promoter-luciferase reporter plasmid was used to determine if 

CXCL8 induction was being regulated transcriptionally. In agreement with previous 

literature323, HRV-16 treatment alone induced CXCL8 promoter activation. Although CSE 

enhanced epithelial expression of both CXCL8 mRNA and protein, a novel observation 

was made that it did not induce CXCL8 promoter activation. Furthermore, this study has 

shown, for the first time that the combination of HRV-16+CSE did not enhance HRV-16-

induced CXCL8 promoter activation, despite the more than additive induction of steady 

state CXCL8 mRNA, but rather, CSE caused a significant inhibition of this activation. It 

has been reported here and in prior publications that HRV-induced CXCL10 promoter 

activation is inhibited in the presence of CSE355,445. Evidence provided in Chapter 5 show 

that in the case of CXCL10, this reduction is regulated partially via NF-ĸB. Since CXCL8 

has been shown to be, in part, regulated transcriptionally through NF-ĸB283,307,308,489, 

inhibition of HRV-16-induced CXCL8 promoter activation by CSE is consistent with the 

regulation of HRV-16-induced CXCL10 by CSE. Although previous literature has shown 

that CSE can modulate the transcription factors C/EBP-β and AP-1456,458,475–480, the data 

here suggest these transcription factors are not contributing to transcriptional activation of 

CXCL8 by the combined treatment of HRV-16 and CSE. It is, however, possible that their 

inhibition is contributing to transcriptional repression of HRV-16-induced CXCL8 by CSE. 
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In summary, the data presented here suggest that HRV-16-induced CXCL8 protein 

enhancement by CSE is not regulated on the transcriptional level, and other avenues of 

regulation needed to be examined. 

It is widely accepted that CXCL8 gene expression can be regulated via mRNA 

stabilization. In this study, the enhancement of CXCL8 by HRV-16+CSE did not appear to 

be regulated on the transcriptional level, but rather via mRNA stabilization as evidenced by 

the actinomycin D chase assay and the involvement of the p38 MAPK pathway. The 

actinomycin D data suggest that the increased stability of CXCL8 mRNA with the 

combined treatment of HRV-16 and CSE compared to either treatment alone could explain 

the enhancement of CXCL8 protein levels. Both HRV-16 and CSE alone induced 

phosphorylation of p38 MAPK and, at the earliest time-point this induction by the 

combination of stimuli was additive.  The fact that induction by the combination of HRV-

16 and CSE became less than additive at later time-points when mRNA was still stable 

raises questions about whether the p38 MAPK pathway is the sole mechanism regulating 

mRNA stability.  Nonetheless, selective inhibition of the p38 MAPK pathway reduced 

CXCL8 production by each stimulus alone, with significant effects on CSE and particularly 

on CXCL8 production by the combination of HRV-16 and CSE, clearly indicating that this 

pathway plays a role in the synergistic induction of CXCL8 induction by these stimuli. 

Although significant CXCL8 mRNA stabilization was observed using the 

actinomycin D chase assay with the combined treatment of HRV-16+CSE, CSE alone did 

not stabilize CXCL8 mRNA despite the induction of CXCL8 protein without increase in 

promoter drive. The reasons for this are unclear. It is possible that mRNA stabilization of 
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CXCL8 by CSE is occurring at a later time-point than was assessed using the actinomycin 

D chase assay. Alternatively, the higher transcription rate induced by HRV-16 is making 

the mRNA stabilization effect noticeable with the actinomycin D chase assay and basal 

transcription of CXCL8 is not sufficient to see this mRNA stabilization effect using this 

assay. In either case, it is also possible that a build-up of mRNA is needed, such as that 

induced early with HRV-16+CSE, in order to allow mRNA stabilizing factors to have 

ample product to act on.  

At least four ARE binding proteins have linked to the regulation of CXCL8 gene 

stability, including AUF-1, TTP, KHSRP and HuR. Initial investigation focused on whether 

CSE, HRV-16 or the combined treatment was having an effect on protein expression levels 

of AUF-1, TTP, KHSRP or HuR. Although AUF-1, KHSRP and HuR were all 

constitutively expressed at early time-points in human airway epithelial cells, treatment 

with CSE alone, HRV-16 alone or HRV-16+CSE did not modulate the expression level of 

either of these proteins within the time frame in which CXCL8 mRNA stabilization occurs. 

TTP protein expression was not detected in either HBE or BEAS-2B cells regardless of 

treatment using two different antibodies; therefore it is unlikely that the expression of TPP 

would be contributing to CXCL8 gene regulation by HRV+CSE. These data imply that, if 

AUF-1, KHSRP or HUR are involved the enhancement of HRV-induced CXCL8 by CSE, 

it is not via modulation of their expression levels.  

Although expression levels of AUF-1, KHSRP or HuR were not altered, it remained 

possible that treatment with CSE, HRV-16 or HRV-16+CSE could affect the activation or 

the localization of these proteins within the cell. As evidence of this, the activity of TTP, 
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KHSRP and HuR have been shown to be regulated by phosphorylation380,394,403. 

Unfortunately, antibodies detecting activated forms of these proteins are not readily 

available. In addition, when activated, HuR translocates from the nucleus to the cytoplasm, 

where it can exert stabilizing effects on newly synthesized gene transcripts395,398,401,403,490. 

To further assess the role of these stabilizing/destabilizing proteins in enhancement of 

HRV-16-induced CXCL8 by CSE, siRNA knock-down of each of AUF-1, KHSRP and 

HuR was performed.  

Despite using AUF-1-targeting siRNA duplexes from two different suppliers 

targeting different regions of the molecules, knock-down all four AUF-1 isoforms was 

unsuccessful. The reasons for this are unclear but could be better achieved with siRNAs 

targeting each individual isoform. The siRNA did successfully reduce expression of the 

largest isoform (45kDa), but this resulted in no significant change in HRV-16+CSE-

induced CXCL8 protein expression.  These data suggest that the 45 kDa isoform of AUF-1 

is not involved in the enhancement of CXCL8 protein following treatment with HRV-

16+CSE compared to either treatment alone, but no firm conclusions can be drawn 

regarding the other isoforms. The 40 and 45 kDa isoforms of AUF-1 are purported to be 

involved in de-stabilizing mRNA, the 42 kDa isoform in stabilizing mRNA, while the 37 

kDa isoform is involved in either stabilizing/destabilizing mRNA390. Since there was a very 

strong basal expression of the 42kDa isoform of AUF-1, it would have been valuable to 

determine if it was contributing to the stabilization of CXCL8 mRNA. Unfortunately, 

knock-down of this isoform was not achieved with two separate AUF-1-targeting siRNA 

duplexes from two different suppliers.  
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Specific siRNA targeting KHSRP resulted in substantial knock-down of this protein 

but this has no inhibitory effect on the expression of CXCL8 following treatment with 

HRV-16+CSE. One of the two siRNA duplexes had a slight, but significant, effect on 

enhancing CXCL8 protein levels in cells treated with HRV-16+CSE. Accordingly, KHSRP 

may be involved in dampening the expression of CXCL8, but since only one of the two 

siRNAs had this affect, this result is inconclusive. The discrepancy between the two siRNA 

duplexes is unclear, and a third siRNA may have helped to resolve this difference, although 

this would not have helped to explain how CSE modulates HRV-induced CXCL8 

expression. These data suggest that, although KHSRP may be involved in globally 

dampening CXCL8 protein expression, it is most likely not involved in the enhancement of 

CXCL8 protein following treatment with HRV-16+CSE compared to either treatment 

alone. 

Knock-down of HuR was also successful using two different siRNA duplexes, and 

in contrast to AUF-1 and KHSRP, abrogation of HuR resulted in inhibition of the increased 

CXCL8 production observed upon combined stimulation with HRV-16+CSE. These data 

suggest that HuR is involved in stabilizing CXCL8 mRNA when HBE cells are treated with 

HRV-16+CSE, leading to elevated protein levels compared to cells treated with HRV-16 

alone.  

In summary, the data in this chapter show, for the first time, that the enhancement 

of HRV-induced CXCL8 in human airway epithelial cells by CSE compared to either 

treatment alone is regulated post-transcriptionally, via mRNA stabilization and HuR plays a 

key role in this stabilization.  
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 Future Studies 6.5

Using specifically designed siRNA to each isoform of AUF-1 would help to 

delineate the involvement of this protein in the enhancement of CXCL8 induced by 

HRV+CSE. Since each isoform can behave in a different manner in terms of 

stabilizing/destabilizing mRNA, this would help to tease out if there is any involvement of 

any of the AUF-1 isoforms and in what manner they may affect CXCL8 expression.  

Using immunoprecipitation assays, future studies could determine the relative 

association of HuR with the 3’ UTR of CXCL8 following stimulus with CSE, HRV alone 

or the combination of the two stimuli. This would help to correlate the HuR siRNA CXCL8 

protein data findings with the regulation of CXCL8 mRNA. Additionally, it could be 

evaluated whether HuR siRNA directly alters CXCL8 mRNA levels following CSE, HRV 

or HRV+CSE treatment. This would help to determine whether HuR is the sole factor 

responsible for the stabilization of CXCL8 mRNA following treatment with HRV+CSE, or 

if it is only partially contributing to its stabilization. 

It has been shown that following an inflammatory stimulus, HuR associates with the 

3`UTR of CXCL8 in the BEAS-2B bronchial epithelial cells line and the AMP-activated 

protein kinase pathway may be contributing to increased nuclear-cytoplasmic shuttling of 

HuR395. A variety of other pathways have also been shown to contribute to the nuclear-

cytoplasmic shuttling of HuR403. Future studies could determine how the combination of 

HRV and CSE alters HuR in human bronchial epithelium; whether it is through activation 

due to phosphorylation and/or regulation of nuclear-cytoplasmic shuttling of HuR. 
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 General Discussion, Limitations, Future Chapter Seven:
Directions and Clinical Relevance 
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Although a discussion section has been provided in each individual results chapter, 

a general discussion for the overall doctoral thesis project is provided here, including 

limitations, future directions, clinical relevance and, finally, general conclusions 

derived from this body of work as a whole.  

 

 General Discussion 7.1

7.1.1 Rationale of study 

Cigarette smoke has profound effects on the human body and is linked to the 

development and progression of many diseases177–179. HRV is one of the most common 

viral pathogens infecting humans, and it is known to be a major contributing factor to virus-

induced exacerbations of airway diseases such as COPD and asthma1–6. Both cigarette 

smoke and HRV encounter the airway epithelium as one of the first cellular points of 

contact within the human body, and in fact, the airway epithelial cell is the only cell type 

shown to infected by HRV in vivo30. Although many studies have been conducted 

analyzing the responses in airway epithelial cells following either HRV infection or 

cigarette smoke exposure, if and how cigarette smoke modulates HRV-induced responses 

in these cells has not been thoroughly studied. Since smokers have been shown to have 

worse outcomes during acute respiratory tract infections compared to non-smokers24–29, an 

investigation into the mechanisms underlying this phenomenon was warranted. Therefore, 

the goal if this thesis was to determine whether cigarette smoke had an effect on HRV-

induced inflammatory responses. If an altered response was to be determined, a further 

investigation into the underlying mechanisms was to take place. The scope of inflammatory 
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responses was narrowed down to two chemokines, namely CXCL10 and CXCL8, because 

these chemokines have been shown to be induced during HRV infections both in vitro and 

in vivo, as well as they have also been shown to be important mediators in COPD, and in 

asthmatics who smoke. This investigation was to take place using an in vitro airway 

epithelial cell culture model, in conjunction with purified HRV and cigarette smoke in the 

form of CSE.  

 

7.1.2 CSE differentially modulates HRV-induced chemokine expression in airway 
epithelial cells 

Chapter 3 reports the novel observation that, indeed, CSE does modulate HRV-

induced CXCL10 and CXCL8 chemokine responses. Surprisingly, CSE was demonstrated 

to divergently modulate HRV-induced production of these two chemokines. CSE alone did 

not induce CXCL10 production in airway epithelial cells but HRV-induced CXCL10 was 

shown to be potently inhibited by CSE. In contrast, both CSE alone and HRV alone 

induced CXCL8 production from airway epithelial cells, and when cells were treated with 

the combination of HRV and CSE, CXCL8 was induced to levels above what either 

stimulus was capable of alone. This phenomenon was shown not to be limited to a major 

group HRV (HRV-16) since a similar effect on CXCL10 and CXCL8 protein levels was 

observed using a member of the minor group of HRV (HRV-1A).  

Although it has previously been published that HRV induces CXCL10 from both 

HBE and BEAS-2B cells259,297,298, this study showed, for the first time, that HRV-induced 

CXCL10 is inhibited in the presence of CSE445. This effect was shown both at the mRNA 
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level, using gene microarray techniques and quantitative real time RT-PCR, as well as at 

the protein level. In support and validation of these data, a recent publication has 

concurrently shown that HRV-induced CXCL10 is inhibited in the presence of CSE at both 

the mRNA and protein level in BEAS-2B cells and at the mRNA level in normal human 

bronchial epithelial (NHBE) cells355. 

CXCL10 mRNA, as well as total inflammatory cells including neutrophils and 

lymphocytes have been shown to be increased in mice following cigarette smoke exposure 

when compared to control mice260–262. Moreover, CXCR3-deficient mice exposed to 

cigarette smoke show a reduction of inflammation, with fewer total inflammatory cells, 

neutrophils and lymphocytes in BAL and lung tissue260,261. In contrast to these studies but 

in agreement to the data presented in this thesis, CSE did not induce CXCL10 in a human 

bronchial epithelial cell line (16-HBEs), human plasmacytoid DCs or in human monocyte 

derived macrophages263–266. Additionally, LPS-, RSV- and IFN-γ-induced CXCL10 was 

significantly inhibited in the presence of CSE in human cells263–266. Furthermore, LPS-

induced migration of lymphocytes was ablated in the presence of CSE263. This suggests that 

in an in vitro cell culture model, CSE generally attenuates stimulus-induced CXCL10 

production. The discrepancies between the studies conducted using mouse models and the 

studies using human cells suggest that the cigarette smoke-induced inflammatory response 

may differ between the mouse and the human. It is also possible that the response induced 

by whole cigarette smoke exposure may be different to that induced by soluble CSE. 

Additionally, length of time of cigarette smoke exposure may also contribute to these 

reported divergent results. Nonetheless, the data presented in this thesis are in accordance 
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to that seen with other human cell culture models, regardless of the initial CXCL10-

inducing stimulus.  

Although, levels of CXCL10 have been reported to be increased in the airways of 

asthmatic and COPD patients267,268,273, conclusions drawn from these studies must be 

viewed with caution. Costa et al measured an increase of CXCL10 in induced sputum from 

COPD patients compared to non-smoking control subjects, but this was not significant 

compared to smokers with normal lung function268. In addition, there was no significant 

difference in CXCL10 expression in induced sputum between normal non-smokers and 

normal smokers268. Along the same lines, although CXCR3 positive Th1 cells in smokers 

with COPD were increased compared to non-smoking subjects (but not compared to 

smokers with normal lung function), there was no difference between non-smoking 

subjects and smokers with normal lung function270. This suggests that the induction of 

CXCL10 and subsequent recruitment of CXCR3 positive Th1 cells in COPD patients is due 

to factors associated with disease pathogenesis, rather than to cigarette smoking per se. 

Moreover, although Ying et al had reported an increase in CXCL10 positive cells in both 

the bronchial mucosa and BAL fluid of patients with severe asthma, COPD patients, as 

well as current and ex-smokers, compared to non-smoking control subjects, this was only at 

the mRNA level, and in fact, CXCL10 protein was not significantly different except in the 

patients with severe asthma269. Taken together, these results do not indicate that cigarette 

smoke is the driving factor for CXCL10 induction, and thus do not contradict the results 

generated in this thesis. However, it is possible that the observations regarding the 

modulation of HRV-induced CXCL10 by CSE may differ in airway epithelial cells derived 
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from asthmatics and COPD patients who smoke. Further study using epithelial cells derived 

not only from normal human lungs, but those from otherwise healthy smokers, asthma 

patients who smoke and COPD patients could help clarify this.  

In accordance with a previously published study444, CSE alone induced CXCL8 

production in airway epithelial cells. Unlike this prior publication, this thesis study has, for 

the first time, demonstrated that CXCL8 is enhanced, at least additively, with the 

combination of HRV and CSE compared to either stimulus alone. Although the study by 

Wang and colleagues examined CXCL8 production following exposure to HRV and CSE 

in airway epithelial cells, they did not show that the combined treatment enhanced CXCL8 

above that induced with HRV alone.  

In Chapter 4 it was established that the effects of CSE on HRV-induced chemokine 

responses was not due to effects on HRV receptor expression or HRV replication. Analysis 

using flow cytometry techniques indicated that CSE did not alter the number of airway 

epithelial cells expressing the major group HRV receptor ICAM-1. Interestingly, the 

number of ICAM-1 receptors per cell was increased by the combination of HRV and CSE, 

but since this was also the case following HRV treatment alone, the increase following 

HRV+CSE treatment could be attributed to HRV. Using the viral titre assay, this chapter 

also reported that HRV titre was not affected by CSE in a relevant time frame to affect the 

changes in observed CXCL10 and CXCL8 chemokine responses.   

Taken together, the results presented in Chapter 3 and Chapter 4 demonstrated 

that HRV-induced CXCL10 and CXCL8 were differentially regulated by CSE, and that this 
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observed modulation was not due to alterations in HRV-receptor expression or effects on 

viral titre. 

 

7.1.3 CSE inhibits HRV-induced CXCL10 via multiple mechanisms 

Multiple mechanisms regulating the inhibition of HRV-induced CXCL10 are 

reported in Chapter 5. Since previous literature has highlighted that HRV-induced 

CXCL10 is regulated mainly at the level of transcription259,297,298,338,345, this was the starting 

point for mechanistic studies in this chapter.  

Promoter-luciferase studies indicated that CSE inhibited HRV-induced 

transcriptional activation of CXCL10. Interestingly, and in line with data presented in 

Chapter 4, poly [I:C]-induced CXCL10 promoter activation was also significantly 

inhibited by CSE. The involvement of AP-1 in HRV-induced CXCL10 suppression by CSE 

was ruled out using point mutation studies. Since point mutations of the ISRE and both NF-

ĸB binding sites were inconclusive, other approaches were used to examine their 

involvement.  

Using tandem repeat luciferase constructs of both NF-ĸB CXCL10-specific binding 

sites, it was determined that both of these sites were playing a partial role in HRV-induced 

CXCL10 inhibition by CSE. In support of this, EMSA studies demonstrated that the 

binding and/or translocation of the HRV-induced p50 and p65 subunits were reduced 

following CSE treatment. Moreover, examination of IĸB-α showed that HRV-induced 

phosphorylation of this inhibitor was reduced by CSE in a relevant time frame. Moreover, 

EMSA analysis also showed that binding and/or translocation of a HRV-induced 
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transcription factor to the CXCL10-specific ISRE binding site was reduced by CSE. In 

agreement with previously published studies298, the transcription factor binding to this site 

was confirmed to be IRF-1. In accordance with this, HRV-induced IRF-1 mRNA and 

protein were inhibited by CSE. 

Although regions distal to the ISRE and NF-ĸB binding sites in the CXCL10 

promoter have been suggested to be important in HRV-induced CXCL10 production, this 

had not been explored in any detail. Initial truncations of the CXCL10 promoter confirmed 

that these regions were, indeed, important in HRV-induced activation of the CXCL10 

promoter. Additionally, the data suggested that this region of the CXCL10 promoter may 

also be involved in the inhibition of HRV-induced CXCL10 by CSE. Due to technical 

issues, further investigation using point mutations were inconclusive as to the involvement 

of two putative STAT sites in the distal portion of the CXCL10 promoter. Alternate 

approaches, therefore, were again used to examine this. The involvement of the JAK/STAT 

pathway in the induction of CXCL10 protein was confirmed via inhibition studies. EMSA 

analysis using a CXCL10-specific STAT oligonucleotide revealed that a DNA-protein 

complex was formed following HRV infection of airway epithelial cells. Moreover, the 

formation of this complex was substantially inhibited by CSE. Supershift analysis revealed 

that STAT-1 and/or STAT-2 were involved in the formation of this complex. Interestingly, 

STAT-1 mRNA, protein and activation by phosphorylation were all suppressed by CSE, 

while activated STAT-2 could not be detected in airway epithelial cells. Taken together, 

these data suggest that STAT-1 is involved in HRV-induced CXCL10, likely via binding to 

two STAT recognition sequences in the CXCL10 promoter, and this is also suppressed by 
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CSE. The lack of activation of STAT-2 raised the possibility that the antibody to STAT-2 

used for EMSA supershifts was not specific.  

Examination of upstream signalling pathways linked to the recognition of the HRV 

dsRNA replication intermediate, showed that HRV induced both RIG-I and MDA5. 

Additionally, both of these helicases were suppressed by CSE, and in a relevant time frame 

to potentially affect HRV-induced CXCL10 generation. Additional experiments using 

siRNA knock-down indicated that MDA5, but not RIG-I, was directly linked to HRV-

induced CXCL10. Whether the induction of the MDA5 pathway by HRV was directly 

linked to activation of NF-ĸB, IRF-1 or STAT-1 is unknown, but future studies could focus 

on deciphering this. It is possible that activation of NF-ĸB, IRF-1 and STAT-1 could be 

through MDA5-induced signalling and/or via non-MDA5-dependent signalling.  

Although CXCL10 has been shown to be regulated mainly at the transcriptional 

level, there is some precedent in the literature for this gene to be regulated by post-

transcriptional mechanisms, particularly by mRNA stabilization/destabilization491–495. 

Accordingly, analysis of the CXCL10 ‘3 UTR reveals one short ARE (AUUUA)259. Not 

unlike CXCL8, the p38 MAPK pathway has been linked to CXCL10 mRNA 

stabilization493–495. Although an enhancement of p38 MAPK activation is seen with the 

combined stimulus of HRV and CSE in this thesis study, this does not accurately correlate 

with the down-regulation of CXCL10 mRNA at 24 h. The stabilizing/destabilizing protein 

AUF-1 has been shown to be up-regulated 24 and 48 h post HRV infection of bronchial 

epithelial cells, and this correlates with a decrease of CXCL10 mRNA after 24 h259. It is 

possible that if isoforms of this protein which are involved in destabilization of mRNA are 
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enhanced, either in expression or activation, with the combination of HRV+CSE at later 

time-points, that this may be contributing to decreased expression of CXCL10 mRNA.  

In Chapter 5 it was shown that the suppression of HRV-induced CXCL10 by CSE 

was also regulated, at least in part, epigenetically. Specifically, using a chromatin 

accessibility assay, analysis showed that CSE caused a reduction in HRV-induced 

chromatin accessibility around the transcriptional start site of the CXCL10 promoter. In 

other words, the induction of CXCL10 by HRV caused an unwinding and ‘opening’ of the 

chromatin around the CXCL10 transcriptional start site, likely allowing for binding of 

induced transcription factors, while CSE suppressed the degree of this HRV-induced 

‘opening’ of chromatin. This correlates with the reduction in HRV-induced CXCL10 

mRNA and protein inhibition by CSE, although not to the same quantitative degree. The 

reason for this may be that the potent inhibition of HRV-induced CXCL10 by CSE is a 

cumulative effect of the suppression of many factors. Decreased chromatin accessibility 

leads to a reduction in CXCL10 and this is then further reduced by the cumulative, modest 

suppression of multiple transcription factors and signalling pathways that lead to HRV-

induced CXCL10 generation.  

At first glance, the reduction in chromatin accessibility by CSE may appear to 

contradict the effects cigarette smoke has been reported to have on epigenetic alterations. It 

is reported that HDAC levels are suppressed in cigarette smokers, COPD patients and 

smoking asthmatics, and that this correlates with increased pro-inflammatory gene 

expression413–415,420,421,426. Although the expression of some genes may be enhanced in 

smokers, others have been shown to be reduced, suggesting that gene suppression may be 
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regulated via other mechanisms. Indeed, the tight junction protein E-cadherin is reduced 

following cigarette smoke exposure and this appears to be due to increased recruitment of 

HDACs, as HDAC inhibitors reversed the effects of cigarette smoke exposure on E-

cadherin496. Thus, it is possible that cigarette smoke can concurrently reduce global 

expression/activation of HDACs but it can also alter the recruitment of the remaining 

expressed/activated HDACs to select gene promoters.  

In summary, the data presented in Chapter 5 demonstrate that the induction of 

CXCL10 by HRV is regulated transcriptionally, via mechanisms involving NF-ĸB, IRF-1 

and STAT-1, and CSE inhibits HRV-induced CXCL10 by having a suppressive effect on 

all of these targets. Furthermore, CXCL10 induction is also dependent on HRV-induced 

MDA5 signalling, likely following recognition of the dsRNA replication intermediate, and 

this signalling is also suppressed by CSE. Lastly, CSE reduces HRV-induced accessibility 

around the transcriptional start site of the CXCL10 promoter. Thus, the inhibition of HRV-

induced CXCL10 by CSE is mediated by a cumulative effect of multiple mechanisms 

resulting in substantial suppression of HRV-induced CXCL10 at the protein level. 

 

7.1.4 CSE enhances HRV-induced CXCL8 via mRNA stabilization  

Chapter 6 demonstrated that, not unlike CXCL10, HRV-induced CXCL8 promoter 

activation is suppressed by CSE. Since HRV-induced CXCL8 expression is regulated by 

NF-ĸB, and it was shown that NF-ĸB is inhibited by CSE; this data did not contradict the 

findings reported in Chapter 5. However, this result did not explain how CXCL8 mRNA 

and protein were enhanced by the combined treatment of HRV and CSE, except that it was 
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not via transcriptional mechanisms.  Therefore, other avenues were explored in order to 

explain this observation. Since CXCL8 is known to be regulated not only transcriptionally, 

but also post-transcriptionally via mRNA stabilization, this was an obvious starting point to 

initiate further investigation.  

Using actinomycin D chase studies it was shown that combined treatment with 

HRV and CSE significantly reduced the rate of CXCL8 mRNA degradation over time. This 

stabilization occurred at early time-points and correlated with the enhancement of CXCL8 

mRNA by HRV+CSE seen as early as 5 h post treatment. The p38 MAPK pathway, which 

has been linked to mRNA stabilization, was also more activated at early time-points 

following the combined treatment. A further investigation of ARE-BPs linked to CXCL8 

mRNA stability was conducted and revealed that three of the four of these proteins were 

expressed in airway epithelial cells, but surprisingly, none of these proteins were noticeably 

affected in expression level by CSE, HRV or the combined stimulus. As an alternate 

approach, involvement of individual ARE-BPs in HRV+CSE-induced CXCL8 generation 

was explored using siRNA knock-down studies targeting each of these ARE-BPs. These 

investigations demonstrated that HuR was playing a significant role in the enhanced 

production of CXCL8 by HRV and CSE compared to either stimuli alone.  Unfortunately, 

no conclusion could be drawn regarding the involvement of 3 of the 4 isoforms of AUF-1, 

as the specific siRNAs used only knocked-down protein expression of the 45 kDa isoform 

of AUF-1. Nonetheless, taken together, the data presented in Chapter 6 support the novel 

observation that CXCL8 enhancement by HRV and CSE is mediated, at least in part, via 

HuR-mediated mRNA stabilization.  
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 Limitations 7.2

Although studies for this thesis project were carefully conducted and controlled as 

much as possible, no study is without limitations. Some of these limitations will be 

addressed below. 

There are a variety ways of exposing cells and tissues to cigarette smoke in the 

laboratory and, thus far, no standard method has been generally accepted497. Two main 

cigarette smoke exposure systems have been reported, namely, gas phase exposure and 

aqueous extract exposure497. Gas phase exposure utilizes a system whereby a cigarette 

smoke is ‘puffed’ into the exposure chamber, such as an incubator. This is usually achieved 

using a commercially engineered, single or multiple port, smoking machine. The cells or 

tissues are kept in the incubator for a desired length of time with exposure to gaseous 

cigarette smoke which is funneled into the airspace of the incubator. Cells exposed to the 

smoke can either remain static, with medium covering the surface, or be gently rocked to 

directly expose the cells to the gaseous cigarette smoke. An advantage of this approach is 

that the cells are exposed to the same phase of cigarette smoke as that which would occur in 

vivo, and, moreover, the duration and frequency of exposure can be easily manipulated. The 

other, more accessible and economically feasible method, involves the use of an aqueous 

extract prepared from the combustion of cigarettes.  This is achieved by ‘smoking’ a 

cigarette using either a manual or mechanical pump, which allows the captured cigarette 

smoke to be bubbled directly into a solution that can subsequently be used to treat cells. 

Variations of this method use either cell culture medium, a buffered saline solution or even 
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DMSO to collect the aqueous extract. The length of time to combust the cigarette, the 

number of cigarettes used and the volume of aqueous solution used vary widely throughout 

published studies. Some, but not all, investigators then filter the extract to remove any 

larger particulate matter that may have collected. This filtered extract is either placed 

directly on cells, diluted with medium or standardized using a spectrophotometer at 320 nm 

prior to dilution. Thus, although these are the two main methods of cigarette smoke 

exposure for in vitro tissue culture experimentation, the methods are highly varied and 

hinder the ability to make general conclusions from different research groups. Therefore, 

this limitation applies not only to this study but to all other studies that analyze cell 

responses to cigarette smoke exposure in vitro. A rigorously defined, universally accepted 

protocol for cigarette smoke exposure in the cell/tissue culture model would allow for more 

justified general conclusions and, likely, more consistent conclusions between research 

groups. 

For this thesis project, an aqueous cigarette smoke extract was prepared with the 

aim of mimicking the solubilized components of cigarette smoke that one would 

presumably find in the ASF lining the human airway epithelium of a smoker. Although this 

was done in order to reflect cigarette smoke exposure in vivo, this procedure is not without 

limitations. As mentioned above, direct exposure to gaseous phase cigarette smoke in a 

humidified, temperature controlled environment may have provided a more reflective 

representation of that which is seen in vivo.  

Another limitation of the CSE exposure system is that the data collected for this 

thesis project reflect changes that have occurred based on a single, relatively acute exposure 
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to CSE. One may argue that this is not reflective of the physiological chronic cigarette 

smoke exposure that is seen in smokers in vivo, and multiple exposures could have changed 

the conclusions that were drawn from this study. Unfortunately, chronic exposure to 

cigarette smoke in the cell culture system is near impossible since the lifespan of cultured 

cells is a few weeks at best. In addition, repeated acute exposures can cause cell death. This 

could, in part, be overcome by using primary epithelial cells cultured from brushings 

derived from chronic cigarette smokers themselves. Moreover, epithelial cells derived from 

asthmatic subjects (smokers and non-smokers) and COPD patients could add additional 

insight into how cigarette smoke modulates HRV-induced responses in a disease model.  

CSE exposure to epithelial cells used in this study could have been performed by 

utilizing epithelial cells that were differentiated at air-liquid-interface (ALI) rather than an 

undifferentiated, submerged monolayer epithelium. Although this would better reflect the 

epithelial cell structure and composition of the human airways, the disadvantage of 

differentiated ALI epithelium is that it takes a substantially longer time to culture prior to 

utilization for studies, these cells are much harder to infect with HRV, and certain tools, 

such as transfection of siRNA, become much more difficult to accomplish in this cell 

culture system.  

Another limitation of this study is that culture of airway epithelial cells alone may 

not completely explain the physiologically relevant responses that are occurring in vivo. 

Undoubtedly, the interaction of cells in the airways contributes to inflammatory responses 

observed following HRV infection. Although, thus far, only airway epithelial cells have 

been shown to be infected by HRV in vivo, this does not rule out that other cell types, either 
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in the lumen of the airways, such as macrophages, or sub-epithelial cells, such as 

fibroblasts and airway smooth muscle cells, are not responding to HRV, either in a 

replication dependent or independent manner, and contributing to epithelial responses via 

paracrine effects. It is feasible to think that in asthmatics where epithelial cell damage 

occurs, sub-epithelial cells may become more accessible for HRV infection. It has been 

shown that HRV-induced CXCL10 responses are enhanced when airway epithelial cells are 

either co-cultured with monocytes or supernatants from HRV-infected monocytes are added 

to epithelial cells, indicating that monocytic cells can release factors that contribute to an 

additional increase of CXCL10 by airway epithelial cells498. Again, if monocytes can 

respond to HRV exposure by producing soluble products, then, since HRV infects the 

lower airways, where monocytic cells tend to be the predominant immune cell, it is feasible 

that these cells could become infected or stimulated. Studies in vitro have shown that HRV 

enter monocytes and macrophages, but does not replicate inside them499,500. Interestingly, it 

has been shown that CXCL10 is produced from HRV-infected monocytic cells in a 

replication-independent manner359. Moreover, although cigarette smoke has been shown to 

affect airway epithelial cell responses both in the current thesis and in many other studies, it 

is not the only cell type in the lung that is subject to this noxious agent. It is possible that 

inflammatory responses induced by cigarette smoke in other cell types in the lung may be 

releasing factors that have a paracrine effect on the airway epithelium. 

In summary, although significant limitations are acknowledged for this thesis study, 

the results generated from the current project provide novel insight into cigarette smoke-

mediated changes that are occurring in airway epithelial cells infected with HRV. An 



251 

 

 

extension of this project addressing the limitations above would enhance the data generated 

here and provide additional insight into how cigarette smoke may alter HRV-induced 

epithelial responses in vivo. 

 

 Future Directions 7.3

Although possibilities for additional experiments stemming from the ones presented 

in each chapter have already been discussed, here possibilities to expand the project as a 

whole will be addressed. In particular, this thesis project concentrated on addressing the 

main research question using an in vitro human cell culture model, but this study could be 

expanded and enhanced using an appropriate in vivo model.  

A common starting point for an in vivo model is the use of an established animal 

model, and although numerous options are available, the mouse model is by far the most 

commonly used for studies of cigarette smoke exposure. There would be several 

possibilities using a mouse model to expand this project. One, this tool could be used to 

explore if and how gaseous cigarette smoke exposure alters HRV-induced responses in the 

otherwise healthy mouse lung. One limitation of this model is that it only allows 

examination of lung responses as a whole, since isolating airway epithelial responses would 

not be possible. Moreover, although countless studies have been conducted using mice 

exposed to gaseous cigarette smoke, either acutely or chronically, there are several hurdles 

that would have to be overcome.  One of these hurdles is the addition of HRV, since murine 

ICAM-1 does not recognize major group HRV. Rather than using a major group HRV, a 

minor group member of this virus could be used, which is readily recognized by the mouse 
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LDL receptor. To date, a handful of studies examining minor group HRV-infection in the 

mouse have been successfully conducted155,443,501–504. In Chapter 3 it was shown that the 

seminal observations of this thesis utilizing major group HRV also apply to a minor group 

HRV, thus, using minor group HRV in the mouse could be an appropriate model for further 

study. It must be noted, however, that the murine model of HRV infection has several 

major limitations (discussed below) that distinguish it from human disease. Alternatively, 

since a transgenic mouse expressing human ICAM-1 has been generated501, this could also 

be a possibility for future investigation, although many of the same limitations apply. 

Another hurdle with the mouse model is that, although mice express a homolog of human 

CXCL10505, they do not express a homolog of human CXCL8. In order to address this, 

other CXCR2-specific neutrophil chemoattractants, such as macrophage inflammatory 

protein-2 (MIP-2) and keratinocyte-derived chemokine (KC) expressed in the mouse506, 

could be measured in the mouse as a surrogate to the human CXCL8 readout.   

Another possibility to extend this project using a mouse model would be to use a 

disease model in conjunction with HRV infection and cigarette smoke exposure. There are 

a variety of mouse models of ‘asthma’, or more accurately, allergic airway inflammation, 

that could be utilized for this purpose507–512. Additionally, an injury-induced model of 

COPD (elastase- or LPS-induced) has been used to model emphysematous destruction and 

‘chronic’ inflammation, but a more relevant cigarette-exposure model of COPD could be 

established since, thus far, there is no consistent model of cigarette smoke-induced COPD 

in the mouse513.  
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Although using a mouse model does provide attractive possibilities for future 

studies there would be some limitations. Unfortunately, mice do not completely replicate 

the anatomical or genetic characteristics and physiological and pharmacological responses 

seen in humans. In addition, infection of mice requires doses of HRV many orders of 

magnitude greater (10,000 to 100,000 fold) than needed to infect humans, and there is no 

sustained viral replication in the mouse. Other animal models are also a possibility to 

extend this project, but they also have either similar or additional obstacles/limitations.  

Arguably, the best in vivo model to use for the extension of this project is the 

human. The Proud-Leigh laboratory has recently obtained permission to begin experimental 

HRV infections in the human. Thus, experimental HRV infections could be conducted in 

volunteers in order to compare HRV-induced responses and outcomes between healthy 

subjects, smokers (current and former), as well as asthmatic subjects who smoke and 

asthmatic subjects who are non-smokers. Ethical issues preclude these kinds of studies in 

patients with COPD. It would be of interest to see if levels of CXCL10 and CXCL8 are 

influenced in a similar manner by cigarette smoke in the human lung. Addressing the 

difference between current and former smokers, and healthy non-smokers, would provide 

additional information if cigarette smoke induced changes during HRV-infections endure 

over time or whether they are reversible.  

 

 Clinical Relevance 7.4

The airway epithelial cell is the principal site of HRV infection.  Because HRV does 

not cause overt epithelial cytotoxicity, it is generally believed that HRV-induced alterations 



254 

 

 

in epithelial biology are responsible for initiating symptoms of the common cold and 

triggering exacerbations of lower airway diseases.  It has been demonstrated that infection 

of human airway epithelial cells with HRV, either in vitro or in vivo, induces expression of 

a large number of genes that could regulate airway inflammatory status.  Among these are 

the chemokines, CXCL10 and CXCL8. 

It has previously been shown that CXCL10-deficient mice demonstrate increased 

viral replication and mortality in response to viral infection257. Thus, it is feasible that CSE-

induced suppression of CXCL10 could impair host defence against HRV. Indeed, it has 

been reported that there is deficient induction of CXCL10 in HRV-infected BAL cells from 

COPD patients compared to non-smoking control subjects514. Since experimentally HRV-

infected COPD patients have been reported to have worse symptoms of longer duration 

compared to otherwise healthy smokers514, a reduction in CXCL10 may, in part, contribute 

to these clinical outcomes. Although, based on the results presented in this thesis, it would 

be expected that CXCL10 would also be decreased in otherwise healthy smokers during 

HRV infection, the consequence of this outcome may be exaggerated in COPD patients due 

to other disease-related immune response impairments.  

Thus far, it is still unclear whether COPD patients have increased susceptibility to 

viral infections, and further studies are needed to delineate this. However, there is some 

evidence that COPD patients experimentally infected with HRV have a higher viral load as 

compared to otherwise healthy smokers515. Interestingly, it has also been shown in mice 

that are exposed to cigarette smoke and infected with influenza virus, that there is increased 

viral load in the lung compared to mice which were not exposed to cigarette smoke207. 
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Cigarette smoke-mediated impairment of host defenses may not be limited to viral 

infections as it has also been shown that LPS-induced CXCL10 is also reduced by CSE263. 

This suggests that cigarette smoke may also impair host defenses against bacteria. Thus, 

this thesis adds to the body of literature that suggests cigarette smoke generally impairs the 

host defense against pathogens. This would suggest that some of the same mechanisms may 

be at play mediating both altered viral and bacterial host responses in smokers compared to 

non-smokers.  

While CXCL10 is involved in the recruitment of activated T lymphocytes and NK 

cells, CXCL8 is one of the most potent chemoattractants for neutrophils. Excessive 

neutrophil recruitment and activation has been linked to severity in COPD, and during viral 

exacerbations of asthma. Therefore, if the dysregulation reported in this thesis regarding 

HRV-induced CXCL10 and CXCL8 chemokine expression by cigarette smoke is also seen 

in vivo, it may help to explain why smokers have longer and more severe HRV respiratory 

tract infections. A reduction of HRV-induced CXCL10 by cigarette smoke would 

presumably result in decreased recruitment of cells involved in clearing viral infection, 

namely T lymphocytes and NK cells. In contrast, enhancement of CXCL8 by the 

combination of HRV infection and cigarette smoke would likely lead to an increase in 

neutrophilic inflammation, resulting in over exuberant neutrophil-mediated inflammatory 

events. In other words, the consequence of cigarette smoke induced chemokine 

dysregulation would lead to a suppressed host defence response, while, at the same time, 

exaggerating the pro-inflammatory response, leading to a worse clinical outcome. Given 

that increased inflammation and impaired lung function is already seen in asthmatic and 
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COPD patients, smokers with these diseases may be expected to have the most severe 

clinical outcomes during viral exacerbations of these lower airway diseases.  

 

 Overall Conclusions 7.5

This thesis provides the first demonstration that CSE differentially regulates HRV-

induced chemokine responses in human airway epithelial cells. HRV-induced CXCL10 is 

potently inhibited by CSE while the combination of HRV and CSE induces CXCL8 above 

either stimulus alone. This study also provides the first detailed mechanistic analyses of 

these effects. The inhibition of CXCL10 is regulated via multiple mechanisms involving 

the inhibition of transcription factors NF-ĸB, IRF-1 and STAT-1, as well as inhibition of 

the viral sensing MDA5 pathway, shown here to be directly linked to HRV-induced 

CXCL10 induction, and lastly, by inhibiting HRV-induced chromatin accessibility around 

the CXCL10 transcriptional start site. In contrast, the enhancement of CXCL8 by HRV and 

CSE is regulated via post-transcriptional mechanisms, chiefly involving mRNA stability 

and the stabilizing factor HuR. A schematic summarizing this is presented in Figure 7.1. If 

these effects were to be observed in vivo, then HRV infection in smokers could ultimately 

result in decreased recruitment of activated T lymphocytes and NK cells, while at the same 

time leading to enhanced recruitment of neutrophils. Functional consequences of this could 

involve decreased viral clearance and antiviral defence, coupled with exaggerated 

proteolytic tissue destruction mediated by excess neutrophilia. Thus, this thesis provides 

evidence as to why HRV infections in smokers are longer and more severe compared to 

non-smokers. Additionally, this study suggests that similar mechanisms may be at play in 



257 

 

 

both smoking asthmatics and COPD patients during HRV-induced exacerbations and 

highlight potential future avenues to target for treatment during these exacerbations.  
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Figure 7.1: CSE differentially regulates HRV-induced chemokine production in 
human airway epithelial cells.  
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