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Abstract: 
COPD is a chronic inflammatory disease of the airways where many patients have 
recurrent lower airway bacterial infection, most commonly nontypeable 
Haemophilus influenzae (NTHi). Corticosteroids are commonly used anti-
inflammatory drugs in COPD with limited clinical benefit. Previous studies focused 
on corticosteroid responsiveness in COPD did not consider the role of airway NTHi 
infection. Alveolar macrophages are the main inflammatory cells in COPD 
pathogenesis, a shift in their phenotype was highlighted in COPD patients. Some 
bacteria can modify alveolar macrophage phenotype to persist in the lower airways. 

I have optimised a clinically relevant in vitro model of NTHi infection; human 
alveolar macrophages were stimulated with an increasing load of live NTHi clinical 
isolate (R2846). NTHi provoked time-dependent release of TNF-α, IL-6, CXCL8 and 
IL-10 from alveolar macrophages, which was correlated with bacterial growth, lysis 
and phagocytosis in the model. Furthermore, NTHi load was inversely correlated 
with IL-10 release. These findings suggest that NTHi infection is a dynamic 
inflammatory process in human alveolar macrophages and pointed to the possible 
role of IL-10 in the NTHi persistence in the lower airways. 

NTHi-induced cytokines in alveolar macrophages showed reduced corticosteroid 
responsiveness, CXCL8 was particularly corticosteroid unresponsive cytokine. 
NTHi-induced glucocorticoid receptor (GR) phosphorylation at ser 226 residue, 
which would encourage GR nuclear exportation. This might be one possible 
mechanism of reduced corticosteroid response in the model. In line with the latter 
finding, NTHi impaired the corticosteroid-induced GR nuclear localisation, which 
was partially reversed by p38 MAPK inhibitor (BIRB-796). These results suggest the 
role of NTHi in corticosteroid unresponsiveness in COPD alveolar macrophages. 
NTHi-induced cytokine release in alveolar macrophages was mediated by NF-κB, 
p38 and ERK MAPK pathways. Combination of corticosteroid (dexamethasone) with 
p38 and ERK MAPK inhibitors (BIRB-796 and AZD6244 respectively) showed a 
potential synergistic anti-inflammatory effect in the model. Therefore, inhibitors of 
MAPK pathways might serve as future anti-inflammatory therapies in NTHi-infected 
COPD patients.  

NTHi in vitro infection caused upregulation of the pro-inflammatory (TNF-α, CXCL8, 
CD38) and the anti-inflammatory (IL-10) markers’ mRNA levels in COPD alveolar 
macrophages. Meanwhile, NTHi downregulated the antigen-presentation molecule 
(HLA-DR) and the scavenger receptors (CD14, CD36, CD163 and CD206) mRNA 
levels in COPD alveolar macrophages. Moreover, sputum macrophages from NTHi-
infected stable COPD patients showed lower mRNA levels of CD36 and HLA-DR. 
These findings suggest that the NTHi modification of alveolar macrophage functions, 
especially antigen presentation and efferocytosis, might be a possible mechanism of 
NTHi chronic infection and COPD disease progression.   
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1.1: Chronic obstructive pulmonary disease (COPD): 

1.1.1. Definition: 

COPD is a clinical entity characterised by slowly progressive airway obstruction 

that is not fully reversible (1). The airflow limitation in COPD is associated with an 

abnormal inflammatory response of the airways to noxious particles and gases (2,3). 

Disease exacerbations and comorbidities contribute to the overall severity in 

individual patients (4).  

1.1.2. Risk factors 

Worldwide, cigarette smoking is the most commonly encountered risk factor for 

COPD (2). The risk of COPD is proportional to the burden of tobacco smoking which 

is defined by the duration and amount of cigarettes smoked (5). Industrial dust and 

chemicals , and in many countries, air pollution has also been identified as a COPD 

risk factor (2). It is noteworthy that not all smokers develop COPD. This points to 

the role  of host factors in the development of the disease, that may include genetic 

predisposition, inherited α1-antitrypsin deficiency, history of asthma and childhood 

respiratory illnesses (5). 

1.1.3. Burden of the disease: 

COPD is a major cause of chronic morbidity and mortality throughout the 

world, resulting in an increasing economic and social burden. Estimates predict that 

COPD will become the third leading cause of death worldwide in 2030 (2,6,7). 

Prevalence, morbidity and mortality vary across countries. However,  prevalence is 

directly related to the prevalence of tobacco smoking (2). 

1.1.4. COPD exacerbation: 

An exacerbation is defined as an event in the natural course of the disease 

characterised by a change in the patient’s baseline dyspnoea, cough, and sputum 
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production that is beyond normal day-to-day variations. The change in symptoms is 

acute in onset, and may warrant a change in regular medication in a patient with 

underlying COPD (8,9). The impact of exacerbations is significant and a patient’s 

symptoms and lung function may both take several weeks to recover to the baseline 

values (10). 

The main etiologic factors in acute exacerbations are thought to be 

respiratory tract infections and air pollution (11). Infectious agents, such as 

bacteria, viruses, and atypicals are currently implicated in up to 80% of these 

episodes. Bacteria is possibly playing a role in 50% of exacerbations (12). The 

spectrum of bacterial pathogens isolated from respiratory secretions changes with 

the severity of underlying airflow obstruction (13–15). Nontypeable Haemophilus 

influenzae (NTHi) is the most commonly isolated bacterium in all severities of COPD. 

Moraxella catarrhalis and Streptococcus pneumoniae are less frequently isolated, 

while Gram-negative bacilli, predominantly Pseudomonas aeruginosa , are more 

often isolated from patients with very severe COPD (16). 

1.1.5. Pathogenesis:  

The main pathogenic events in COPD are: inflammation, protease-antiprotease 

imbalance and oxidative stress. 

1.1.5.1. Inflammation: 

Airway inflammation is the primary pathogenic mechanism in the development 

of COPD.  It is present in small airways of all smokers, but in COPD there is an 

abnormal and enhanced inflammatory response to inhaled toxins, leading to tissue 

destruction (emphysema), mucus hypersecretion (chronic bronchitis) and small 

airway inflammation and fibrosis (Bronchiolitis) (17). This inflammatory response 
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is characterised by increased numbers of inflammatory cells, namely neutrophils, 

macrophages, and T lymphocytes (CD8+ more than CD4+) in the lungs. These 

inflammatory cells release a variety of cytokines and mediators that participate in 

the disease process (17). In general, the extent of inflammation is related to the 

degree of airflow obstruction. It is known that airway inflammation persists in spite 

of smoking cessation through an unknown mechanism. Although autoantigens and 

persistent microorganisms may play a role (18). 

1.1.5.2. Proteases-antiprotease imbalance: 

The imbalance between lung tissue destruction by proteases and the protective 

effect of antiproteases in the lung is a widely accepted mechanism of pulmonary 

emphysema (19). COPD lungs show an increased production (or activity) of 

proteases which damage the connective tissue components. This increase is 

associated with inactivation (or reduced production) of antiproteases which protect 

the tissue from the damaging effect of proteases (2). This state of imbalance is 

mediated by cigarette smoke and inflammation-induced oxidative stress, which 

primes several inflammatory cells to release a combination of proteases and 

inactivates several antiproteases by oxidation (5). The protease destruction of 

elastin, which is the major component of lung parenchyma, would result in 

emphysema that is likely to be irreversible (2). Proteases are mainly produced by 

neutrophils and alveolar macrophages (20). The main proteases produced by 

neutrophils are serine proteases  (neutrophil elastase, cathepsin G, and protease 3), 

which were found to produce emphysema in experimental animals (21–23). 

Furthermore, inhibition of neutrophil elastase was reported to reduce cigarette 

smoke-induced emphysema in guinea pigs (24). Neutrophil elastase activity in the 

bronchoalveolar lavage (BAL) fluid from COPD patients showed a positive 
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correlation with the severity of emphysema (25). Likewise, proteases released by 

alveolar macrophages, like cathepsin B and matrix metalloproteases (MMP), were 

identified as important mediators of airway remodelling and development of 

emphysema (19,26). Expression of MMP-1, MMP-2, MMP-8 and MMP-9 was 

reported to be increased in alveolar macrophages and lung tissue from emphysema 

patients (27,28). As a result of the abundance of neutrophils and macrophages in the 

COPD lung, a proteases-rich milieu will be generated causing lung tissue destruction 

(20,29). On the other hand, impaired antiprotease function, such as α1-antitrypsin 

deficiency (30,31) and tissue inhibitors of metalloproteases (TIMP) polymorphism 

(19) was linked to the development of emphysema. Moreover, α1-protease inhibitor 

activity was found to be inversely correlated with severity of emphysema in COPD 

patients (25). Secretory leukocyte protease inhibitor (SLPI), which is a potent 

inhibitor of neutrophil elastase, was reported to be decreased in sputum of patients 

with chronic bronchitis (32). These data indicate that the proteases-antiproteases 

imbalance in the COPD lung is a major factor in disease pathogenesis.   

1.1.5.3. Oxidative stress: 

The oxidative burden is increased in COPD. Sources of oxidants include cigarette 

smoke and reactive oxygen (ROS) and nitrogen species (RNS) released from 

inflammatory cells (33). Also, there is a reduction in endogenous antioxidants due 

to downregulation of the transcription factor Nuclear factor erythroid 2–related 

factor 2  (Nrf2) that regulates the transcription of antioxidants genes (34). This 

imbalance in oxidants and antioxidants results in increased oxidative stress which 

can inactivate antiproteases or stimulate mucus production (17). ROS and 

aldehydes play a crucial role in enhancing the inflammation. This is achieved 

through the activation of mitogen-activated protein kinases (MAPK) and 
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transcription factors such as nuclear factor-kappa-light-chain enhancer of activated 

B-cells (NF-κB) and activator protein-1 (AP-1). Oxidative stress also alters nuclear 

histone acetylation and deacetylation leading to increased gene expression of pro-

inflammatory mediators in the lung (33). 

1.1.6. Pathophysiology: 

The above mentioned pathogenic factors result in the characteristic abnormal 

features of the disease, including air flow limitation, mucus hypersecretion, gas 

exchange defects and systemic features. 

1.1.6.1. Airway obstruction and hyperinflation: 

Small airways obstruction is the consequence of chronic airway 

inflammation, fibrosis and luminal inflammatory exudates. Airways obstruction will 

ultimately result in expiratory air trapping and hyperinflation (17). Emphysema 

contributes to hyperinflation and it is believed that hyperinflation develops early in 

the course of the disease. Moreover, hyperinflation is a major contributor to the 

dyspnoea and exercise intolerance seen in COPD patients (2).  

1.1.6.2. Gas exchange abnormalities: 

Oxygen and carbon dioxide (CO2) transfer in the COPD lung are impaired, 

resulting in arterial hypoxemia and hypercapnia (17). The gas exchange defect 

results from abnormal ventilation/perfusion ratio. This is related to structural 

changes in the lung (2). 

1.1.6.3. Mucus hypersecretion and ciliary dysfunction:  

Chronic productive cough is a feature of chronic bronchitis. However, not all 

COPD patients have symptomatic mucus overproduction. The mechanisms of mucus 

hypersecretion include squamous metaplasia, goblet cell hyperplasia and 
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hypertrophy of bronchial submucosal glands. These pathological changes are due to 

chronic irritation by noxious particles (2,35). In addition, different mediators and 

proteases stimulate mucus secretion through activation of epidermal growth factor 

receptors (EGFR) (2). 

Ciliary dysfunction is another feature of the disease which results from 

squamous metaplasia. This dysfunction could impair the mucociliary escalator and 

the normal mucus clearance (17). 

1.1.6.4. Pulmonary hypertension:  

Pulmonary hypertension occurs in advanced disease due to hypoxic 

pulmonary vascular constriction, endothelial dysfunction and loss of pulmonary 

capillary bed in emphysematous lung tissue (36). Progressively increased pressure 

in the pulmonary circulation could eventually lead to right-sided heart failure (17). 

1.1.6.5. Systemic manifestations:  

COPD comorbid conditions affect the patient’s quality of life and mortality 

rate (4). Airway remodelling could affect gas exchange and cardiac function. 

Moreover, chronic systemic inflammation associated with the disease could initiate 

cardiovascular complications, skeletal muscle wasting, diabetes, osteoporosis and 

depression (2). 

1.1.7. COPD diagnosis: 

Clinical diagnosis of COPD is considered in any patient with dyspnoea, chronic 

cough or sputum production who had a history of exposure to any of the disease risk 

factors. In this clinical context, spirometry is needed to confirm airflow limitation 

which is defined as the ratio of post-bronchodilator forced expiratory volume in one 

second/forced vital capacity (FEV1/FVC) <0.70 (2). 
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1.1.8. Classification of severity of airflow limitation in COPD: 

According to the Global Initiative for Obstructive Lung Disease (GOLD), the 

severity of airflow limitation is divided into four stages depending on spirometric 

endpoints. FEV1 measurement after inhalation of short acting bronchodilator is 

used to determine the severity of the disease as shown in Table 1.1 (37). 

Table 1.1: Classification of severity of airflow limitation in COPD.  

COPD stage Description Post-bronchodilator 

FEV1 (% predicted) 

Post-bronchodilator 

FEV1/FVC ratio (%) 

GOLD 1 Mild FEV1≥80% <70% 

GOLD 2 Moderate 50%≤ FEV1<80% <70% 

GOLD 3 Severe 30%≤ FEV1<50% <70% 

GOLD 4 Very severe FEV1<30% <70% 

Abbreviations: FEV1= Forced expiratory volume in one second, FVC= Forced vital capacity 

1.1.9. Assessment of COPD: 

The goals of COPD assessment, defined by GOLD strategy in 2011, are to 

determine the severity of the disease, its impact on patient’s health status, and the 

risk of future events (exacerbations, hospital admission and death). Eventually, this 

assessment will help to guide therapy. Different aspects of the disease are assessed 

separately. These include the degree of airflow limitation, the risk of exacerbation, 

comorbidities and symptoms (38). Furthermore, symptoms can be assessed by 

either COPD Assessment Test (CAT) or modified British Medical Research Council 

(mMRC). Table 1.2 summarises the combined assessment of COPD.  
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Table1.2: Combined assessment of COPD 
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 mMRC 0-1 
CAT<10 

mMRC≥2 
CAT≥10 

 

Symptoms 
mMRC or CAT 

 
Patient Characteristics Spirometric 

Classification 
Exacerbations 
per year 

mMRC CAT 

A Low risk 
Less symptoms 

GOLD 1-2 ≤ 1 0-1 
 

CAT<10 

B Low risk  
More symptoms 

GOLD 1-2 ≤ 1 ≥ 2 CAT≥10 

C High risk 
Less symptoms 

GOLD 3-4 ≥ 2 0-1 
 

CAT<10 

D High risk 
More symptoms 

GOLD 3-4 ≥ 2 ≥ 2 CAT≥10 

Abbreviations: CAT= COPD Assessment Test, mMRC= Modified British Medical Research 
Council 

1.1.10. Pharmacotherapy of stable COPD: 

According to the GOLD strategy, the objectives of pharmacotherapy in COPD are 

to relieve symptoms, reduce severity and frequency of exacerbation, and improve 

exercise tolerance and health status. To date, no medication has been proven to 

modify the long-term decline in lung function (2). 

Drugs that are used in the treatment of stable COPD include bronchodilators, 

corticosteroids, methylxanthines and phosphodiesterase-4 inhibitors. 
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1.1.10.1. Inhaled bronchodilators 

Bronchodilators are drugs that reduce the bronchial muscle tone and 

improve FEV1. They include β2 agonists and anticholinergics. β2 agonists relax the 

airway smooth muscles by stimulation of β2 receptors. Short-acting agonists with 4-

6 hours duration of action, like salbutamol and terbutaline, could improve 

symptoms and FEV1 when used as needed or on a regular basis (39). On the other 

hand, long-acting agonists, like salmeterol and formoterol, produce a longer 

duration of effect on symptom relief and FEV1. These drugs improve health status 

and exacerbation frequency. However, they have no effect on mortality rate and the 

decline in lung function (40–42).  

Anticholinergic bronchodilators act by blocking muscarinic cholinergic 

receptors in the airways. Short-acting anticholinergics, like ipratropium bromide, 

cause symptomatic relief for up to 8 hours. However, the effect of the long-acting 

anticholinergic, tiotropium, lasts for 24 hours. It improves health status and reduces 

exacerbation frequency (43–45). The combination of bronchodilators with different 

mechanisms induces greater bronchodilation with fewer side effects. Combining 

short-acting or long-acting β2 agonists with an anticholinergic improve FEV1 and 

symptoms greater than each compound does alone (46,47). 

1.1.10.2. Inhaled corticosteroids (ICS): 

The use of inhaled corticosteroids (ICS) in stable COPD is reserved for patients 

with severe disease and frequent exacerbation (48). Regular use of ICS improves 

symptoms, lung function and quality of life, and decreases the frequency of 

exacerbation in COPD patients with FEV1< 60% predicted (40,49–51). Nevertheless, 

it does not improve long-term decline in lung function or mortality (2,52,53). An up-

dated meta-analysis showed a significant increase in the risk of pneumonia with the 
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ICS fluticasone and budesonide (54). The benefits of ICS should, therefore, be 

balanced against the risk of a higher incidence of pneumonia. ICS can be combined 

with long-acting 2-agonists (with or without long-acting anti-cholinergics) in 

moderate to severe COPD. Such combination improves lung function, symptoms and 

exacerbation rate better than individual drug does alone (40,49,51). In addition to 

the risk of pneumonia, ICS prolonged use is associated with oral candidiasis, skin 

bruising and osteoporosis (2,55).  

1.1.10.3. Methylxanthines: 

Methylxanthines are non-selective phosphodiesterase inhibitors, with 

bronchodilator and non-bronchodilator effects. Theophylline is the most commonly 

used methylxanthine. It has been shown to improve lung function and gas exchange 

compared to placebo (56). Theophylline may be added if symptomatic control is 

suboptimal despite triple inhaler therapy in severe COPD. It is not used as a first line 

bronchodilator because its effects are modest, and its therapeutic index is narrow 

(2). 

1.1.10.4. Phosphodiesterase-4 (PDE-4) Inhibitors 

PDE-4 inhibitors reduce inflammation by inhibiting the breakdown of 

intracellular cyclic adenosine monophosphate (cAMP). Roflumilast, a highly 

selective PDE-4 inhibitor, has been shown to improve lung function and reduce 

exacerbation rate in severe COPD (57), and in patients with chronic bronchitis (58). 

However, the side effects of the drug including nausea, diarrhoea, weight loss and 

headache may be a problem for some patients (59). In general, PDE-4 inhibitors 

should be used in combination with at least one long-acting bronchodilator (2). 
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1.1.11. Pharmacotherapy of exacerbation: 

Three main drug categories are used in the treatment of COPD exacerbation; 

bronchodilators, corticosteroids and antibiotics. Short-acting β2 agonists, with or 

without short-acting anticholinergics, are the first choice bronchodilators (60). 

Systemic corticosteroids are recommended during exacerbation as they reduce 

recovery time, improve lung function, improve arterial hypoxaemia, and minimise 

the risk of early relapse and treatment failure. Oral prednisolone at a dose of 40 

mg/day for five days is recommended (61). 

Antibiotics are recommended in bacterial exacerbations. Studies showed 

that antibiotic use reduces mortality rate and improves symptoms in a considerable 

proportion of patients (62,63). Patients with increased dyspnoea, sputum volume 

and sputum purulence require antibiotic therapy (2). Duration of antibiotic therapy 

is 5-10 days, and the choice of antibiotic depends on the bacterial resistance pattern.  

Hospitalisation of patients with COPD may be necessary to provide antibiotic 

therapy, appropriate supportive care and monitor oxygen status. Oxygen 

supplementation via external devices or mechanical ventilation may be indicated to 

maintain oxygen delivery to vital tissues (64). 
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1.2. Airway inflammatory profile in stable and exacerbated COPD: 

Airways of COPD patients are infiltrated by different inflammatory cells 

which release a variety of inflammatory mediators. The abundance of the 

inflammatory cells during the stable disease is different from that during an 

exacerbation.     

1.2.1. Airway inflammation in stable COPD: 

COPD is a heterogeneous inflammatory disease in which different 

inflammatory cells are involved in mediating disease development and progression. 

Studies showed increased numbers of alveolar macrophages, neutrophils, T and B 

lymphocytes in the alveoli and airways of COPD patients (3). 

1.2.1.1. Alveolar macrophages: 

Alveolar macrophages play a central role in the pathophysiology of COPD. 

They account for most of the pathogenic features of the disease (3,65). There is 5-

10 fold increase in alveolar macrophages in the airways of COPD patients compared 

to healthy controls (3). Alveolar macrophages are the cells of interest in this thesis, 

therefore, detailed explanation of its role in disease pathophysiology will be 

discussed in a separate section. 

1.2.1.2. Neutrophils: 

Circulating neutrophils are recruited to the lungs in response to cigarette 

smoking by the chemotactic factors Chemokine C-X-C Motif Ligand 8 (CXCL8) and 

Leukotriene B4 (LTB4). These chemokines are released from alveolar macrophages 

and airway epithelial cells (66,67). Neutrophils were found to increase in sputum 

and BAL fluid from COPD patients, and their number correlated with disease 

severity (68–70). Neutrophils secrete the serine proteases MMP-8 and 9, which are 

involved in alveolar destruction and mucus hypersecretion (3). 
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1.2.1.3. T lymphocytes: 

T lymphocytes are increased in the lung parenchyma (71) and peripheral 

blood (72,73) of COPD patients, with a greater increase in CD8 positive than CD4 

positive cells (74–76). There is a positive correlation between the number of T 

lymphocytes and the degree of alveolar destruction and airflow limitation (71,74). 

The increase in T lymphocytes indicates chronic immune stimulation in the airways. 

This might be attributed to chronic lower airway colonisation with bacteria (77), or 

due to continuous parenchymal damage exposing new sites to the immune system 

as autoantigens (78). 

1.2.1.4. Eosinophils: 

The role of eosinophils in COPD pathophysiology is unclear, some studies 

revealed increased eosinophil count in the airways of stable COPD patients which 

contributes to airflow obstruction (79). However, others did not report such an 

increase (80). Increased eosinophil is observed during disease exacerbation more 

than during stable state (81,82). In the stable state, eosinophil count might predict 

the response to corticosteroids and the presence of coexisting asthma (79,83). 

1.2.1.5. Epithelial cells: 

Airway epithelial cells are involved in the innate and adaptive immune 

defences of the lung (3). They release different inflammatory mediators such as 

tumour necrosis factorα (TNF-α), CXCL8, granulocyte macrophage-colony 

stimulating factor (GM-CSF) and interleukin-1β (IL-1β) (84–86). Also, they produce 

transforming growth factor-β (TGF-β) which is involved in local fibrosis (87). 

Moreover, epithelial cells release antimicrobial molecules and mucus which are 

involved in defence against inhaled bacteria. Furthermore, they release antioxidants 

and antiproteases which are involved in tissue repair (88,89). Cigarette smoke 
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exposure could damage the innate immune defence of the epithelial cells resulting 

in increased susceptibility to infection (3). In COPD patients, epithelial cells showed 

higher expression of growth factor receptors. This might explain the squamous 

metaplasia seen in the airways of smokers and COPD patients, indicating increased 

risk of bronchial carcinoma (90). 

1.2.2. Airway inflammation in COPD acute exacerbation: 

The current understanding of acute exacerbation indicates that airway 

inflammation increases from the stable state. Investigation of inflammatory 

mechanisms could help to identify potential therapies which could modify airway 

inflammation and improve patient symptoms (91). 

Below is a brief description of the changes in inflammatory cells and their 

mediators during acute exacerbations. 

1.2.2.1. Macrophages: 

Observational studies during acute exacerbation did not reveal any increase 

in alveolar macrophages (11,92,93). One study had even shown a significant 

reduction in the sputum macrophages during exacerbation (94). However, this 

reduction was in the percentage rather than the absolute number, which could be 

only a reflection of an increase in another cell type, especially neutrophils.  

1.2.2.2. Neutrophils: 

Neutrophils were found to increase in sputum and bronchial biopsy during 

acute exacerbations (95,96). In addition, increased neutrophilic inflammation 

markers, like myeloperoxidase, neutrophil elastase and CXCL8, was associated with 

an increase in sputum purulence (97). This association was prominent during acute 

exacerbation (98). The percentage of neutrophils in distal airways was negatively 

correlated with airflow obstruction during acute exacerbation (99). Neutrophil 
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recruitment appears to be mediated by the upregulation of neutrophil 

chemoattractants, CXCL5 and CXCL8, and their receptors (CXCR1 and CXCR2). The 

upregulation of these moleculaes was observed in bronchial biopsies from 

exacerbating COPD patients (96).  

1.2.2.3. Lymphocytes: 

CD8 positive T-lymphocytes were increased in the airways and lung tissue 

from COPD patients as compared to the healthy controls (74,100). Furthermore, an 

increase in CD8 positive cells in sputum and BAL fluid has been correlated with the 

severity of airflow limitation (101). During COPD exacerbation, CD4 positive/CD8 

positive ratio in the sputum samples was reported to be significantly lower than that 

during the stable state. Moreover, type-2 CD8 positive cells, which produce IL-4, 

were found to be the predominant subtype during exacerbation (94). This evidence 

suggests that an imbalance in T lymphocyte subpopulations, with the predominance 

of CD8 positive type-2 cells, might be associated with the development of severe 

acute exacerbations (94).  

1.2.2.4. Eosinophil: 

During COPD exacerbations, it is recognised that an “asthma-like” 

inflammatory pattern in the airways may exist with increased numbers of 

eosinophils (81,102). The eosinophil attracting chemokines, regulated upon 

activation normal T-cell expressed and secreted (RANTES), eotaxin and IL-5 have 

been reported to be increased during acute exacerbations (93,103–105).  

1.2.2.5: Inflammatory mediators: 

Several inflammatory markers are increased in the respiratory tract during 

the acute exacerbation. TNF-α is increased in sputum during acute exacerbation 

(106,107). This could contribute to the upregulation of endothelial adhesion 
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molecules, thus facilitating cell migration as well as activating neutrophils directly 

(69). TNF-α may also increase the expression of RANTES to modulate eosinophil 

recruitment during exacerbation (105). 

CXCL8 and LTB4 sputum levels were increased during acute exacerbation of 

chronic bronchitis. This increase was correlated with sputum purulence, increased 

neutrophil elastase and myeloperoxidase levels (98).   

GM-CSF was found to be increased in BAL fluid during exacerbations (108). This 

cytokine stimulates differentiation of granulocytes and macrophages and can 

activate them directly. The effect of GM-CSF provides another mechanism whereby 

neutrophils, as well as eosinophils and macrophages can contribute to inflammatory 

changes within the airways (108).  

 Sputum IL-6 was increased during an exacerbation, and its level was higher 

when exacerbations were associated with symptoms of common cold. Interestingly, 

experimental rhinovirus infection has  shown to increase sputum IL-6 levels in 

healthy subjects and  patients with asthma (109,110). 

Airway inflammation during exacerbation could worsen the protease-

antiprotease balance. Degranulation of neutrophils and macrophages increased, 

resulting in the release of elastases and other proteases. Sputum MMP-9 level was 

correlated with increased neutrophil and lymphocyte counts during exacerbation 

(95). Also, neutrophil elastase was reported to increase in exacerbation episodes 

characterised by purulent sputum (98). In addition, a study showed reduced TIMP-

1 level in sputum from exacerbated COPD patients, which was associated with an 

increase in MMP-9 (95). Impaired protease-antiprotease balance during 

exacerbation can cause epithelial damage and reduce ciliary beat frequency (111). 

Furthermore, the protease-antiprotease imbalance stimulates mucus secretion by 

goblet cells and increase the permeability of the bronchial mucosa resulting in 
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airway oedema and protein exudation into the airway (112) . These changes, 

especially in the small airways, may adversely affect airflow and lead to increased 

breathlessness, as well as to the increased mucus secretion and purulence which are 

characteristic features of acute exacerbations (98).  
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1.3. Alveolar macrophages: 

Alveolar macrophages play a critical role in the pathophysiology of COPD 

(65). Macrophages are recruited to the lung as the first line immune response to 

inhaled toxins and pathogens. These cells have the ability to engulf toxic, pathogenic 

and allergic particles. Consequently, the number of recruited macrophages is 

increased several fold in the lung of smokers and COPD patients (113). Alveolar 

macrophages are localised to the areas of lung tissue destruction, and their number 

is positively correlated with the degree of emphysema and severity of COPD 

(71,114). Furthermore, alveolar macrophages were reported to survive for months 

to few years in COPD lung (115).  

Possible mechanisms of increased alveolar macrophage count in COPD lung 

include increased monocyte recruitment from the circulation (67,116), increased 

alveolar macrophage proliferation (117,118), prolonged survival (115,117) and 

impaired mucociliary and lymphatic clearance of alveolar macrophages 

(65,119,120).  

Alveolar macrophages have a significant role in maintaining pulmonary 

homeostasis through their diverse role in inflammation, antigen presentation, 

phagocytosis and tissue remodelling. In order to perform its versatile function, 

alveolar macrophages are programmed to a spectrum of phenotypes in response to 

their microenvironmental signals (121). 

1.3.1. Alveolar macrophage functional polarisation: 

Macrophages are a dynamic and heterogeneous cell population which 

responds to the microenvironment by changing their functional polarisation state 

(122). In vivo environmental stimuli could induce a reversible macrophage 

functional polarisation state rather than inducing a distinct polarisation state (121). 



51 
 

There are two principal polarisation states or phenotypes; the classical activation or 

M1 macrophage and the alternative activation or M2 macrophage. These 

phenotypes represent the two poles of the macrophage activation spectrum and 

mirroring the T helper (Th) 1/ 2 dichotomy  (121,123). They are distinctive in their 

activation stimulus, released mediators, expressed surface markers and effector 

function (122). Table 1.3 summarises the characteristics of each phenotype. 

The classically activated M1 macrophage is activated by IFNγ, TNF-α and the 

bacterial component lipopolysaccharide (LPS). This phenotype releases pro-

inflammatory cytokines like TNF-α, IL-12, IL-6, IL-1β; chemokines like CXCL8, 

CXCL9, CXCL10; as well as MMPs like MMP-9 and MMP-7. Moreover, it releases low 

levels of IL-10 (122). M1 macrophages are involved in Th1 activation, and the 

production of copious pro-inflammatory cytokines with microbicidal and antigen 

presenting function. Therefore, they are involved in host protection against 

infection (121,122,124). However, excessive or prolonged M1 response may result 

in serious damage to the host (125). 

Alternative activation programme encompasses three distinct phenotypes, 

M2a, M2b and M2c. M2a macrophages are induced by IL-4 and IL-13. Meanwhile, 

M2b macropahges are induced by immune complexes, Toll-like receptors (TLR) and 

IL-1 receptor ligands. On the other hand, M2c macrophages are activated by IL-10 

and glucocorticoids (124). M2 macrophages are immunoregulatory cells; they 

release high levels of IL-10 and low levels of pro-inflammatory cytokines (except 

M2b) (126). They are implicated in Th2 response (especially M2a) (124), tissue 

remodelling and phagocytosis of apoptotic cells (efferocytosis) (123). Alternatively 

activated macrophages have  poor microbicidal efficacy, this can permit intracellular 
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growth of pathogens consequently resulting in chronicity of some bacterial 

infections (127,128). 

 A detailed transcriptome analysis of alveolar macrophages from COPD, 

healthy smokers and non-smokers control showed that smoking was associated 

with the downregulation of some M1 genes and upregulation of some M2 genes. This 

change in M1 and M2 genes was progressive with the development of COPD (129). 

These data suggest a possible role of dysregulated macrophage phenotype in 

smoking-induced lung disease. 
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Table 1.3: Macrophage phenotype characteristics and biomarkers  

Criteria Classical activation 

M1 

Alternative activation 

M2a M2b M2c 

Stimulating 

factor 

INF-γ + TNF-α or LPS IL-4, IL-13 Immune 

complex 

+TLR/IL-1R 

ligands 

IL-10, 

glucocorticoids 

Cytokines/ 

Chemokines 

TNF-α, IL-12, IL-6, 

IL-1β, CXCL8, CXCL9, 

CXCL10, CCL5, CCL3 

IL-10, CCL18, 

CCL17, CCL24 

TNF-α, IL-6, IL-

1, IL-10, CCL1 

IL-10, TGF-β, 

CCL16, CCL18, 

CXCL13 

Surface 

receptors 

MHC II, CD80, CD86 Mannose 

receptor, 

Scavenger 

receptor, MHC II, 

CD163 

MHC II, CD86, 

CD80 

Mannose 

receptor, 

Scavenger 

receptor, CD14 

Function Pro-inflammatory 

Microbial killing 

Antigen 

presentation 

Th2 responses, 

allergy, 

encapsulation of 

parasites 

Immunoregulat

-ion 

Immunoregulat-

ion 

Matrix 

deposition 

Tissue 

remodelling 

Abbreviations: IFN-γ= Interferon γ, TNF-α= Tumour necrosis factor-α, LPS= 

Lipopolysaccharide, IL (-4, -13, -10, -1, -6, -12) = Interleukin (-4, -13, -10, -1, -6, -12), TLR= 

Toll-like receptors, IL-1R= IL-1 receptor, TGF-β= Transforming growth factor-β, MHC II= 

Major histocompatibility complex class II, Th2= T helper type 2, CD= Cluster of 

differentiation, CCL= Chemokine C-C Motif Ligand, CXCL= Chemokine C-X-C Motif Ligand. 
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1.3.2. Heterogeneous role of alveolar macrophages in healthy and diseased 

lung 

Alveolar macrophages have versatile functions in the lung and their 

dysregulated functions are thought to be an important pathogenic event in COPD 

development and progression. Figure 1.1 summarises the role of alveolar 

macrophages in COPD pathogenesis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Alveolar macrophage dysfunction in COPD. Alveolar macrophage secretory 

and phagocytic functions are impaired in COPD. Increased pro-inflammatory mediators, 

decreased anti-inflammatory cytokines together with impaired bacterial phagocytosis and 

efferocytosis contribute to COPD pathogenesis and disease progression. TNF-α= Tumour 

necrosis factor-α, IL= Interleukin, LTB4= Leukotriene B4, TGF-β= Transforming growth 

factor- β, CXCL= Chemokine C-X-C Motif Ligand. 
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1.3.2.1. Role of alveolar macrophages in defence against inhaled pathogens:  

Alveolar macrophages stand as the first line of defence against inhaled 

pathogens. These cells phagocytose the pathogen and present its antigens to T cells 

which in turn stimulate microbial killing by the macrophages (130).  

1.3.2.1.1. Phagocytosis of inhaled pathogen: 

Alveolar macrophages are the main resident phagocytes in the lung. They 

phagocytose opsonised and non-opsonised pathogens through the expression of 

phagocytic receptors like immunoglobulin receptors (FcR), complement receptor 

(CR), mannose receptor (MR) and a group of scavenger receptors (131). Moreover, 

alveolar macrophages express a number of TLRs which recognise specific domain 

on the pathogen surface and induce the release of cytokines and other mediators to 

orchestrate cellular host defence (132). Cigarette smoke was reported to impair 

alveolar macrophage phagocytosis of live bacteria in mice (133). Moreover, alveolar 

macrophages from COPD patients showed reduced phagocytosis of potentially 

pathogenic bacteria like NTHi and Streptococcus pneumonia in vitro (134,135). 

Impaired macrophage phagocytosis in COPD could be one explanation of recurrent 

bacterial exacerbation and airway bacterial colonisation.  

1.3.2.1.2. Antigen presentation:  

Alveolar macrophages represent a link between innate and acquired 

immunity. After phagocytosis of an antigen, alveolar macrophages present the 

antigen to T cells to initiate cell-mediated immunity (136). Antigen presentation is 

mediated through the surface marker human leukocyte antigen-DR (HLA-DR), 

which is a class II major histocompatibility gene complex (MHC II) molecule (137). 

Nevertheless, numerous studies indicate that alveolar macrophages do not present 

antigen effectively to T cells and could induce antigen-specific immune tolerance in 
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T cells (138,139). In the context of COPD, HLA-DR expression was downregulated in 

BAL-derived alveolar macrophages (140,141), suggesting hypoactivation of 

macrophages which could predispose to immunological tolerance and development 

of airway infection (142,143). 

1.3.2.1.3. Microbicidal activity: 

After pathogen phagocytosis, alveolar macrophages initiate phagolysosomal 

killing of the pathogen through the release of ROS, Nitric oxide (NO) and some 

proteases like lysozymes (65,144). Some respiratory pathogens like Mycobacterium 

species could survive and multiply in the phagosome by inhibiting phagolysosomal 

fusion and killing of the pathogen (145). Macrophages have a load-limited 

microbicidal capacity in human and mice (146). When the phagolysosomal killing 

mechanism is overwhelmed by a high bacterial load, macrophages would apply 

another killing strategy, the apoptosis-associated killing, which was demonstrated 

against intracellular bacteria like Mycobacterium tuberculosis and Streptococcus 

pneumoniae (127,147). COPD alveolar macrophages showed less mitochondrial ROS 

release and impaired apoptosis-associated killing following in vitro challenge with 

Streptococcus pneumonia (148). This suggests defective intracellular killing in COPD 

alveolar macrophages that could predispose to airway bacterial persistence. 

1.3.2.2. Role of alveolar macrophages in the pro-inflammatory response: 

Alveolar macrophages have a potent pro-inflammatory effect through the 

release of cytokines, chemokines and lipid mediators, which help in recruitment or 

activation of other immune cells during inflammation (149). In addition, some of the 

released pro-inflammatory mediators might act as a direct microbial killing agents 

(150). Release of inflammatory mediators from alveolar macrophages is triggered 
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by microbial molecules or other stimuli, through the activation of pattern 

recognition receptors (PRR) (149). 

1.3.2.2.1. Release of the pro-inflammatory cytokines and chemokines: 

Alveolar macrophages contribute to COPD-airway inflammation through the 

release of different pro-inflammatory cytokines and chemokines Like TNF-α, IL-6, 

IL-1β, IL-12 and CXCL8 (3). 

TNF-α exerts a broad inflammatory effect in COPD, including activation of 

neutrophils, macrophages, monocytes, epithelial cells, mucus secretion and 

destruction of lung parenchyma (3). TNF-α could amplify airway inflammation 

through the activation of transcription factor NF-κB and p38 MAPK pathway. These 

pathways will, in turn, switch on different inflammatory genes (3). TNF-α is 

increased in sputum of COPD patients especially during disease exacerbations 

(69,106). 

IL-6 has both pro-inflammatory and fibrotic actions that are implicated in the 

pathogenesis of COPD and lung fibrosis (151,152). IL-6 levels were reported to 

increase in sputum and exhaled breath of COPD patients, particularly during 

exacerbations (92,153). Furthermore, COPD monocytes released more IL-6 in 

response to LPS stimulation than non-COPD controls (154). 

IL-1β has a similar inflammatory action to TNF-α (155), it stimulates MMP-9 

release from different cell types (156). Studies on IL-1β receptor knockout mice 

supported its important role in the development of emphysema (22). In COPD, IL-

1β was reported to increase in serum and it was negatively correlated with FEV1 

(157). In addition, sputum levels of IL-1β were reported to increase in COPD 

especially during exacerbations (158). 
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Alveolar macrophages have the capacity to recruit several cell types from the 

circulation, including monocytes, neutrophils and T-lymphocytes via the release of 

multiple chemokines (3). The best-studied chemokine is CXCL8 (IL-8) (159). Other 

chemokines include, inducible protein (IP)-10 (CXCL10), interferon-inducible T-cell 

α-chemoattractant (I-TAC) (CXCL11) and monokine-induced by interferon- γ (Mig) 

(CXCL9) (160).  

CXCL8 is a potent neutrophil chemoattractant which is released from 

alveolar macrophages in response to cigarette smoke, bacterial products, LPS and 

viruses (3). CXCL8 was found to be increased in induced sputum and BAL fluid from 

COPD patients. This increase was correlated with elevated neutrophil count 

(69,161,162). During bacterial exacerbation, CXCL8 was further increased in 

induced sputum and it was positively correlated to sputum bacterial load  

(98,106,163–165). This evidence indicates that bacterial infection in COPD induces 

neutrophilic inflammation, at least partly, by inducing CXCL8 release. In addition, 

development of emphysema was linked to CXCL8 (66). Taken together, these 

findings suggest the role of bacteria-induced neutrophilic inflammation in airway 

tissue destruction. 

Some studies reported increased basal release of TNF-α and CXCL8 from 

COPD alveolar macrophages  as compared to healthy controls (166,167). However, 

other studies have shown that alveolar macrophages from COPD patients and 

smoking controls released  less cytokines ( such as TNF-α, IL-6 and CXCL8) upon 

LPS stimulation, as compared to healthy non-smokers (168). Furthermore, BAL-

derived macrophages from cigarette smoke-exposed mice showed reduced TNF-α 

and IL-6 release in response to Polyinosinic:polycytidylic acid (poly I:C) and LPS 

(169). In line with these findings, exposure to cigarette smoke extract (CSE) was 
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reported to impair the release of IL-1β, IL-2 and TNF-α from human peripheral 

blood mononuclear cells (PBMCs) (170). Also, CSE  downregulated the gene 

expression of some cytokines and chemokines like IL-1β and IL-6 in COPD-

monocyte derived macrophages (MDMs) (171). On the other hand, cigarette smoke 

exposure was reported to be a potent inducer of CXCL8 release from COPD MDMs 

(171) and BAL-derived macrophages (172). Moreover, CSE further increased the 

LPS-induced CXCL8 release from human monocytic cell line (THP-1) (173). These 

findings imply that smoking can impair the innate immune response to infecting 

pathogen. However, acute exposure to cigarette smoke can upregulate the 

neutrophil recruitment by CXCL8 (168,171).  

1.3.2.2.2. Release of Leukotriene B4 (LTB4): 

Alveolar macrophages release lipid mediators upon activation, like LTB4. 

LTB4  is involved in neutrophil chemotaxis (3,174). LTB4 is increased in the exhaled 

breath condensate in stable COPD and was reported to increase further during 

exacerbation both in breath condensate and sputum (163,175,176). 

1.3.2.3. Role of alveolar macrophages in immunoregulation: 

Alveolar macrophages release a potent anti-inflammatory cytokine, IL-10, in 

response to inflammatory stimuli (3,121). It was reported that IL-10 release follows 

the acute pro-inflammatory response to LPS (177) and it acts as a negative regulator 

of the pro-inflammatory cytokines including TNF-α, IL-6 and CXCL8 (177,178). 

Furthermore, IL-10 inhibits MMP-9 release from COPD monocytes and at the same 

time activates TIMP-1, the natural endogenous inhibitor of MMP-9 (179,180). In the 

context of COPD, impaired IL-10 release was reported; sputum samples from COPD 

patients had less IL-10 levels than healthy non-smokers (181,182). Moreover, IL-10 
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release from LPS-stimulated lung explants from COPD patients was less than that 

released from healthy non-smokers (177).  

1.3.2.4. Role of alveolar macrophages in Efferocytosis: 

Efferocytosis is an important function of alveolar macrophages by which 

apoptotic cells are removed from lung tissue (183). Ingestion of apoptotic cells 

would help to prevent their secondary necrosis and release of their pro-

inflammatory contents. These contents could disrupt tissue homeostasis and 

stimulate both innate and adaptive immunity against autoantigens promoting 

autoimmunity (183,184). In COPD, there is a higher burden of apoptotic cells than 

in healthy controls (183). In vitro studies reported defective efferocytosis in COPD 

alveolar macrophages (140,185). Moreover, impaired expression of efferocytosis 

receptors, cluster of differentiation (CD)31, CD44 and CD91, was reported in 

alveolar macrophages from smokers with COPD (186). 

1.3.2.5. Role of alveolar macrophages in Tissue remodelling:  

The airways of COPD patients are characterised by two main pathological 

events, which are lung parenchymal destruction and airway wall fibrosis. These 

changes result in airflow obstruction. Alveolar macrophages are believed to mediate 

tissue remodelling in the lung (187).  

1.3.2.5.1. Extracellular matrix destruction: 

Destruction of extracellular matrix (ECM) in the lung parenchyma 

(proteolysis) is one of the pathological features of COPD lung that eventually leads 

to emphysema  (155). ECM is a complex mixture of proteins including elastin, 

gelatin, collagen and laminin (188). Alveolar macrophages release a variety of 

proteases which are implicated in  degradation of elastin and other components of 

ECM (113). These proteases include; serine proteases, like neutrophil elastase; 
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cysteine proteases, like cathepsins B, L and S (21,189); and MMPs, like MMP-2 

(gelatinase A), MMP-9 (gelatinase B) and MMP-12 (155,190). However, the most 

relevant elastolytic enzyme in COPD appears to be MMP-9 (27,191).  

MMP release from alveolar macrophages is regulated by exposure to 

endotoxins, cytokines, phagocytosis and growth factors. MMPs degrade the ECM and 

also help to activate some cytokines like TGF-β, IL-1β and membrane-bound TNF-α 

(113). MMP-9 levels and elastolytic activity were increased in COPD alveolar 

macrophages when compared to healthy controls (155). Moreover, alveolar 

macrophages in COPD lung showed higher expression of MMP-9, MMP-1 and MMP-

2 than healthy lung (27,28). Furthermore, macrophage count was increased at the 

site of emphysematous changes (71,114) and their role was verified in smoke-

induced emphysema in mice (26). Overall, these results point to the pivotal role of 

alveolar macrophages in the development of emphysema. 

1.3.2.5.2. Airway wall fibrosis:  

Chronic inflammation in COPD airways can result in airway fibrosis due to 

excessive deposition of ECM in bronchi and bronchioles (192). Alveolar 

macrophages release growth factors like TGF-β and extracellular glycoproteins, like 

fibronectin, which have a fibrogenic potency (193,194). COPD alveolar macrophages 

release higher levels of TGF-β and fibronectin than non-COPD controls (194). 

Therefore, it appears that alveolar macrophages may contribute to airway fibrosis 

in COPD.  
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1.4. Nontypeable Haemophilus influenzae (NTHi) infection in COPD: 

1.4.1. Microbiology: 

Haemophilus influenzae is a small (1 μm X 0.3 μm), pleomorphic, gram-

negative coccobacillus. It is a non-motile, non–spore-forming, fastidious, facultative 

anaerobe. It requires hemin (X) and β-nicotinamide adenine dinucleotide (NAD or 

V) for its aerobic growth (195). Figure 1.2 shows the microscopical and colonial 

morphology of Haemophilus influenzae.  

Haemophilus influenzae is classified according to the presence or lack of 

polysaccharide capsule into typeable (encapsulated) and nontypeable (non-

encapsulated) strains (NTHi). The most important encapsulated serotype is 

Haemophilus influenzae serotype b (Hib), which was responsible for bacteraemia, 

meningitis, and other invasive infections before the routine use of Hib conjugate 

vaccines in children (196). On the other hand, the non-encapsulated serotypes 

(NTHi) cause non- systemic infections including airway infections (195).  

 

 

 

 

 

 

 

 

Figure 1.2: Microscopical features and colonial morphology of Haemophilus 

influenzae. Microscopically, Haemophilus influenzae is a gram-negative, pleomorphic 

coccobacillus (A) (197) . Colonies appear as convex, smooth, pale, grey or transparent 

colonies on Chocolate agar (B) (198).  
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1.4.2. Epidemiology: 

Haemophilus species constitute approximately 10% of the upper respiratory 

tract normal flora in human (199) and is transmitted from person to person via 

airborne droplets and direct contact with respiratory secretions (200). NTHi is an 

opportunistic human respiratory tract pathogen, which can be either asymptomatic 

or can cause local infections like otitis media, acute pneumonia and sinusitis (201). 

However, recent findings indicate that NTHi can cause invasive infection such as 

meningitis, septic arthritis and bacteraemia (202). NTHi asymptomatic infection is 

referred to as colonisation. It has been reported that 44% of children below two 

years were colonised with NTHi with higher carriage rate in older children 

(201,203). 

1.4.3. Role of NTHi in stable COPD: 

Lower airway NTHi colonisation is potentially harmful and participate in 

COPD pathogenesis and progression (204). NTHi is present frequently in the lower 

airways of about 30% of adults with COPD at any time, and with serial sampling 

NTHi is detected in about 60% (205–208). Studies using molecular diagnosis of 

NTHi revealed that some COPD patients are persistently colonised by NTHi despite 

negative sputum cultures (204). 

Chronic NTHi infection can serve as a primary inflammatory stimulus and can 

potentiate the damaging effect of cigarette smoke (16). Neutrophilic airway 

inflammation with elevated inflammatory mediators, like TNF-α, CXCL8, MMP-9 and  

LTB4, was reported in NTHi colonised COPD patients and healthy smokers (207–

210). Also, NTHi colonisation was associated with worse health status, more 

frequent exacerbations and accelerated decline in lung function (208).  
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NTHi- induced inflammation could contributes to the progression of COPD at 

all stages, through inducing neutrophil influx into the airways (208). Neutrophil 

necrosis will release its elastases and proteases as well as oxygen radicals resulting 

in lung parenchymal damage and a decline in lung function (211). In support of this 

concept, an animal study showed that exposure of mice to NTHi lysates resulted in 

an airway inflammatory profile similar to that seen in COPD, with increased 

neutrophil count, TNF-α, IL-6, IL-12 and IFNγ in BAL fluid (212). Furthermore, 

chronic NTHi exposure resulted in structural changes similar to that seen in COPD, 

including airway inflammatory cell infiltrate, lymphoid aggregates and airway 

fibrosis (212). 

1.4.4. Role of NTHi in disease exacerbation: 

Bacterial infection causes 30-50% of all COPD exacerbations with NTHi being 

the most commonly isolated bacteria (213). Frequency and severity of 

exacerbations are associated with airway colonisation (208). NTHi was isolated 

from the bronchial tissues of 87% of patients with exacerbations. On the other hand, 

it was isolated from 33% of stable COPD patients and 0% of healthy controls (206). 

The adaptive immune response after an exacerbation seems to be strain-specific and 

protects against recurrent exacerbation due to the homologous strain, but leaves the 

patient vulnerable to exacerbations caused by heterologous strains (214). This 

could be one mechanism of recurrent airway infections. 

The exact mechanism by which NTHi could precipitate exacerbation in the 

course of its chronic colonisation state is not fully understood; some studies 

suggested increased bacterial concentration (or load) in the airways as one 

proposed mechanism of exacerbation (215,216). However, another study reported 

only a small rise in the airway bacterial load during exacerbation (217). 
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Nonetheless, the calculation of this study was reinterpreted by another group, who 

submitted a letter to explain that there was a mathematical error. Upon 

reinterpretation, there was a considerable increase in bacterial load during 

exacerbation (218). However, the mechanisms underlying these changes in 

bacterial load are unclear (219). 

Another well-accepted explanation of exacerbation is the acquisition of new 

strains of NTHi either from the upper respiratory tract or developed from pre-

existing strains (220).  

1.4.5. Pathogenesis of NTHi infection in COPD: 

The pathogenesis of NTHi infection begins with bacterial colonisation of the 

nasopharynx, a process that involves establishment on the mucosal surface and 

evasion of local immune mechanisms (221). A combination of virulent bacterial 

mechanisms and defective host immunity contributes to lower airway infection, 

resulting in inflammation and disease progression (195). Figure 1.3 shows the 

mechanisms of NTHi infection in COPD. 
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Figure1.3: Mechanisms of NTHi infection and persistence in COPD lung. Impaired 

phagocytosis and mucociliary dysfunction in COPD lung are the main predisposing factors 

involved in NTHi colonisation. NTHi tends to adhere to areas of epithelial damage and 

establish itself as microcolonies and biofilms. NTHi release immunoglobulin A1 (IgA1) 

protease to protect itself from the mucosal host immune response, and could damage 

respiratory cilia to avoid mucociliary clearance. NTHi can invade the mucosal layer and 

survive both intercellularly and intracellularly to evade the hostile respiratory environment 

and persist in the lower airways.  

 

1.4.5.1. Bacterial virulence mechanisms:  

1.4.5.1.1. Mucociliary interaction: 

NTHi infection has its direct effects on mucociliary function. Bacteria bind 

initially with the mucus layer to establish itself and induce ciliary dysfunction. Major 

outer membrane proteins (OMP) and lipooligosaccharide (LOS) are the main 

bacterial surface molecules implicated in mucociliary interaction (195,222). 
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OMP P2 and P5 facilitate binding of NTHi to human nasopharyngeal mucin 

(222–224). OMP P2 is the most abundant major OMP in NTHi constituting ∼50% of 

the protein content and is strongly immunogenic (225). Both P2 and P5 are highly 

variable between strains. This variation allows the organism to evade clearance by 

potentially protective antibodies and contributes to the development of chronic 

infection (226). On the other hand, OMP P6, which is a peptidoglycan-associated 

lipoprotein, shows a high degree of sequence conservation among strains (227) 

making it as a potential vaccine candidate (228). OMP P6 presents in the outer 

membrane of all strains of NTHi (229). Evidence suggests that P6 elicits bactericidal 

antibody responses (229,230). Also, this protein evokes lymphocyte proliferative 

responses in vitro that correlate with relative protection from COPD exacerbations 

in humans (231). The exact function of P6 has not been fully determined, but results 

from experiments performed on a P6 knock-out strain of NTHi suggest that it is 

important in maintaining the integrity of the bacterial outer membrane (232). 

NTHi can induce ciliotoxicity in epithelial cells by its LOS (233). LOS is a NTHi 

outer membrane component which lacks a repeating O-antigen and instead contains 

non-repeating oligosaccharides consisting of glucose, galactose, N-

acetylglucosamine, phosphorylcholine (PCho) and sialic (N-acetyl-neuraminic) acid 

in varying combinations (222,234,235). Functionally, LOS is similar to LPS from 

Enterobacteriaceae; its heterogeneous structure allows bacteria to evade host 

immune response (236). LOS binds TLR4 and induces an inflammatory response in 

the host (237). This response is characterised by rapid recruitment of 

polymorphonuclear leukocytes (PMNs) to the lung (238,239). PCho component of 

LOS is a phospholipid acquired from the host cell surface and incorporated into 

bacterial cell membrane. Growing evidence suggests its role in NTHi pathogenicity. 

PCho has been linked to NTHi resistance to respiratory antimicrobial peptides 
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(240). In addition, PCho was implicated in NTHi colonisation in a murine model of 

pulmonary infection (241). Moreover, PCho was contributed to NTHi invasion and 

biofilm formation (242,243). The latter role of PCho will be discussed later in this 

section. 

1.4.5.1.2. Adhesion to respiratory mucosa: 

NTHi has evolved specific adherence mechanisms that facilitate its continued 

close association with epithelial surfaces, and prevent its removal by mechanical 

forces, thus sustaining successful colonisation of the human respiratory tract (244). 

NTHi appears to have a preference towards nonciliated cells or damaged mucosa 

(195). A number of adhesive factors exist, like OMP P5, adhesins and pili, each of 

which recognises a distinct host cell structure and influences cellular binding 

specificity (222). 

OMP P5: 

 Studies in human oropharyngeal cells showed that OMP P5 plays a significant role 

in adhesion of NTHi to epithelial cells, and contributes to NTHi recognition and 

phagocytosis by murine alveolar macrophages (245). It was observed that P5-

deficient strains demonstrated minimal adherence to Chinese hamster ovary (CHO) 

cells (224). Furthermore, NTHi adhesion to epithelial cells was mediated by the 

specific interaction between OMP P5 and intercellular adhesion molecule-1 (ICAM-

1), which was upregulated by NTHi in respiratory epithelial cells. Therefore, 

blocking the OMP P5-ICAM-1 interaction may reduce respiratory colonisation by 

NTHi (246).  

Adhesins: 

NTHi express high molecular weight proteins (HMW) on its surfaces which 

facilitate its adherence to epithelial cells. Two main types of HMW have been 
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identified, namely; HMW1 and HMW2 proteins. NTHi strains lacking these proteins 

showed low adherence capacity to the human epithelium. Therefore, it was 

suggested that HMW proteins are important colonising factors (247). 

Pili: 

Some isolates of NTHi are capable of expressing pili, which are rod-like 

projections from the bacterial surface that promote agglutination of erythrocytes 

and adherence to respiratory epithelial cells (248). Pilin-mediated binding occurs 

only to sialic acid-containing lactosylceramide structures (GM3) on oropharyngeal 

epithelial cells and erythrocytes. In addition, pili were shown to play a role in biofilm 

formation by NTHi (249). In conditions where the clearance of tracheobronchial 

secretions is impaired (i.e., cystic fibrosis and chronic bronchitis), pilin-mediated 

NTHi adherence and biofilm formation may mediate a state of chronic colonisation 

(248).  

Other factors: 

About 25% of NTHi strains lack adhesins and pili but are still capable of 

efficient adhesion to respiratory mucosa. These strains express different adhesion 

molecules like Haemophilus adhesion and penetration (Hap), Hia/Hsf proteins, 

protein E and protein D (222,250–252). Hap is a monomeric autotransporter 

protein which has serine protease activity and undergoes autoproteolytic cleavage 

(253). It was identified as an important factor in bacterial interaction with 

respiratory epithelium, by promoting bacterial adherence to extracellular matrix 

proteins, namely fibronectin, laminin and collagen IV (254,255). Protein D and 

protein E are surface proteins which have been recognised as adhesion and invasion 

molecules in monocytic and epithelial cell lines (251,252). 
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1.4.5.1.3. Evasion of host immunity: 

1.4.5.1.3.1. Immunoglobulin A1 (IgA1) protease activity 

Immunoglobulin A (IgA) is the primary immunoglobulin at mucosal surfaces 

which is produced by mucosal lymphocytes (256,257). IgA represents an important 

part of the innate immune response in the lung against inhaled pathogens (258). It 

binds to bacteria and prevents their attachment to epithelial cells, inactivates their 

toxins and facilitates bacterial killing (195). There are two main IgA subclasses in 

the lung; IgA1 and IgA2 (256,258). Nearly all NTHi strains express proteases that 

cleave and neutralise IgA1 to colonise the human respiratory mucosa (259,260). 

IgA1 proteases cleave IgA1 at the hinge region of the α-heavy chain, resulting in loss 

of its antibacterial activity (261).  On the other hand, IgA2 lacks most of the hinge 

region making it less susceptible to bacterial IgA proteases (256–258). IgA1 

proteases produced by NTHi isolated from sputum of exacerbated COPD patients 

showed a higher cleavage activity of human IgA than IgA1 proteases produced by 

other colonising strains (262). In addition, genomic studies have identified two 

variants of IgA1 protease, type I IgA1 protease which is produced by nearly all NTHi 

strains, and type II IgA1 protease which is produced by NTHi isolated during COPD 

exacerbation. The type II variant is homologous to IgA1 protease of pathogenic 

Neisseria, which interferes with the lysosomal killing of the bacteria and promotes 

intracellular survival (263,264). This suggests a possible role of type II IgA1 

protease in bacterial survival in the lung. However, further investigations are 

needed to identify clearly the role of this protease during NTHi infection. Therefore, 

IgA1 protease is an important virulence factor in NTHi infection, and hence, could 

be a candidate target for future therapies. 
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1.4.5.1.3.2. Microcolony formation: 

NTHi have the ability to form microcolonies on the mucosal surface as a  

protective mechanism against bacteriostatic and bactericidal products like 

lactoferrin, lysozymes and antibodies (265). Bacterial aggregation in microcolonies 

is promoted by Hap protein and potentiated by the host SLPI, which inhibits Hap 

autoproteolysis (266). 

1.4.5.1.3.3. Phase variation and antigenic drift of virulence determinants: 

NTHi has evolved adaptive means to survive in the highly immunogenic 

respiratory tract. It can upregulate or downregulate its surface antigens, a property 

called phase variation. This involves changes in the key structures involved in 

disease pathogenesis like LOS, pili and adhesins. Ultimately, phase variation will 

modify antibody function (267). 

Some strains of NTHi could change their surface epitopes by undergoing point 

mutation of the encoding genes. Therefore, the antibody binding sites will be 

modified. This process is called antigenic drift. The most common structures 

involved in antigenic drift are OMP P2, P5 and IgA1 protease (268,269). 

Co-colonisation by more than one NTHi strain facilitates horizontal transfer of 

genes by providing a supply of potentially diverse deoxyribonucleic acid (DNA) that 

can be taken up by the colonizing strains and incorporated into the bacterial 

genome. It appears that NTHi applies two or three of the above genetic mechanisms 

to alter a single antigen like pili (268). 

1.4.5.1.3.4. Biofilm formation and immune evasion: 

A biofilm is a structured community of bacterial cells enveloped in a self-

produced polymeric matrix, which is adherent to an inert or living surface 
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(270,271). Bacteria growing in biofilms are more resistant to immune clearance 

mechanisms and to antibiotics compared to planktonic bacteria (272,273).  

Growing evidence suggests a propensity of NTHi to form biofilms in the 

respiratory tract (204,274). Monthly sputum cultures from COPD patients revealed 

negative cultures in spite of continuous colonisation by NTHi proven by molecular 

typing (204). Likewise, middle ear fluids from children with otitis media were sterile 

by culture. However, molecular assays showed that NTHi DNA was detectable in a 

substantial proportion of these samples (274). These observations suggest that 

NTHi persists in the respiratory tract as biofilms, which are a biologically active, but 

non-culturable form of bacterial growth. Moreover, it has been demonstrated that 

NTHi isolated from patients with cystic fibrosis and otitis media grown as biofilms 

in vitro. Bacteria growing in biofilms were more resistant to a broad range of 

antibiotics than planktonic bacteria (275,276). Therefore, different antibiotic 

regimens should be studied to treat NTHi persistent infection. 

Investigation of NTHi biofilms in vitro suggested the importance of  an epitope 

on LOS in biofilm formation (277). Subsequent studies showed that sialic acid 

(278,279) and PCho (242) components of LOS are essential for biofilm formation 

both in vitro and in an experimental animal model of infection. Moreover, PCho-

expressing NTHi strains formed significantly thicker biofilms with more surface 

coverage and total biomass than PCho deficient mutants (242). NTHi pili were also 

demonstrated to be essential for biofilm formation (249,277), and antibodies 

directed against pili were protective even against established NTHi biofilms (280). 

Although Hap and OMP P5 were recognised in the biofilm extracellular matrix (281), 

they were not required for NTHi biofilm growth in vitro (245). 

 NTHi produces extracellular DNA that is necessary for biofilm formation 

(282). In addition, NTHi produce DNA binding protein DNABII, which is important 
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in stabilising extracellular DNA in the biofilm matrix, and was reported to keep the 

structural integrity of biofilms (283). Antibodies against DNABII were found to 

cause debulking of NTHi biofilms both in vitro and in an experimental model of otitis 

media. In addition, these antibodies showed synergism with antibiotics in clearance 

of pre-formed NTHi biofilms in vivo (284).  

Further characterisation of the composition of NTHi biofilm may improve the 

current understanding of NTHi pathogenesis in COPD and possibly highlight some 

therapeutic or vaccine targets. 

1.4.5.1.3.5. Quorum sensing and biofilm formation: 

Quorum sensing (QS) is a bacterial cell to cell communication process that 

involves the production, detection, and response to extracellular signalling 

molecules called autoinducers (AIs). AIs accumulate in the environment as the 

bacterial population density increases, and bacteria monitor this information to 

track changes in their cell numbers and alter their own gene expression. QS controls 

genes that govern activities which are beneficial when performed by groups of 

bacteria acting in synchrony. Processes regulated by QS include biofilm formation, 

sporulation, competence and virulence factors secretion (285,286). Bacteria also 

use QS signals to modify the transcriptional program in other bacterial species in 

the same microenvironment (287,288). NTHi produces autoinducer-2 (AI2) 

quorum signal, a family of derivatives of dihydroxypentanedione, which is a 

metabolic byproduct of homocysteine (289). NTHi mutants of AI2 gene (LuxS) 

showed impaired biofilm formation in chinchilla model of otitis media (290). 

Moreover, it was observed that AI2 quorum signals from NTHi promote biofilm 

formation and persistence of Moraxella catarrhalis forming together polymicrobial 

biofilms in experimental animals (291). 
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These data suggest the importance of quorum signals as potential targets for 

treatment of persistent NTHi infection.   

1.4.5.1.4. Local tissue invasion and intracellular survival: 

A potentially very important pathogenic feature of NTHi is its ability to invade 

local tissue and survive intracellularly in the respiratory tract. This feature allows 

NTHi to persist in the lung and cause recurrent infection despite antibiotic therapy 

and development of bactericidal antibodies (292). The interaction between NTHi 

and host cells is a complex and dynamic process. Hence different pathways have 

been implicated in NTHi tissue invasion and survival inside host cells (292,293). 

These pathways are described below and summarised in Figure 1.4. 
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Figure 1.4: Mechanisms of NTHi tissue invasion and intracellular trafficking. 

Intraepithelial invasion by NTHi occur through different pathways; macropinocytosis, 

phagocytosis, clathrin-mediated and lipid raft-mediated endocytosis. The resultant 

endosome is trafficked to the endolysosomal pathway except for lipid raft-mediated 

endosome which is trafficked to different unrecognised pathway. The fate of NTHi inside 

endolysosomes is not fully understood. However, small count of viable bacteria was 

recovered from endolysosomes (294). Interepithelial and subepithelial NTHi invasion 

occurs by processes of paracytosis and transcytosis respectively. Bacterial factors involved 

in these processes are not identified yet. Unknown or not fully understood processes are 

marked with question marks. PAFR= platelet–activating factor receptor.  
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1.4.5.1.4.1. Phagocytosis and macropinocytosis: 

Phagocytosis and macropinocytosis are processes by which macrophages 

internalise particles and they both involve membrane dynamics. However, the main 

difference between the two mechanisms is that phagocytosis is receptor dependent, 

while macropinocytosis is an actin-dependent process (292,295). Phagosomes and 

macropinosomes are inconsistently trafficked to the endolysosomal pathway (292). 

An in vitro study found that intraepithelial NTHi was protected from antibiotics and 

bactericidal antibodies for at least 24 hours (296). Therefore, it was suggested that 

NTHi phagocytosis was a protective mechanism from immune clearance. 

Furthermore,  NTHi was reported to survive in vitro for up to 72 hours inside murine 

alveolar macrophages (297). In addition, ex vivo studies have recovered  viable NTHi 

from mononuclear cells in excised adenoid tissue (298) and  detected NTHi inside 

epithelial cells in 87% of subjects who had exacerbations of chronic bronchitis 

(206).  

 Experiments exploring the interaction between human bronchial epithelial 

cells and NTHi revealed that NTHi induced cytoskeletal rearrangement in the 

infected cells, including actin polymerisation and increased cortical actin. These 

changes resulted in the extension of host cell microvilli and the formation of 

lamellipodia, which surround adherent bacteria and form a membrane-bound 

vacuole. These findings suggested internalisation of bacteria by the process of 

macropinocytosis (299). 

1.4.5.1.4.2. Clathrin-mediated endocytosis (receptor-mediated endocytosis) 

Clathrin-mediated endocytosis produces endosomes which are eventually 

trafficked by endolysosomal pathway (300). Both platelet-activating factor (PAF) 

receptors and β-glucan receptors mediate NTHi internalisation into epithelial cells. 
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In addition, β-glucan receptor mediates non-opsonic internalisation of NTHi into 

macrophages (243,251,301).  PAF receptor interacts with PCho residue of bacterial 

LOS to enhance respiratory epithelial cell adherence and invasion (246). Therefore, 

PCho is an important virulence factor due to its contribution to NTHi colonisation 

and biofilm formation. PAF receptor-mediated endocytosis appears to be 

independent of macropinocytosis and may be the predominant invasion pathway 

for most strains (222,251).  

1.4.5.1.4.3. Lipid raft-mediated endocytosis 

Lipid rafts are plasma membrane microdomains enriched in cholesterol, 

glycosphingolipids, and glycosylphosphatidylinositol-anchored molecules, with 

roles in signal transduction and bacterial trafficking (302). Lipid raft-mediated 

endocytosis produces endosomes that are trafficked in a pathway avoiding the 

endolysosomal killing; hence lipid raft-mediated endocytosis is a less microbicidal 

mechanism of internalisation (303). Inhibitors of lipid raft significantly impaired 

NTHi invasion of murine alveolar macrophages and human airway epithelial cells 

(133,294). Therefore, it was suggested that the integrity of lipid raft is an important 

factor in NTHi invasion. 

1.4.5.1.4.4. Endolysosomal trafficking 

NTHi was reported to undergo endolysosomal trafficking in human airway 

epithelial cells. It was observed that the majority of intracellular NTHi was 

metabolically active but non-replicating inside acidic intracellular vacuoles, which 

showed features of early and late endosomes (294). Moreover, NTHi was co-

localised with cathepsin D, a protease that marks endolysosomal fusion. 

Nevertheless, the percentage of cathepsin D-associated NTHi was significantly 

lower than a standard strain of Salmonella typhimurium known to traffic to the 
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lysosome. This indicates that NTHi may not traffic to the lysosomes or cannot 

survive inside them (294). However, the exact mechanism of bacterial avoidance or 

survival in the lysosomes remains to be identified.   

1.4.5.1.4.5. Paracytosis and transcytosis: 

Paracytosis or NTHi penetration between lung epithelial cells was suggested 

as an important mechanism of bacterial persistence in the lung (296,304). NTHi was 

able to disrupt epithelial tight junctions and cluster between epithelial cells in 

human nasopharyngeal tissue culture (305). In addition, NTHi was extensively 

identified in the epithelium, submucosa, interstitium, and the alveolar epithelium of 

lung explants from patients with end-stage lung disease, including COPD and cystic 

fibrosis (306). Visualisation of NTHi in lung epithelium by transmission electron 

microscopy showed that intracellular NTHi was degraded, while the intercellular 

NTHi was intact (296,304). This observation suggests the role of paracytosis in NTHi 

survival. The exact mechanism of NTHi paracytosis is poorly understood. However, 

a hypothetical bacterial protein was suggested to act as paracytin (296). 

 Trancytosis is a possible mechanism by which NTHi traverse through the 

airway epithelial cells to the subepithelium. Nonetheless, bacterial factors involved 

in trancytosis have yet to be recognised (293). 

1.4.5.2. Host and microenvironmental factors in NTHi colonisation: 

In the absence of lung disease, the natural course of infection with NTHi is 

colonisation of the upper respiratory tract (16). However, in COPD patients, 

exposure to cigarette smoke results in goblet cell hyperplasia, mucus 

hypersecretion, and decreased respiratory epithelial cell ciliary function. These 

effects increase the likelihood of acute NTHi bronchitis and pneumonia 

(221,307,308). Furthermore, in established disease, defective immune 
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responsiveness and impaired phagocytosis by alveolar macrophages might provide 

an immunologic basis for the persistence of NTHi in the airways of adults with COPD 

(134,135). Moreover, Specific immune defects, such as hypogammaglobulinemia 

and other deficiencies in humoral immunity also increase host susceptibility to 

disease due to NTHi, including both localised respiratory tract and systemic disease 

(309–311).  

In vitro studies suggest that NTHi preferentially adheres to respiratory 

epithelial cells that either lack cilia or are structurally damaged (305,312). Cellular 

damage in the host may occur as a result of numerous factors unrelated to the 

presence of bacteria. However, the presence of NTHi can cause stasis and loss of 

cilia, as well as damage and sloughing of epithelial cells (233,313).  

1.4.6. Host immune response to NTHI infection: 

Host immune response to NTHi determines the fate of infection and affects 

its pathogenesis (195). 

1.4.6.1. Innate immune response: 

NTHi causes intense stimulation of cellular innate immune response in the 

lung. The main innate immune cells involved in defence against NTHi are 

macrophages, neutrophils and epithelial cells (195). NTHi surface epitopes or 

pathogen-associated molecular patterns (PAMPs) are recognised by TLR expressed 

on innate immune cells (314). OMP, especially P6, is recognised by TLR2 receptor 

and is capable of inducing CXCL8 and TNF-α from human alveolar macrophages 

(228), and is important for dendritic cell migration (315). LOS is primarily 

recognised by TLR4 receptors and causes release of different inflammatory 

cytokines and chemokines like CXCL8, TNF-α, IL-1β and IL-12 from human alveolar 
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macrophages (316). TLR4 mediated inflammatory response was recognised as an 

important pathway in innate immune response to NTHi in mice (317,318).  

Alveolar macrophages from COPD patients showed a reduced pro-

inflammatory response to NTHi. This would promote NTHi survival and provide a 

source for on-going inflammatory stimuli for non-macrophage immune mediators 

(316).  

1.4.6.2 Adaptive immune response:  

Adaptive immune response to NTHi infection follows the innate response and 

is mediated by B and T lymphocytes (195). Studies revealed strong antibody 

response to NTHi which activates complement-mediated bacterial killing (319). 

This limits NTHi to mucosal rather that systemic infection (195). 

T cells play a central role in defence against intracellular bacteria. T helper and 

cytotoxic T cells secrete a number of inflammatory mediators which govern 

cytotoxic mechanisms (195). T cell activation in response to NTHi infection could 

affect the clinical outcome of the disease. Nevertheless, studies in COPD patients 

have revealed a defective T cell response to NTHi as a possible mechanism of chronic 

infection (205,320,321).  
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1.5. Signalling pathways in airway inflammation: 

Inflammation is a protective mechanism against  tissue damage by infectious 

or toxic agents (322). Innate immune cells ,like macrophages, recognise PAMPs by 

their PRR and subsequently initiate intracellular signalling cascades to induce the 

release of inflammatory mediators that promote pathogen killing and tissue repair 

(323). Nevertheless, uncontrolled or ineffective inflammatory response results in 

excessive tissue destruction. Important pro-inflammatory signalling pathways in 

COPD are MAPK and NF-κB pathways. 

1.5.1. Mitogen-Activated Protein Kinase (MAPK) pathway 

MAPKs are cascades of sequentially phosphorylated intracellular enzymes, 

which translate extracellular stimuli into a vast array of cellular responses. There is 

growing research interest in investigating the role of MAPKs in COPD pathogenesis 

as a candidate targets for novel anti-inflammatory therapies (324,325). All 

eukaryotic cells possess a number of MAPK pathways, which co-ordinately regulate 

gene expression, mitosis, metabolism, motility, survival, apoptosis, and 

differentiation (326). 

The most studied MAPKs in human are p38, extracellular signal-regulated 

kinases (ERK) and c-Jun amino (N)-terminal kinases (JNK). Each group composed of 

three sequentially acting kinases, a MAPK, a MAPK kinase (MAPKK), and a MAPKK 

kinase (MAPKKK) (326). Individual kinases for each pathway are shown in Figure 

1.5. 

 The activation process starts when an extracellular stimulus interacts with 

transmembrane receptors, such as receptor tyrosine kinases and G-protien coupled 

receptors, causing activation of MAPKKK. MAPKKK are protein Ser/Thr kinases, 

which phosphorylate and activate MAPKK. This in turn activates MAPK by dual 
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phosphorylation at Thr and Tyr residues within a conserved Thr-X-Tyr motif located 

in the activation loop of the kinase domain subdomain VIII. Activation of MAPKs will 

subsequently activate a number of protein kinases termed MAPK activated protein 

kinases (MAPKAPK) (Figure 1.5). These kinases control a broad range of biological 

processes in the cell (325,326). Below is a brief description of MAPK modules. 

 

Figure 1.5: Mitogen-Activated Protein Kinase (MAPK) pathways. Extracellular stimuli 

bind to membrane receptors causing activation of MAPK kinase kinases (MAPKKK), which 

in turn activate MAPK kinases (MAPKK), then MAPKs. MAPKs will activate a number of 

MAPK activated protein kinases (MAPKAPK) resulting in cellular responses. ERK= 

Extracellular regulated kinase, JNK= c-Jun N-terminal kinase, MNK= MAP kinase-interacting 

kinase, MOS= Mouse sarcoma, MSK= Mitogen- and stress-activated protein kinase 1, RAF= 

Rapidly accelerated fibrosarcoma kinase, RSK= Ribosomal S6 kinase, TAO= 

Serine/Threonine-protein kinase, TPL= Tumour progression locus, MLK= Mixed lineage 

kinase, CS= Cigarette smoke, CK= Cytokines, LPS= Lipopolysaccharide, TNF-α= Tumour 

necrosis factor alpha, UV= Ultraviolet.  
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1.5.1.1. p38 MAPK pathway; relevance in COPD: 

p38 MAPK is one of the widely studied pathways in COPD. Four isoforms 

have been identified, p38α, p38β, p38γ and p38δ. p38α and p38β are highly 

expressed in tissue. Meanwhile, p38γ and p38δ have more restricted tissue 

expression which highlights more specialised functions (327,328). p38α appears to 

be the main isoform involved in inflammatory responses, and higher levels were 

detected in lungs of COPD than non-COPD controls (329). 

Different stimuli have been implicated in p38 MAPK activation, including 

oxidative stress (e.g. cigarette smoke), viral infection, ultraviolet (UV) irradiation, 

hypoxia, ischemia, bacterial LPS, IL-1, and TNF-α (328). Most stimuli that activate 

p38 MAPKs also stimulate JNK isoforms, and many MAPKKKs in the p38 module 

control the JNK module (326). Furthermore, p38α can be autophosphorylated by 

interaction with TGF- β -activated protein 1-binding protein 1 and the activation of 

tyrosine kinases as occurs with the stimulation of the T-cell antigen receptor (330). 

The p38 module plays a critical role in normal immune and inflammatory 

responses (328). The p38 isoforms regulate cytokine expression in response to 

various stimuli. The mechanisms of p38-mediated cytokine release are either 

controlling transcription factors such as NF-κB (331), post-trancriptional 

stabilisation of the mRNA of inflammatory mediators (332,333) or at the level of 

protein translation (334,335). Therefore, deletion of p38 MAPK from epithelial cells 

was reported to reduce pro-inflammatory gene expression (336). The p38 MAPKs 

have also been shown to play roles in cell proliferation and survival (326). 

The relevance of p38 in COPD has been suggested by the reported higher p38 

activation in COPD alveolar macrophages, alveolar wall and CD8 positive and CD20 
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positive lymphocytes than non-COPD controls (329,337). Figure 1.6 summarises the 

potential role of p38 and other MAPK pathways in COPD. 

The p38 pathway is a core mediator of airway inflammation; this role was 

highlighted in LPS-induced GM-CSF, CXCL8 and MMP-9 release from human 

macrophages (338–340). In addition, sputum analysis of COPD patients revealed a 

positive association between sputum phospho-p38 levels, sputum neutrophil count, 

CXCL8 and lower FEV1 (341). The latter finding suggests that p38 can mediate 

inflammatory cell migration in the airways, such as neutrophils and eosinophils. 

This role is believed to be due to the p38 effect on actin cytoskeleton that is 

necessary for cell migration (342–344). Furthermore, an animal study investigating 

ozone-induced airway hyperresponsiveness showed that airway smooth muscle 

contraction was mediated by p38 MAPK. Pretreatment of the animals with a p38 

MAPK inhibitor reversed the airway hyperresponsiveness (345). These data suggest 

a possible p38 MAPK-mediated mechanism in bronchoconstriction in airway 

diseases  

Recently, growing evidence supports the role of p38 MAPK in airway 

corticosteroid insensitivity. However, investigations were done mostly on 

corticosteroid resistant asthma. p38 MAPK was reported to phosphorylate 

glucocorticoid receptor (GR) in peripheral blood monocytes from asthma patients, 

causing less steroid responsiveness (346). Moreover, alveolar macrophages from 

corticosteroid insensitive asthma patients showed higher levels of activated p38 

and lower levels of dexamethasone-induced MAPK phosphatase-1 (MKP-1) 

expression (347) . In addition, p38γ isoform reduced corticosteroid response in 

PBMCs from asthma patients (348). Similar studies in COPD patients have 

highlighted the possible role of p38 MAPK in corticosteroid resistance. p38 MAPK 

inhibition by BIRB-796 synergistically enhanced corticosteroid sensitivity of LPS-
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stimulated alveolar macrophages from COPD patients (349). Likewise, p38 MAPK 

inhibitor (SB706504) showed a combined inhibitory effect with dexamethasone on 

LPS-induced TNF-α release from COPD alveolar macrophages, and LPS-induced 

transcription of inflammatory genes from COPD MDMs (350). Taken together, these 

data suggest the importance of p38 inhibitors in improving steroid sensitivity in 

chronic airway diseases.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6: Potential role of MAPK pathways in COPD pathogenesis. Cigarette smoke 

induces p38, ERK and JNK MAPKs activation. Each pathway mediates airway changes 

contributing to COPD pathophysiology. MUC5AC= Mucin 5AC gene, MMP= Matrix 

metalloproteinase, CK= Cytokine, GF= Growth factor, GC= Glucocorticoids, NF-κB= Nuclear 

factor kappa B. 
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1.5.1.2. Extracellular signal-regulated kinase MAPK pathway; relevance in 

COPD: 

There are two ERK isoforms, ERK1 and ERK2. Both isoforms are activated by 

growth factors, like platelet-derived growth factor (PDGF), epidermal growth factor 

(EGF) and nerve growth factor (NGF). Also,  cytokines, osmotic stress, insulin and 

microtubule disorganisation can activate ERK MAPK pathway (351,352). ERK MAPK 

importantly controls cell proliferation, therefore, it has a direct role in 

tumorigenesis (326,353). 

The importance of ERK pathway in COPD pathogenesis came from the finding 

that airway epithelial and alveolar cells from patients with emphysema have higher 

levels of activated ERK1/2 than non-emphysematous controls. This suggests the 

importance of ERK MAPK pathway in lung tissue remodelling in COPD (354). 

In vitro studies have shown that cigarette smoke-induced MMP-1 and CXCL8 

secretion was mediated by ERK pathway in human epithelial cells and alveolar 

macrophages respectively (339,354). Other studies showed that mucin 5AC 

(MUC5AC) gene expression induced by smoke and ROS traverse through the JNK 

and ERK MAPK pathways (355) (Figure 1.6). Moreover, ERK was identified as an 

important pathway mediating LPS-induced lung injury in mice (356). 

The role of ERK MAPK in corticosteroid insensitivity in the airways has yet 

to be investigated. However, in human lymphoblastic cells, ERK MAPK was reported 

to decrease corticosteroid-induced apoptosis by reducing GR phosphorylation at 

serine (ser) 211 residues. This phosphorylation site is  responsible for 

corticosteroid transcriptional activity (357). Therefore, this observation suggests a 

possible role of ERK MAPK in reducing corticosteroid anti-inflammatory effect, 

which requires further investigation as a potential mechanism of corticosteroid 

resistance in COPD.  
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1.5.1.3. JNK MAPK pathway; relevance in COPD: 

JNK has three known isoforms, JNK1, JNK2 and JNK3. JNK 1 and 2 have wide 

tissue distribution, whereas JNK 3 is primarily localised to neuronal tissue, testis 

and cardiac myocytes (358). 

As with p38, JNK MAPK is activated by various cellular stresses, including 

heat shock, ionising radiation, oxidative stress, DNA-damaging agents, cytokines, UV 

irradiation, DNA and protein synthesis inhibitors (which stresses the cells), growth 

factor deprivation, and to a lesser extent by growth factors (359). Activation of this 

pathway leads to phosphorylation of several additional substrates, including those 

of the early-response proto-oncogene family c-fos. This leads to the formation of 

Jun-Fos heterodimers or Jun homodimers to create the AP-1 transcription factor 

(360). 

JNK1 and JNK2 have been shown to play a crucial role in the control of cell 

proliferation, differentiation of hematopoietic populations as well as the apoptotic 

response to cellular stresses (361,362). 

JNK pathway mediates some  cigarette smoke-induced changes in the lung 

such as mucin production from epithelial cells and endothelial cell injury (355,363). 

Furthermore, JNK activates NF-κB transcription factor in human monocytes (364). 

This indicates that JNK activation could induce a pro-inflammatory response 

through a positive crosstalk with NF-κB (Figure 1.6). 

Studies have linked JNK activation with glucocorticoid insensitivity in HeLa 

cells. This effect is believed to be due to JNK-mediated phosphorylation of the GR at  

ser 226 enhancing GR nuclear export which may contribute to termination of GR-

mediated transcription (365,366). 
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1.5.2. Nuclear Factor-κB (NF- κB): 

NF-κB is a crucial regulator of the inflammatory response which is involved 

in the evolution as well as resolution of inflammation (322). NF-κB controls a broad 

range of biological activities including immune responses, cell proliferation, 

differentiation, and tissue remodelling (367). NF-κB is expressed by a variety of 

inflammatory cells and its role has been highlighted in the pathogenesis of asthma 

and COPD (368). Increased expression of NF-κB pathway markers was reported in 

sputum macrophages from exacerbated COPD patients (369)and bronchial biopsies 

during stable state (370).  

NF-κB is a dimeric transcription factor composed of p50 (NF-κB1) and p65 

(RElA) subunits (371). In resting cells, NF-κB is retained in the cytoplasm by an 

inhibitory molecule, the IκB. Inflammatory stimuli, including bacterial infections, 

oxidative stress and cytokines, cause dissociation of NF-κB from its inhibitory 

molecule to enter the nucleus and switch on target genes (322). NF-κB translocation 

requires IκB degradation by some kinases like IκB kinase (IKK) 1 and IKK2. These 

kinases are activated in turn by upstream kinases like NF-κB inducing kinase (NIK) 

(371). 

In vitro studies demonstrate the anti-inflammatory effect of NF-κB inhibitors, 

although their potential role in COPD and asthma have been questioned due to their 

inhibition of the beneficial host immune response against viral and bacterial 

infections (368). 

1.5.3. Signalling pathways of NTHI infection: 

Like most other bacterial infections, NTHi infection induces inflammation with 

prominent release of cytokines and chemokines. NTHi-induced inflammation is 

mostly activated by its binding to TLRs (317). Evidence supports the role of TLR4 
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and TLR2 in the effective innate immune response to respiratory tract infection 

caused by NTHi (317,372).  

The downstream signalling pathways and transcription factors have recently 

been investigated in the pathogenesis of NTHi infection; the transcription factor NF-

κB and MAPK signalling pathways were the most widely studied pathways of 

infection. NF-κB activation was identified to mediate NTHi-induced inflammatory 

response via TLR4 binding in murine airway epithelial cells, suggesting NF-κB role 

in innate immune response to H.influenzae (317). In addition, OMP P6 binding to 

TLR2 in human epithelial cells was associated with NF-κB activation (373). This 

activation was mediated by two pathways, the activation of NIK- IKKα/β complex 

leading to IκBα degradation, and the activation of MKK3/6-p38 MAPK. Moreover, 

TLR2-dependent activation of TGF-β activated kinase 1 (TAK1) appears to mediate 

the activation of the above signalling pathways (373). In another study, activation 

of EGFR by NTHi was linked to NF-κB mediated release of TNF-α, IL-1β and 

macrophage inflammatory protein 2 (MIP-2) in human epithelium and in a mouse 

model of middle ear and lung infection (374). 

 p38 and ERK MAPK pathways were identified as mediators of NTHi induced 

CXCL8 in human epithelial cells (375). Furthermore, p38MAPK activation was 

reported to mediate NF- κB-dependent inflammation in NTHi infection (373,374). 

Mucus production is a characteristic feature of NTHi airway infection, NTHi 

might signal through different pathways to express mucin genes. In one study the 

TGF-β-SMAD signalling pathway together with TLR2-TAK1-NIK-IKKβ/γ-IκBα 

pathway were used by NTHi lysate to stimulate NF-κB-dependent MUC2 mucin gene 

transcription in human epithelial cells (376). Moreover, cytoplasmic proteins of 

NTHi was reported to induce MUC5AC mucin transcription in human epithelial cells 

through the activation of the p38MAPK pathway, whereas activation of 
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phosphoinositide-3 (PI3) kinase pathway caused a reduction in NTHi-induced 

MUC5AC transcription through a negative crosstalk with p38MAPK (377). Figure 1.7 

summarises the mentioned signalling pathways.  

 
Figure 1.7: Signalling pathways of NTHi infection. Different NTHi ligands bind to surface 

receptors and activate the downstream signalling pathways. NTHi induces pro-

inflammatory cytokines and chemokines release through activation of NF-κB, p38 and ERK 

MAPK pathways. Activation of these pathways is mediated by phosphorylation of their 

upstream kinases. NTHi-induced mucin production is mediated by NF-κB and SMAD 

signalling pathways. Both inflammation and mucus production contribute to COPD 

development and progression. LOS= Lipooligosaccharide, SCF= Soluble cytoplasmic 

fraction, P6= Outer membrane protein P6, EGFLF= Epidermal growth factor like factor, 

TGFLF= Transforming growth factor like factor, PAF= Platelet-activating factor, TLR= Toll-

like receptors, EGFR= Epidermal growth factor receptor, TGF-βR= Transforming growth 

factor-β receptor. RAF= Rapidly accelerated fibrosarcoma kinase, ERK= Extracellular 

signal- regulated Kinase, IKK= IκB kinase, NF-κB= Nuclear factor-κB, TAK1= TGF-β 

activated kinase 1, MKK= Mitogen- activated protein kinase kinase, TNFα= Tumour necrosis 

factor α, IL= Interleukin.  
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1.6. Corticosteroids in COPD: 

Corticosteroids (glucocorticoids or steroids) are anti-inflammatory drugs 

used in the treatment of a variety of inflammatory diseases including COPD. 

However, many COPD patients respond poorly to high doses of inhaled or oral 

corticosteroids (378). 

1.6.1. Molecular mechanism of corticosteroid action: 

Corticosteroids diffuse through the cell membrane and bind to glucocorticoid 

receptors (GR) in the cytoplasm. Corticosteroid-receptor complex translocates to 

the nucleus and binds to glucocorticoid response elements (GREs) on the promoter 

region of steroid-responsive genes (379).  

Transactivation of target genes can be mediated by the interaction of DNA-

bound GR with co-activator molecules, like cyclic adenosine monophosphate 

(cAMP) response element binding protein (CBP). This interaction causes acetylation 

of the core histone of the target genes and recruits chromatin remodelling engines 

resulting in gene activation (380). Genes that are switched on by corticosteroids 

include those encoding β2-adrenoceptors, SLPI and MKP-1 (378,381). 

The main anti-inflammatory action of corticosteroids is to switch off the 

activated inflammatory genes encoding cytokines, chemokines, adhesion molecules 

and receptors (382). Activated GR interacts with the recruited co-repressor 

molecule, histone deacetylase 2 (HDAC2), to reduce histone acetylation and 

chromatin remodelling. Subsequently, the inflammatory genes will be effectively 

suppressed (383). Moreover, corticosteroids can directly interact with transcription 

factors, like NF-κB and AP-1, to transrepress inflammatory genes transcription 

(384). 
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1.6.2. Glucocorticoid receptor (GR): 

GR is an intracellular phosphor-protein which mediates the corticosteroid 

actions. There are two main isoforms of GR, α and β. Corticosteroids bind to GR-α to 

exert their effects. In contrast, GR-β acts as a negative inhibitor of corticosteroids by 

interfering with DNA binding of activated GRα (385). GR can be activated by ligand 

and non-ligand dependent mechanisms. The inactive GR is sequestrated in the 

cytoplasm by heat shock protein (HSP 90) chaperone complex. This prevents 

nuclear translocation of the inactive GR (386).  

GR is a modular protein composed of an N-terminal domain which carries 

transactivation region (AF-1), a central Zinc finger DNA binding domain (DBD) 

responsible for GRE binding and nuclear export, and a C-terminal domain containing 

ligand-dependent transcriptional activation function (AF-2) which is responsible for 

receptor dimerisation (387). 

Corticosteroids binding to GR results in conformational changes by 

phosphorylation of the GR at multiple serine/threonine residues. This activation 

step will release the GR from HSP90 complex and facilitate its nuclear translocation 

(386,388). 

Depending on the activation level, GR is present in both phosphorylated and 

unphosphorylated state within the cell. This suggests that GR undergoes auto-

dephosphorylation by phosphatases binding to the C-terminal domain of the 

receptor (386). Growing evidence supports the relation between different 

phosphorylation sites on GR and its transcriptional activation. Furthermore, 

interdependence between the various phosphorylation sites was reported (389). In 

human GR, the most widely studied phosphorylation sites are ser 203, ser 211 and 

ser 226. GR has a basal and stimulated level of ser 203 phosphorylation, and it is 
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reported to be confined to the cytoplasm only. Therefore, ser 203 phosphorylated 

GR might be transcriptionally inactive receptor (386,390). On the other hand, the 

activity of GR is linked to phosphorylation at ser 211 site in human. Higher ser 211 

phosphorylation correlates with more GR transcriptional activity and is found in 

both cytoplasm and nucleus  (390). This form of activated GR is recruited to GRE of 

different corticosteroid-responsive genes. On the other hand, GR phosphorylation at 

ser 226 results in a reduction in the GR transcriptional activity by enhancing its 

nuclear export. In general, GR activity is correlated to ser 211 phosphorylation 

exceeding that of ser 226 (386). 

Crosstalk between GR and MAPK signalling has been reported, p38 MAPK 

was highlighted to cause GR phosphorylation and reduce corticosteroid effect in 

steroid resistant asthma, which was restored by p38 MAPK inhibition (346). 

Moreover, p38 MAPK inhibition improved GR nuclear translocation and partially 

reduced its phosphorylation at ser 226 in PBMCs from severe asthma (348). ERK 

and JNK MAPKs also affect GR function by reducing ser 211 phosphorylation in 

lymphoid cells. Also,  JNK can phosphorylate ser 226 residue in human and monkey 

cell lines (365). Moreover, ERK and JNK inhibitors restored the sensitivity of 

lymphoid cells to corticosteroid-induced apoptotic action (357).  

1.6.3. Corticosteroid resistance in COPD: 

Corticosteroids improve COPD symptoms and mortality with a small reduction 

in exacerbation frequency (391). Some studies showed that corticosteroids have an 

anti-inflammatory effect in stable COPD patients, by reducing sputum chemotactic 

activity and increasing neutrophil elastase inhibition (392). In addition, 

preincubation of neutrophils with corticosteroid reduced their chemotactic 

response and fibronectin degradation ability (393). In contrast, other studies 
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showed a lack of corticosteroid anti-inflammatory effect in the stable state. It was 

observed that a high dose of inhaled corticosteroids did not reduce the number of 

inflammatory cells and mediators in the airways and sputum of stable COPD 

patients (394,395).  

Investigations of corticosteroid resistance in COPD have suggested different 

possible mechanisms. Several disease-relevant inflammatory elements were tested 

for their corticosteroid response in vitro. Studies on alveolar macrophages from 

COPD subjects have identified a subset of steroid-resistant cytokines, particularly 

CXCL8 (167,168), GM-CSF and G-CSF (168). Moreover, microarray analysis of 

inflammatory genes from COPD MDMs revealed a group of steroid-resistant genes 

including CXCL8, IL-1β, IL-18 and growth-related oncogenes (GRO) (350). These 

steroid-resistant cytokines are of critical importance in disease pathogenesis and 

progression (67,69,157,396). As a result of the increased number of alveolar 

macrophages in COPD airways (113,114), there will be more steroid-resistant 

mediators that cannot be suppressed by the administered corticosteroids (168). 

Alveolar macrophage sensitivity to corticosteroids was found to be less in COPD 

than in smokers (166,167). However, more recent studies revealed no difference in 

corticosteroid response between alveolar macrophages from COPD and healthy 

controls (168,397).  

Neutrophils secrete a number of cytokines and chemokines which are involved 

in COPD pathophysiology (398). Airway neutrophils, but not peripheral blood 

neutrophils, showed reduced GR expression in COPD and healthy controls, resulting 

in impaired corticosteroid suppression of CXCL8 and TNF-α release from 

neutrophils (399). Moreover, IFN-γ production by airway lymphocytes was 

reported to be steroid-resistant in COPD patients  (400). 
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It is well known that one of the molecular mechanism of the anti-inflammatory 

action of corticosteroids is the recruitment, by activated GR, of HDAC2 to the 

activated inflammatory genes, thus reversing the acetylation of these genes and 

silencing their transcription (380,401). HDAC2 activity and expression were 

reduced in alveolar macrophages, airways and peripheral lung of COPD patients, 

which was linked to disease severity (166,402). This was possibly triggered by 

oxidative and nitrative stress (403,404). HDAC2 dysfunction is therefore 

highlighted to be one possible mechanism of corticosteroid resistance in COPD 

patients (405) 

Another mechanisms of corticosteroids resistance include impairment in GR 

nuclear translocation and its ligand binding affinity. However, it was only reported 

in steroid resistant asthma patients (346,406).   
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1.7. Hypothesis: 

NTHi is the most common airway infection in stable and exacerbated COPD, 

contributing to serious morbidity, mortality and disease progression. 

Corticosteroids are widely used anti-inflammatory drugs during COPD 

exacerbations. However, corticosteroids do not completely suppress airway 

inflammation. Therefore, investigation of the innate immune response to NTHi in a 

relevant in vitro model would help to understand the molecular basis of NTHi 

infection in COPD. Furthermore, assessment of the anti-inflammatory effect of 

corticosteroids in this in vitro model could test the potential clinical benefit of 

corticosteroids during NTHi infection. Furthermore, this investigation could 

highlight potential therapeutic targets for future therapy.  

Modulation of alveolar macrophage phenotype by some bacteria was 

highlighted as a possible mechanism of chronic infections. Therefore, NTHi 

modulation of M1/M2 markers could be an important mechanism of bacterial 

persistence in the lower airways of COPD patients. 

1.8. Aims and objectives: 

The general aim of this thesis is to investigate COPD alveolar macrophage 

inflammatory response to NTHi infection in vitro and test the anti-inflammatory 

effect of corticosteroids and kinase inhibitors on this response. Moreover, I aimed 

at investigating alveolar macrophage functional polarisation in response to NTHi 

infection. These aims were achieved through the following steps: 

1. Optimise the in vitro model of NTHi infection by: 
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 Culturing alveolar macrophages with live NTHi and investigating 

the resultant inflammatory response in terms of cytokine release 

over 24 hours. 

 Monitoring NTHi survival in the culture and the macrophage 

viability in response to an increasing bacterial concentration. 

 Comparing alveolar macrophage inflammatory response 

triggered by standard NTHi strain (R2846) with that triggered by 

NTHi isolates from stable COPD patients.  

2. Study the effect of anti-inflammatory compounds on NTHi-induced 

inflammatory response by: 

 Studying corticosteroid responsiveness of NTHi-induced 

cytokines in alveolar macrophages from COPD versus non-COPD 

controls. 

 Investigating the signalling pathways mediating NTHi 

inflammatory response in alveolar macrophages from COPD 

patients. Also, studying the effect of corticosteroids on the 

activated pathways. 

 Assessing the anti-inflammatory effect of compounds that knock 

down the signalling pathways of NTHi-induced inflammation in 

COPD alveolar macrophages. 

 Investigating the potential synergistic effect of kinase inhibitors 

with corticosteroids. 

 Examining the effect of NTHi on GR phosphorylation and nuclear 

translocation as a possible mechanism of reduced corticosteroid 

responsiveness. 
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 Assessing the role of p38 MAPK in NTHi-induced GR 

phosphorylation and nuclear translocation. 

3. Investigate the role of NTHi in modulating alveolar macrophage 

functional polarisation as a possible mechanism of NTHi chronic infection 

in COPD by: 

 Monitoring the change in mRNA levels of macrophage (M1/M2) 

phenotype markers in response to NTHi infection in vitro. 

 Comparing the mRNA levels of sputum macrophage (M1/M2) 

markers in NTHi-infected COPD patients versus non-infected 

controls. 

 

 

  



99 
 

 

 

Chapter two 

Materials and Methods 
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2.1. Isolation of alveolar macrophages and cell culture: 

2.1.1. Isolation of alveolar macrophages from resected lungs: 

Alveolar macrophages were obtained from peripheral airways of lung tissue 

resected from surgically excised lung lobe or segment. Lung tissue was cut from 

areas distal to the tumour and perfused with sterile 0.15 M Sodium Chloride (NaCl) 

to isolate macrophages. The retrieved fluid was centrifuged (400g, 10 minutes, room 

temperature (RT)). The resulting cell pellet was resuspended in RPMI 1640 media 

(Sigma Chemical, Dorset, UK). The cell suspension was layered over Ficoll-Paque 

(GE Healthcare, Buckinghamshire, UK) and centrifuged (400g, 30 minutes, 4°C). 

Ficoll-Paque is a density gradient media which allows differential migration of 

different cell types; mononuclear cells will form a layer at the interface between 

plasma and Ficoll. Alveolar macrophages were collected and resuspended in RPMI 

1640 medium supplemented with 10% foetal bovine serum (FBS) (Life 

Technologies, Warrington, UK), 1% penicillin/streptomycin (Sigma), and 1% L-

glutamine (Life Technologies). Cells were washed with non-supplemented RPMI 

1640 medium (400g, 10 minutes, 4°C). Cells were resuspended in supplemented 

RPMI 1640 and viable cells were counted by Trypan blue exclusion on a Neubauer 

haemocytometer. Cells were resuspended at a concentration of 1x106 macrophages 

per ml in supplemented RPMI 1640 medium.  

Alveolar macrophages were seeded on appropriate culture plate, as stated 

for each experiment, and incubated at 37 °C and 5% CO2 for a minimum of 18 hours 

to allow alveolar macrophages to adhere to the plate. Non-adherent cells were 

removed by washing with pre-warmed supplemented RPMI 1640 medium (without 

antibiotic) before infection experiments. 
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2.1.2. Isolation of alveolar macrophages from induced sputum: 

2.1.2.1. Sputum induction: 

Subjects were assessed for their lung function at the beginning of the visit. 

Spirometry was done after inhalation of 200 µg of salbutamol (Stockport 

Pharmaceuticals, Stockport, UK) and the FEV1 was recorded as the baseline reading. 

FEV1 of ≥50% predicted permits the patient to carry on sputum induction process. 

Subjects were asked to inhale an increasing concentration of sterile hypertonic 

saline (3, 4 and 5%) via an ultrasonic nebuliser (Ultraneb 2000, Medix, Harlow, UK), 

each for 5 minutes. To exclude any bronchospasm due to the procedure, spirometry 

was repeated after each inhalation. If FEV1 dropped by less than 10% of the baseline 

level, the subject was asked to inhale the next concentration of hypertonic saline. On 

the contrary, if the FEV1 drop was ≥ 10% but still ≤20%, the subject was asked to 

inhale the same concentration of hypertonic saline. If FEV1 dropped by >20%, the 

process was stopped and the subject was given another dose of salbutamol (200 µg), 

rested for 20 minutes before repeating the spirometry, and discharged. After each 

inhalation subjects had been asked to blow their nose and wash their mouth with 

water before they were asked to cough in to a sterile container. The sample was kept 

on ice to maintain cell viability until the time of processing. 

2.1.2.2. Sputum processing: 

Sputum was processed within 2 hours of induction. Sputum was placed in a 

sterile petri dish and inspected against a black background to identify sputum plugs. 

Plugs were separated from saliva by a sterile forceps and collected into a sterile, pre-

weighed tube. The sample was weighed and part of the sample used for sputum 

bacteriology (minimum weight 0.1 g). The remaining sputum was used for 

macrophage isolation. 
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2.1.2.3. Sputum macrophage isolation: 

Dithiothreitol (DTT) (0.1%) in phosphate buffered saline (PBS) was added to 

sputum sample at a volume of four times the sample weight, e.g., (400ul:100 mg). 

The sample was vortexed and placed on a rolling mixer (15 minutes, RT). PBS at a 

volume of four times the sample weight was added, and the sample was filtered 

using sterile nylon gauze with pore size 48μm. The filtrate was centrifuged (790g, 

10 minutes, 4°C), cell pellets were resuspended in supplemented RPMI 1640 

medium and viable cells were counted by Trypan blue exclusion on a Neubauer 

haemocytometer. Cells were adjusted to a concentration of 1 x 106 cells per ml and 

were plated on 6 well plates and cultured for 24 hours at 37 °C and 5% CO2. Non-

adherent cells were removed by washing with supplemented RPMI 1640 to leave 

macrophages. 

2.2. Bacterial preparation:  

2.2.1: Bacterial culture: 

The two strains of bacteria used in this study were Escherichia coli (E. coli) 

(strain ATCC 11775/ NCTC 9001) and NTHi (R2846 or strain 12). Both were kindly 

provided by Dr Nicola High (Faculty of Life Sciences-University of Manchester). E. 

coli (ATCC 11775/ NCTC 9001), a urinary isolate, was grown from frozen stock on 

Columbia blood agar (CBA) (E&O Laboratories, Scotland) and incubated at 37 oC and 

5% CO2 for 16 hours. Under aseptic conditions, multiple colonies were recovered 

from culture plates and inoculated in sterile Brain Heart Infusion (BHI) broth 

(Sigma).  

NTHi R2846 is a well-characterised strain that is isolated from middle ear fluid 

of a child with otitis media (407). NTHi frozen stocks were streaked on Columbia 



103 
 

agar chocolate (CHOC) (E&O Laboratories) and incubated at 37 oC and 5% CO2 for 

16 hours. Under aseptic conditions, individual colonies were harvested and 

inoculated in BHI broth supplemented with hemin and β-NAD (Sigma Aldrich, UK) 

each at 10µg/ml (408). 

Broths of both bacteria were incubated in the shaking incubator (311DS 

Labnet) at 200 revolutions per minute (RPM) and 37 °C for 16 hours. The bacterial 

suspension was centrifuged (4000 RPM, 10 minutes, RT) and the resulting bacterial 

pellets were washed twice in sterile Dulbecco’s PBS (Sigma). Bacterial pellets were 

resuspended in sterile PBS and the optical density was measured at 600 nm (OD600) 

using plate reader (POLARstar Omega, BMG LABTECH). The broth was then diluted 

to 1.2±0.02 OD600. Bacterial viability and count were confirmed each time by Miles-

Misera plate counting as described below.  

2.2.2. Bacterial quantification: 

Quantification of viable bacteria was determined by Miles-Misera protocol 

(409). Eight tenfold serial dilutions were prepared from 1.2 OD600 bacterial 

suspension in sterile PBS. Two CHOC plates (at RT) were divided by an imaginary 

line into four quadrants and three 10 µl drops of each dilution were plated on a 

quadrant (Figure 2.1). Plates were incubated overnight at 37 oC and 5% CO2. 

Developed colonies were counted in the quadrant with the highest number of 

colonies that were still easily discernible. The average colony count was corrected 

to the dilution factor and multiplied by 1000 to give the number of colony forming 

unit per millilitre (CFU/ml). 

For example, in the Miles-Misera test result shown in Figure 2.1, the quadrant 

with 10-6 dilution (Figure 2.1 B) contains the highest number of colonies that are 

easily discernible. The calculation below uses the count from this quadrant. 
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Average bacterial count /µl= 17+18+21/30= 1.9 CFU/µl 

Bacterial count /ml of 1.2 OD600 suspension= 1.9x106x1000= 1.9x109 CFU/ml 

 

Figure 2.1: NTHi quantification by Miles- Misera plate counting. Two chocolate agar 

plates A and B were divided into four quadrants. Each quadrant was plated with the labelled 

bacterial dilution. In this figure, quadrant with 10-6 bacterial dilution is ideal for colony 

count. 

 

2.2.3. Setting Multiplicity of infection (MOI): 

To present bacterial load in a more understandable and convenient way, and 

to keep the bacterial load consistent throughout my experiments, Multiplicity of 

Infection (MOI) was used. MOI is the ratio of live bacteria per cell (bacteria: 

macrophage). 

NTHi viable count in 1.2 OD600 suspension was calculated in 4 different 

experiments, the average was calculated and rounded to the closest 10x109CFU/ml. 

This count was set to be the expected count for each experiment. However, NTHi 

count was confirmed every time to eliminate any significant difference in the 

experimental conditions that might affect bacterial growth. Tenfold difference in 
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NTHi count between experiments was accepted. MOI was pre-set to 1:1, 3:1, 10:1, 

30:1, 100:1, 300:1 and 1000:1 MOI.  

Target MOI was achieved on culture plate using the following equation:  

NTHi viable count in 1.2 OD600 suspension (A) = ~10x109 CFU/ml 

CFU/well (B) =Target MOI x alveolar macrophages per well x 10 (dilution factor in 

the well)  

Target CFU/ml (C) = (B)/media volume per well 

Dilution from 1.2 OD600 suspension = (A)/ (C) 

Dilution factor for each target MOI is calculated, and sub-stocks from 1.2 

OD600bacterial suspensions were prepared in supplemented RPMI 1640.  

Example: To achieve 10:1 MOI in a well containing 105 alveolar macrophages with 

media volume of 0.2 ml. 

 (A)= 10 x 109 CFU/ml 

 (B)= 10 x 105x10 = 107 

 (C)= 107/0.2 ml=5 x107 

Dilution from 1.2 OD600 suspension =10 x 109/5 x107=200 (dilution factor) 

2.3. Isolation of NTHi from sputum samples of stable COPD patients: 

Sputum samples were induced and processed as detailed in sections 2.1.2.1 

and 2.1.2.2. 1% DTT (Sigma-Aldrich) was used to homogenise sputum plugs. DTT 

was sterilised by filtering through a syringe filter (0.2 µm pore size). A working DTT 

concentration of 0.1% was freshly prepared. An equal volume of 0.1% DTT was 
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added to the sputum sample and vortexed for 1 minute. The sample was incubated 

for 15 minutes at 37 oC. After incubation the sample was vortexed for an additional 

1 minute. The sputum homogenate was plated, as detailed below, to detect the 

infecting bacteria. 

Various agar plates were used to help identify different respiratory pathogens. 

The details of the plates and characteristics of the isolated pathogens are 

summarised in Table 2.1. The plates are categorised into two groups, streak plates 

and spread plates (Table 2.2).  

Streak plates gave a semi-quantitative estimate of all bacterial species in a 

sputum sample. Sputum homogenates were streaked on three different plates, 

Columbia blood agar (CBA), Bacitracin Chocolate agar (BAC CHOC) and Mannitol salt 

agar (MSA). Using standard four quadrants dilution of the sample on the plate, 5µl 

of the homogenate was sub-streaked through four quadrants of each plate using a 

sterile loop for each quadrant dilution. Optochin disc (Oxoid, Hampshire, UK) was 

placed on CBA between the first and second streaks to help identify Streptococcus 

pneumonia from other α-haemolytic streptococci (Figure 2.2).  

Spread plates allow further identification and quantification of the 

predominant bacterial species in the sample. These include three CBA and three 

CHOC (E&O Laboratories) (Figure 2.2). Five tenfold serial dilutions of sputum 

homogenate were prepared with sterile PBS. 10µl of each 10-3, 10-4 and 10-5 

dilutions was plated on individual CBA and CHOC spread plates using L-spreader 

(Lab-M, Lancashire, UK). Both streak and spread plates were incubated for 24 hours 

at 37 oC and 5% CO2. 
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Table 2.1: Agar plates selectivity for bacterial species and their characteristic 

appearance. 

Agar type Isolated pathogen Colony appearance 

Columbia agar 

chocolate (CHOC) 

Haemophilus species Grey colonies 

Moraxella catarrhalis White dry colonies 

Neisseria species Grey colonies 

Streptococcus pneumonia 

 

Green colonies with α-haemolysis 

Columbia blood 

agar (CBA) 

 

Streptococcus pneumonia 

 

 

Grey/green colonies with α-

haemolysis 

Streptococcus pyogenes White colonies with β-haemolysis 

Moraxella catarrhalis White dry colonies 

Chocolate agar 

with Bacitracin 

(BAC CHOC) 

Haemophilus species Grey colonies 

Mannitol salt agar 

(MSA) 

Staphylococcus aureus Yellow colonies 

 

Table 2.2: Agar plates groups in sputum bacteriology identification. 

Group of 

plates 

Type of plates in a group Number Role in identification 

Streak 

plates 

Columbia blood agar (CBA) 

Chocolate agar with 

Bacitracin (BAC CHOC) 

Mannitol salt agar (MSA) 

1 

1 

 

1 

Semi-quantitative estimate 

of all bacterial pathogens 

Spread 

plates 

Columbia blood agar (CBA) 

Columbia agar chocolate 

(CHOC) 

3 

3 

Identification and 

quantification of the 

predominant bacterial 

pathogens 
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2.3.1. Reading the plates: 

The bacterial growth in quadrant dilutions on streak plates was recorded as 

scores after 24 hours, which correspond to an approximate number of the total 

bacterial count in the sample (Figure 2.2). Plates were re-read after 48 hours to 

detect the growth of underdeveloped colonies at 24 hours. Table 2.3 shows bacterial 

count in CFU/ml that is equivalent to the scores of bacterial growth. 

Spread plates were read after 24 hours of incubation, the number of viable 

bacteria was calculated by counting the number of colonies of same morphology. 

The number was corrected to the dilution factor and sample volume (10µl), and 

presented as CFU/ml of the original sample. The bacterial species with the highest 

count was considered as the infecting pathogen (Figure 2.2). 

Table 2.3: Semi-quantitative scoring of sputum bacterial growth. 

Total number of colonies Score Correspondent CFU/ml 

<10 + <103 

10-100 ++ 103-104 

>100 +++ 104-105 
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Figure 2.2: Representative sputum culture from NTHi infected COPD subject. Sputum 

homogenate was streaked on two sets of plates, streak plates (A and B) and spread plates 

(C and D). Mixed colony growth on streak plates (A and B) gave an estimated bacterial load 

of 103-105 CFU/ml. Positive growth around Optochin disc between first and second streaks 

on blood agar (B) suggests negative culture for Streptococcus pneumonia. At 10-3 sputum 

dilution, a predominant growth of small, grey, mucoid colonies on the spread chocolate agar 

(C) but not on the blood agar (D) suggests Haemophilus influenzae infection which is 

countable on plate (C). 
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2.3.2. Bacterial identification: 

Colonial morphology on the spread plates was highly suggestive of the 

pathogen (Figure 2.3). Potential pathogens were subcultured on an appropriate agar 

plate and incubated for 24 hours at 37 oC and 5% CO2. Pure culture was used for 

further identification tests. Table 2.4 summarises the identification criteria. 

 

 

Figure 2.3: Bacterial colonial morphology. A: NTHi appears as small, grey and mucoid 

colonies on chocolate agar. B: Moraxella catarrhalis appears as white and dry colonies on 

chocolate agar. 

 

 

 

 

 

  

A B 
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Table 2.4: Sputum bacterial identification criteria. 

Microorganism Culture 
medium 

Colony 
morphology 

Identification 
tests 

Haemophilus influenzae CHOC -Small, concave, 
grey and mucoid. 

- XV test: bacteria 
grow around XV 
discs. 

Moraxella (Branhamella) 
catarrhalis 

CHOC, CBA -White, grey or 
pinkish dry. 
- hockey-puck test: 
colony can be 
easily pushed 
across the plate 

 

-Tributyrin test 
positive. 
-oxidase and 
catalase positive. 

Streptococcus pneumonia CHOC, CBA -clear concave 
colonies. 
-α-haemolysis 
appearing as a 
green zone around 
the colony 

 

-Optochin 
sensitivity (>14mm 
zone of inhibition) 
while other α-
haemolytic 
Streptococci are 
resistant. 
-Catalase negative 

 

Pseudomonas aeruginosa CHOC, CBA -Irregular, 
translucent mucoid 
colonies with 
bluish-green 
pigmentation. 

Oxidase and 
catalase positive. 

Staphylococcus aureus MSA -Medium sized, 
golden buff/yellow 
colonies 

Catalase and 
coagulase positive. 

Abbreviations: CHOC= Columbia agar chocolate, CBA= Columbia blood agar, MSA= 

Mannitol salt agar 

 

2.3.2.1. X-V test: 

X (hemin) and V (NAD) factors are used to identify Haemophilus species 

depending on their nutritional requirements.  

Under sterile conditions, colonies were picked from the pure culture plate by 

sterile swab and dissolved in 1 ml of sterile PBS to prepare bacterial suspension 

equivalent to 0.5 McFarland standard (ProLab, Merseyside, UK). This standard is 

intended to be part of a quality control programme for adjusting densities of 

bacterial suspensions that are used for identification and susceptibility testing. The 
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bacterial suspension was streaked with a sterile swab on ISA sensitivity test agar 

25ml (E&O Laboratories) and the X, V and XV discs (Oxoiod) were placed around the 

agar plate periphery with good spacing between the discs. The plate was incubated 

at 37 oC and 5% CO2 for 24 hours. The growth around each disc was recorded after 

incubation. 

Bacterial growth around XV disc only (Figure 2.4 A) indicates they need both 

X and V factors for their growth, like Haemophilus influenzae. Bacteria requiring X 

factor for their growth will grow around X and XV discs like Haemophilus ducreyi. 

Bacteria requiring V factor will grow around both V and XV discs like Haemophilus 

parainfluenzae (Figure 2.4 B).  

 

 

 

 

 

 

Figure 2.4: X-V test. A: Haemophilus influenzae grows around XV disc. B: 

Haemophilus parainfluenzae grows around V and XV discs.  
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2.3.2.2. Tributyrin test: 

Tributyrin test is chromogenic test that helps in differentiation between 

Moraxella (Branhamella) catarrhalis and Neisseria species. The test principle is that 

an enzyme hydrolysis of tributyrin causes colour change of the acidobasic indicator.  

Colonies were picked from the pure culture by a sterile swab, and dissolved in 

1 ml sterile PBS to give bacterial suspension equivalent to 0.5 McFarland standard 

(Prolab). A Tributyrin stip (Sigma) was picked by a sterile needle and dropped in 

the suspension. The suspension was incubated at 37 oC and 5% CO2 for 18-20 hours. 

A colour control tube was run with the sample for colour comparison. Colour change 

to yellow is positive for Moraxella catarrhalis (Figure 2.5 A). A negative orange 

colour indicates Neisseria species (Figure 2.5 B). 

 

Figure 2.5: Tributyrin test. A: positive test indicates Moraxella catarrhalis. B: negative test 

indicates Neisseria species. 

 

2.3.2.3. Catalase test: 

This test is used to identify catalase producing bacteria like Moraxella 

catarrhalis, Staphylococcus aureus and Pseudomonas aeruginosa from those which 

are non-catalase producing as Streptococcus pneumonia.  Catalase enzyme catalyses 

the breakdown of hydrogen peroxide (H2O2) releasing free oxygen (appears as 
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bubbles). To observe the action of the enzyme, H2O2 was added to pure bacterial 

colonies; any immediate bubbling is indicative of a positive result.  

2.3.2.4. Oxidase test: 

Oxidase test is used to identify oxidase producing gram-negative bacteria. In 

the presence of the enzyme cytochrome oxidase, the N, N-dimethyl-p-

phenylenediamine oxalate and α-naphthol react to indophenol blue. One colony was 

picked by a sterile wooden pick and placed on oxidase disc (Sigma). Colour change 

was observed within 10 seconds, blue colour change indicates positive oxidase test, 

as in Haemophilus influenzae, Moraxella catarrhalis and Pseudomonas aeruginosa. 

2.3.3. Preservation of NTHi clinical isolates: 

Bacteria proven to be NTHi by positive XV test were preserved for future 

experiments and biotyping. Colonies were recovered from a pure culture by a sterile 

loop and inoculated in Microbank tubes (Prolab). The tubes were frozen at -80 oC 

for future experiments.  

2.3.4. Biotyping of NTHi: 

Frozen NTHi isolates were sub-cultured on CHOC plates and incubated for 24 

hours at 37 oC and 5% CO2. Grown bacteria were subjected to biotyping under sterile 

conditions including three tests, urease test, spot indole test and ornithine 

decarboxylase test. 

2.3.4.1. Urease test: 

In this test, urea broth, containing the phenol red colour indicator, was used. 

Some bacteria have a urease enzyme which can split urea in the presence of water 

to release ammonia and CO2. The ammonia combines with CO2 and water to form 
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ammonium carbonate, which turns the medium alkaline thus turning the indicator 

phenol red from its original orange-yellow colour, to bright pink.  

Urea broth (Fluka-Sigma-Aldrich) was supplemented with hemin and β-NAD 

at 10 µg/ml. 2 ml tube of the broth was inoculated with 4-10 colonies to prepare 

bacterial suspension equivalent to 0.5 McFarland standard (Prolab). The broth was 

incubated for 18-24 hours at 37 oC and 5% CO2. The colour change was recorded at 

the end of incubation. Pink-red change in colour indicate positive reaction (Figure 

2.6). 

 

 

 

 

 

Figure 2.6: Urease test. Pink-red change in colour indicates a positive response. 

2.3.4.2. Spot indole test: 

Spot indole reagent is used in the qualitative method to determine bacterial 

ability to split indole from the tryptophan molecule. The amino acid tryptophan can 

be oxidised by tryptophanase enzyme produced by certain bacteria, resulting in the 

production of indole. The indole is detected by the p-

dimethylaminocinnamaldehyde in the indole reagent producing a distinct blue 

colour.  

Colonies were picked by a sterile wooden pick and transferred to a filter paper. 

One drop of indole reagent (Kovac’s reagent, Remel) was added to the transferred 
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colonies. Colour change was observed within 1 minute, blue change in colour 

indicates positive indole test (Figure 2.7). 

 

 

 

 

 

 

Figure 2.7: Spot indole test. 

2.3.4.3. Ornithine decarboxylase test: 

Ornithine decarboxylase test is recommended for the detection of the ability 

of microorganisms to decarboxylate ornithine. In the initial stages of incubation, 

glucose is fermented by the organisms with acid production. The glucose 

fermentation will result in a colour change in the Bromo Cresol Purple pH indicator 

to yellow. If ornithine is decarboxylated, there will be an alkaline reaction causing 

further change in colour to purple.  

Ornithine decarboxylase broth (Fluka-Sigma-Aldrich) was supplemented with 

hemin and β-NAD at 10 µg/ml. 2 ml tube of the broth was inoculated with 4-10 

colonies to prepare bacterial suspension equivalent to 0.5 McFarland standard 

(Prolab). Ornithine decarboxylase broth was covered with sterile mineral oil, this 

promotes fermentation by locking out oxygen, and it also prevents false 

alkalinisation at the surface of the medium. Broth incubated at 37 oC and 5% CO2. 

Results were recorded at 24 and 48 hours of incubation. After 24 hours, colour 
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change to yellow indicates that the bacteria ferment glucose. After 48 hours, further 

change in colour to purple indicates ornithine decarboxylation. Failure of colour 

change after 48 hours indicates negative test (Figure 2.8). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8: Ornithine decarboxylase test. A: Colour change to yellow at 24 hours and 

further change in colour to purple at 48 hours indicates positive reaction. B: No colour 

change at 24 and 48 hours indicates a negative reaction. C: Persistent colour change at 24 

and 48 hours indicates a negative reaction 

A. Positive 

B. Negative 

C. Negative 
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2.3.4.4. Recording and interpretation of the results: 

The results were recorded and interpreted as shown in the Table 2.5: 

Table 2.5: Bacterial biotyping 

 

2.3.5. Antibiotic testing of NTHi (antibiogram): 

Antibiotic sensitivity testing for Haemophilus influenzae was established in our 

lab according to the British Society for Antimicrobial Chemotherapy (BSAC) 

guidelines  (410). 

Standard strains (NCTC 11931 and NCTC 12699) were obtained from Public 

Health England (PHE) and were used to validate test procedures. Procedures were 

tested monthly to ensure quality control. 

Clinical NTHi isolates, as well as NTHi (R2846), were freshly subcultured from 

frozen stocks on CHOC agar plate. The plates were incubated for 24 hours at 37 oC 

and 5% CO2. Colonies from each strain were suspended in 2 ml sterile PBS to create 

suspension equivalent to 0.5 McFarland standard (Prolab). A sterile swab was 

dipped once in the suspension and streaked on one Haemophilus Test Medium 

(HTM) plate (E &O Laboratories). The swab was spread across the plate in two 

perpendicular directions and was continuously turned while spreading to ensure 

even bacterial growth.  

Test 
 

Biotype 

I II III IV V VI VII VIII 

Urease + + + + - - - - 

Indole + + - - + - + - 

Ornithine 

decarboxylase 

+ - - + + + - - 
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The antibiotic discs (Oxoid) listed in Table 2.6 were used; no more than three 

discs were placed on one HTM plate. Plates were incubated for 18-20 hours at 37 oC 

and 5% CO2. Zones of inhibitions were noted and measured by a ruler. The readings 

were compared to the values listed in Table 2.6 to determine antibiotic sensitivity. 

All results were tabulated in a work sheet for future analysis. 
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Table 2.6: Antibiotics used in antibiogram and interpretation of their zones of 

inhibition. R=resistance, S=sensitive, I=intermediate. 

Antimicrobial 
agent 

Abbreviation Disc potency 

(in µg unless 

stated) 

Interpretation of zone of 

inhibition (mm) 

R < I S > 

Penicillins 

Amoxicillin AML 2 13 - 14 

Ampicillin AMP 2 17 - 18 

Amoxicillin–

clavulanic acid 

AMC 3 13 - 14 

Cephalosporins 

Cefaclor CEC 30 14 - 15 

Cefotaxime CTX 5 24 - 25 

Ceftriaxone CRO 30 24  25 

Ceftazidime CAZ 30 14 15-17 18 

Carbapenems 

Imipenem IPM 10 22 - 23 

Macrolides 

Azithromycin AZM 15 19 - - 

Erythromycin, E 5 14 - - 

Clarithromycin CLR 2 8 - - 

Quinolones 

Moxifloxacin MXF 5 17  18 

Ciprofloxacin CIP 1 27 - 28 

Levofloxacin LEV 1 19 - 20 

Tetracyclines 

Tetracycline TE 10 17 18-21 22 

Others 

Chloramphenicol C 10 24 - 25 

Sulfamethoxazole–

trimethoprim 

SXT 25 17 18-20 21 
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2.4. Cell viability assessment by Transferase dUTP Nick End Labelling (TUNEL 

assay): 

Alveolar macrophage DNA fragmentation was measured by In Situ Cell Death 

Detection Kit, Fluorescein kit (Roche Diagnostic Ltd, Burgess Hill, UK). Cellular 

destruction by apoptosis results in DNA fragmentation. DNA breaks expose a large 

number of 3´-hydroxyl ends, which can then serve as starting points for terminal 

deoxynucleotidyl transferase (TdT). TdT adds deoxyribonucleotides in a template-

independent fashion. The addition of the deoxythymidine analog 5-bromo-2´-

deoxyuridine 5´-triphosphate (dUTP) to the TdT reaction serves to label the break 

sites. Once incorporated into the DNA, dUTP can be detected by fluorescence 

microscopy (411,412). Figure 2.9 outlined the principle of TUNEL assay. 

Alveolar macrophages were plated on chamber slides at 1x105 cells per well 

and incubated at 37 oC and 5% CO2 overnight. Cells were fixed with 4% 

paraformaldehyde (1 hour, RT) and permeabilised by permeabilisation buffer (0.1% 

Triton-X in 0.1% sodium citrate), which was added to the cells for 2 minutes on ice. 

Cells were washed with PBS. 50µl of TUNEL reaction mix or label solution, for 

negative controls, was added to the cells and incubated at 37 °C in the dark for 1 

hour. Cells were washed with PBS and counterstained with 4', 6-diamidino-2-

phenylindole (DAPI) stain (Invitrogen) at 0.002% in PBS (5 minutes, RT).  

Slides were visualised by fluorescence microscopy (Nikon Eclipse 80 i-Nikon 

UK Ltd, Surry, UK), equipped with QImagining digital camera (Media Cybernetics, 

Marlow, UK). TUNEL mix stains fragmented apoptotic nuclei green while DAPI 

stains all nuclei blue. Each field was examined for TUNEL, DAPI and macrophage 

auto-fluorescence (red). Images were analysed using Image-pro plus version 5.1 

software (Media Cybernetics, Marlow, UK) and the percentage of apoptotic cells was 
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counted. Examples of apoptotic  (TUNEL positive) cells and normal  (TUNEL 

negative) cells are shown in Figure 2.10. 

 

 

 

Figure 2.9: TUNEL assay principle. DNA fragmentation in apoptotic cells can be detected 

by TdT-mediated dUTP nick end labelling (TUNEL). dUTP is labelled by FITC and the 

labelled fragments are detected by fluorescence microscopy. TdT= terminal 

deoxynucleotidyl transferase, dUTP= deoxythymidine analog 5-bromo-2´-deoxyuridine 5´-

triphosphate, FITC= fluorescein isothiocyanate.  Adapted from www.biotool.com (413). 

 

 

 

 

 

 

Figure 2.10: Detection of alveolar macrophage apoptosis by TUNEL assay. Alveolar 

macrophages were labelled and fluorescently stained for DNA fragmentation by TUNEL 

assay. A: cells with blue nuclei are viable (TUNEL negative). B: cells with green nuclei are 

apoptotic (TUNEL positive) due to pretreatment with Triton-X. Magnification power 20X.  

A B 

http://www.biotool.com/
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2.5. Cytokine measurement by Enzyme-Linked Immunosorbent Assay (ELISA): 

Culture supernatants were analysed for cytokines levels by ELISA. TNF-α, IL-

6 and CXCL8 levels were measured using R&D system kits (R&D system, Abingdon, 

UK) and IL-10 was analysed by eBioscience kit (eBioscience Ltd, Hatfield, UK) 

according to manufacturer’s instruction. 

Capture antibodies of TNF-α, IL-6 and CXCL8 (R&D system) were diluted in 

PBS and plated on Immulon 2HB immunoassay plates (Fisher Scientific, 

Loughborough, UK). Captured plates were incubated overnight at RT. Unbound 

capture antibody was washed with wash buffer (0.05 % Tween-20 in PBS, pH 7.2-

7.4).  

Blocking of the non-specific binding sites on the plates was performed by 

using 1% bovine serum albumin (BSA) (Sigma-Aldrich) in PBS. BSA was added to 

the wells for 1 hour at RT. Plates were washed with wash buffer; samples and 

standards were prepared in supplemented medium without antibiotics and added 

to the plate for 2 hours at RT. Plates were washed and the biotin-linked detection 

antibody diluted in assay diluent was added for 2 hours RT. Excess antibody was 

washed off, and the horseradish peroxidase-conjugated streptavidin was added for 

20 minutes at RT. The plates were washed and substrate of 1:1 mixture of H2O2 and 

3, 3’, 5, 5’ tetramethylbenzidine (TMB) was applied for 15-20 minutes at room 

temperature, with light protection, for colour development.  

Capture antibody of IL-10 (eBioscience) was diluted in PBS and plated on 

Nunc plates (Fisher Scientific). Captured plates were incubated overnight at 4 oC. 

Unbound capture antibody was washed with wash buffer (0.05% Tween-20 in PBS, 

pH 7.2-7.4).  
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Plates were blocked by 1 X assay diluent, included in the kit, for 1 hour at RT. 

Plates were washed with wash buffer. Samples and standards were prepared in 1 X 

assay diluent and added to the plates for 2 hours at RT. Plates were washed, and the 

biotin-linked detection antibody, diluted in assay diluent, was added for 1 hour at 

RT. Excess antibody was washed off, and the horseradish peroxidase-conjugated 

streptavidin was added for 30 minutes at RT. The plates were washed and the 

substrate of 1:1 mixture of H2O2 and TMB was applied for 15-20 minutes at room 

temperature, with light protection for colour development.  

Reaction in both protocols was stopped by sulphuric acid (Sigma-Aldrich), 

and the optical density was measured by BMG microplate reader at 450 nm with 

wavelength correction set to 540 nm. A standard curve was generated using a four 

parameter logistic curve fit (OPTIMA Software). An example standard curve is 

shown in Figure 2.11. Samples, with mediator levels above the maximum 

concentration of the standard curve, were diluted to give a measureable level that 

could be read from the linear section of the standard curve (Figure 2.11). The 

subsequent mediator concentration was then multiplied by the dilution factor to 

give the mediator concentration for the parent sample. Values below the lower level 

of quantification were assigned a value of half the lowest concentration of the 

standard curve (414). 

The working concentrations of capture and detection antibodies, as well as 

the limits of detection, are listed for all cytokines in Table2.7. 
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Figure 2.11: Standard curve (four parameter fit): A representative standard 

curve from IL-10 ELISA generated using a four parameter logistic curve fit. Samples 

concentration was read from the linear section of the standard curve. Standard 

concentrations are 4.688, 9.375, 18.750, 37.500, 75, 150 and 300 pg/ml.  
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Table 2.7: ELISA antibody concentrations and limits of detection. 

Cytokine 

 

Assay kit Capture 

antibody 

 (µg/ml) 

Detection 

antibody 

 (ng/ml) 

Assay diluent Limits of 

detection 

(pg/ml) 

TNF-α R&D 

systems 

4 500 1%BSA in PBS pH 7.2-

7.4 

15.6-1000 

IL-6 R&D 

systems 

2 50 1%BSA in PBS pH 7.2-

7.4 

9.4-600 

CXCL8 R&D 

systems 

4 20 0.1%BSA, 0.05 % 

Tween-20 in Tris-

buffered saline pH 7.2-

7.4 

31.25-2000 

IL-10 eBioscience 1 times dilution from 250 

times stock 

1 X assay diluent 4.6875-300 

 

2.6. Protein extraction and Western Blot analysis: 

2.6.1. Cells lysis: 

Alveolar macrophages were lysed with radioimmunoprecipitation assay (RIPA) 

buffer (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM Ethylenediaminetetraacetic 

acid (EDTA), 0.1% Nonidet P-40). RIPA buffer contains phosphatase inhibitors 

(Sigma-Aldrich) and protease inhibitors (inhibitors of aspartic, cysteine, serine 

proteases and aminopeptidases) (Calbiochem, Nottingham, UK). Cell lysates were 

centrifuged (5000 RPM, 5 minutes, 4 oC). Supernatants were aspirated and stored at 

-80 oC for future analysis by Western blot. 

2.6.2. Western Blot: 

Cell lysate supernatants were defrosted on ice and diluted in loading buffer 

(62.5 mM Tris, 10% glycerol, 1% sodium dodecyl sulfate (SDS), 1% β-

mercaptoethanol, and 0.01% bromphenol blue, pH 6.8). Cell lysates were sonicated 
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(10 minutes, 4 oC) in sonicating water bath and lysates were boiled (5 minutes, 90 

oC). 

SDS-polyacrylamide gel (10%) was prepared as stacking gel and separating 

gel as detailed in Table 2.8. Samples were loaded on SDS-polyacrylamide gel (10%). 

Precision Plus proteinTM KaleidoscopeTM standard (Bio-Rad Laboratories Ltd, 

Hampshire, UK) was run to help identifying the bands’ molecular weight. Protein 

bands were transferred to Protran standard nitrocellulose membrane (GE 

healthcare lifescience, WhatmanTM, UK) in transfer buffer (20% methanol in Tris-

glycine-SDS (TGS)) for 1 hour. Membranes were blocked with 5% dried milk in Tris-

buffered saline (TBS) containing 0.1% Tween-20 (1 hour, RT). Membranes then 

incubated with rabbit primary antibodies diluted in block buffer overnight at 4 oC. 

Membranes were washed three times with washing buffer (TBS containing 0.1% 

Tween-20) and incubated with horseradish peroxidase-linked goat anti-rabbit IgG 

(Cell Signalling Technology, UK) diluted 1/1000 in wash buffer (1 hour, RT). Protein 

bands were visualised by enhanced chemiluminescence. Densitometric analysis was 

performed by normalising band densities to β-actin loading control using Quantity 

One version 4.6.1 software (Bio-Rad Laboratories, Hemel, Hempstead, UK). Table 

2.9 shows the target proteins with the primary antibodies used. 
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Table 2.8: Components of SDS-polyacrylamide (10%) stacking and separating 

gel. 

Gel Components Company 

Stacking gel 5ml deionised H2O  

1.875ml Buffer A (Trizma 

base-SDS pH 6.8) 

Sigma-Aldrich 

565 ul acrylamide-bis 

solution 

Sigma-Aldrich 

75ul APS (10% in dH2O) Sigma-Aldrich 

7.5ul TEMED Sigma-Aldrich 

Separating gel 6.125ml de-ionised H2O 

 

 

3.125 ml Buffer B (Trizma 

basa-SDS pH 8.8) 

 

Sigma-Aldrich 

3.125 acrylamide-bis 

solution 

 

Sigma-Aldrich 

125ul APS (10% in dH2O) Sigma-Aldrich 

12.5ul TEMED Sigma-Aldrich 

Abbreviations:  APS= Ammonium per sulphate, TEMED= Tetramethylethylenediamine 
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Table 2.9: Target proteins and their antibodies in Western blot. 

Target protein Molecular 

weight 

(kDa) 

Primary antibody Dilution 

factor 

company 

NF-kB p65 65 Rabbit anti-human 

Phospho- (ser468) 

NF-κB p65 

Antibody 

1/1000 Cell Signaling 

Technology, 

UK 

p38 MAPK 43 Rabbit anti-human 

phospho- 

(Thr180/Tyr182) 

p38 MAPK antibody 

1/1000 Cell Signaling 

Technology, 

UK 

ERK MAPK 42, 44 Rabbit anti-human 

phospho- (P44/42) 

MAPK antibody 

1/1000 Cell Signaling 

Technology, 

UK 

β- actin 42 Rabbit anti-β actin 

antibody 

1/1000 Abcam, 

Cambridge, UK 

Glucocorticoid 

receptor ser 211  

95 p- Glucocorticoid 

receptor ser 211 

rabbit antibody 

1/1000 Cell Signaling 

Technology, 

UK 

Glucocorticoid 

receptor ser 226 

85 p- Glucocorticoid 

receptor ser 226 

rabbit antibody 

1/500 Abcam, 

Cambridge, UK 

 

2.6.3. Stripping and reprobing of nitrocellulose membrane: 

The process of stripping and reprobing a membrane allows detecting the 

overlapped protein bands of close molecular weight. Membranes were stripped and 

reprobed for different proteins. Stripping buffer was prepared (62.5mM Tris-HCL, 

2% SDS, PH 6.8) and heated to 60 oC before adding 10mM 2-beta-mercaptoethanol. 

Membranes were placed in the heated stripping buffer (30 minutes, 50 oC). 

Membranes were washed twice with washing buffer (TBS containing 0.1% Tween-
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20), blocked with blocking buffer (5% dried milk in TBS containing 0.1% Tween-20) 

(1 hour, RT), and incubated with primary antibody overnight. Membranes were 

developed and analysed as per section 2.6.2. 

2.7. Quantification of gene expression: 

2.7.1. RNA extraction: 

Ribonucleic acid (RNA) was extracted from cell lysates using RNeasy kits 

(Qiagen, Crawley, UK) according to manufacturer’s instructions. Cell lysates were 

defrosted on ice before homogenisation with 21 G needle attached to 1 ml syringe. 

Samples were mixed with 70% ethanol at a ratio of 1:1 volume to facilitate RNA 

attachment to the columns’ membrane. Samples were added to RNeasy spin 

columns and centrifuged (10000 RPM, 15 seconds) to help RNA bind to the silica-

based membrane. Columns were washed using RW1 buffer to remove biomolecules 

such as carbohydrates, proteins, and fatty acids. To eliminate DNA contaminants, on 

column DNase digestion was applied using RNase-free DNase diluted in RDD buffer 

at 1:7 ratio (15 minutes, RT). DNase was removed by spinning the column with RW1 

washing buffer (10000 RPM, 15 seconds). Columns were washed twice with RPE 

buffer (10000 RPM, 15 seconds then 2 minutes) and were placed in a new RNase-

free Eppendorf, RNA was eluted by adding 50µl of RNase-free water to the column 

and centrifuged (10000 RPM, 1 minute). Resultant RNA was stored at -80 oC for 

future reverse transcription-polymerase chain reaction (RT-PCR). 

2.7.2. Reverse transcription-polymerase chain reaction (RT-PCR) (cDNA 

synthesis): 

RNA was quantified by the plate reader (POLARstar Omega, BMG LABTECH) 

at 260 nm. RNA purity from nucleotides and proteins was assessed by calculating 

the ratio of RNA absorbance at 260/280 nm; pure RNA has a ratio of 1.7-2.0. RNA 
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samples were diluted accordingly with molecular water (Sigma). This dilution step 

is to yield 50 ng/µl (for in vitro effect of NTHi on M1/M2 markers’ experiment), or 

12 ng/ µl (for sputum macrophage phenotype experiment) in the complementary 

DNA (cDNA) reaction mix. 12 ng/µl was the maximal RNA concentration that could 

be obtained from all sputum samples.  

 cDNA was synthesised by RT-PCR using the VersoTM 2-Step QRT-PCR kit 

(Thermo Scientific, Surry, UK) according to manufacturer’s instruction. The cDNA 

reaction mix (20µl) is composed of Verso enzyme mix, cDNA synthesis buffer, dNTP 

mix, RNA primer (random hexamer) and RT enhancer. RNA was added to the 

reaction mix, and the amplification was facilitated using thermal cycler with reverse 

transcription cycling program specified by the manufacturer as shown in Table 2.10. 

Controls with no Verso enzyme and no template were included to exclude any DNA 

amplification. Synthesised cDNA was stored at -20 oC for future quantitative 

polymerase chain reaction (qPCR) analysis. 

Table 2.10: Reverse transcription cycling program 

Step Temperature Time Number of cycles 

cDNA synthesis 42 oC 30 minutes 1 cycle 

Inactivation 95 oC 2 minutes 1 cycle 
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2.7.3. Quantitative polymerase chain reaction (qPCR) 

cDNA was analysed for gene expression using Taqman qPCR. cDNA (1 µl) was 

used in 25 µl reaction mix. The reaction mix contains primer-probes for macrophage 

M1/M2 markers (TNF-α, CXCL8, HLA-DR, CD38, IL-10, CD14, CD163, CD206 

(mannose receptor C1) and CD36), or the endogenous control glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) (Applied Biosystems, Warrington, UK), as listed 

in Table 2.11. Thermal cycling was carried out on a Stratagene MX3005P (Agilent 

Technologies, West Lothian, UK) according to manufacturer’s recommendations as 

shown in Table 2.12. Relative  levels of M1/M2 markers’ mRNA in response to NTHi 

and LPS in vitro were determined using the 2 -ΔΔ Cycle threshold (2 -ΔΔCt) method 

normalising to the endogenous control (GAPDH) and unstimulated levels (415,416). 

Relative levels of M1/M2 markers’ mRNA in sputum macropahges from NTHi-

infected COPD and non-infected controls were assessed by 2 –ΔCt method 

normalising to GAPDH. Six-point efficiency curves were generated for each primer-

probe set with using RNA extracted from untreated alveolar macrophages to 

confirm efficiencies were between 90-110%. However, due to practical reasons 

efficiency curves were not carried out on each sample run and therefore not used to 

correct for PCR efficiency, hence the use of 2 –ΔΔCt  method and not Pfaffl method. 
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Table 2.11: Primers used in qPCR for gene expression analysis with their 

reference numbers (Applied Biosystem) 

Gene Applied Biosystem reference number 

GAPDH Hs02758991_g1 

TNF-α Hs99999043_m1 

CXCL8 Hs00174103_m1 

CD38 Hs01120071_m1 

HLA-DR Hs00219575_m1 

IL-10 Hs00961622_m1 

CD36 Hs00354519_m1 

MRC1 (CD206) Hs00267207_m1 

CD14 Hs00169122_g1 

CD163 Hs00174705_m1 

 

Table 2.12: qPCR thermal cycling program 

Cycle Temperature Time Number of 

cycles 

Thermo-start activation 95 oC 15 minutes 1 cycle 

Denaturation 95 oC 15 seconds 40 cycles 

Annealing/Extension 60 oC 60 seconds 40 cycles 

 

2.8. Glucocorticoid receptor translocation assay  

Alveolar macrophages from a healthy non-smoker subject were cultured on 

chamber slides at 3x105cells per well. Cells were incubated overnight at 37 oC and 

5% CO2. The media were aspirated and replaced by serum-free media; the cells were 

reincubated overnight. Non-adherent cells were washed away, and the adherent 

cells were treated accordingly. The effect of NTHi on dexamethasone-induced GR 

translocation was studied by infecting the cells with NTHi (at 10:1 MOI) for 30 

minutes, with or without dexamethasone pretreatment (at 1 µM) for 30 minutes. 
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The role of p38 MAPK pathway in GR nuclear translocation was next investigated. 

Cells were pretreated with p38 MAPK inhibitor (BIRB-796) (at 1 µM) for 30 minutes 

before adding NTHi (at 10:1 MOI), dexamethasone (at 1 µM), or NTHi and 

dexamethasone for another 30 minutes. Unstimulated basal control and NTHi-

infected cells control were run alongside other conditions.  

Cells were fixed with 4% paraformaldehyde (10 minutes, RT), and washed twice 

with PBS. Cells were incubated in 1.5% goat serum (Vector Laboratories Ltd, 

Peterborough, UK) in PBS (30 minutes, RT). Cells were incubated with primary 

antibody, purified mouse anti-glucocorticoid receptor clone 41 (BD 

Transduction Laboratories TM, Oxford, UK), diluted 1/200 in PBS containing 0.5% 

Triton-X overnight at 4 °C. Cells were washed twice with PBS and incubated with 

the secondary antibody, alexa 488 conjugated goat anti-mouse antibody (Life 

Technologies Ltd, Paisley, UK), diluted 1/200 in PBS for 90 minutes at 37 °C. Cells 

were then washed twice with PBS and mounted with Vectashield mounting medium 

with DAPI (Vector Laboratories Ltd). Alveolar macrophages were examined by 

fluorescence microscopy (Nikon Eclipse 80) equipped with the QImaging digital 

camera (Media Cybernetics). Four hundred cells were counted per condition, and 

GR localisation was categorised as either being all cytoplasmic, cytoplasmic and 

nuclear or nuclear. Images were digitally merged and analysed using Image Pro Plus 

5.1 software. Representative images are shown in Figure 2.12. 
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Figure 2.12: Glucocorticoid receptors (GR) distribution: GR were fluorescently stained 

and their cellular localisation was visualised by fluorescence microscopy. A: the majority of 

GR were localised inside the nucleus (nuclear). B: GR were either localised in the cytoplasm 

(cytoplasmic) or both in the cytoplasm and the nucleus (cytoplasmic and nuclear). 

Representative cells for each GR localisation state are pointed by arrows.  
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2.9. Statistical analysis: 

Data were analysed using GraphPad instat version 3.06 (GraphPad Software, 

Inc., San Diego, CA, USA). Normality of data was assessed by Kolmogorov-Smirnov 

test.  

Parametrically distributed paired data were analysed depending on the 

number of groups. Repeated measures ANOVA with Dunnett or Bonferroni multiple 

comparisons post-test were used to compare more than two groups.  Paired t-test 

(two-tailed) was used to compare two groups of parametrically distributed data. 

Paired data, which were nonparametrically distributed, were compared either by 

Friedman test with Dunn multiple comparisons post-test (for more than two groups 

comparison) or by Wilcoxon matched-pairs signed-ranks test (two-tailed) (for two 

groups comparison). 

Unpaired data which were parametrically distributed were compared using 

unpaired t-test (two-tailed). Unpaired data which were nonparametrically 

distributed were compared by Mann-Whitney test (two-tailed). p<0.05 was 

considered significant, unless otherwise stated. Detailed statistics section was 

included in each chapter. 

  



137 
 

 

Chapter Three 

NTHi Induced Cytokine Release in 

Human Alveolar Macrophages 

 

 

 

 

 

 

 

 

 

  



138 
 

3.1. Introduction: 

 NTHi has developed several mechanisms to evade host immunity and to 

persist in the lower airways. These mechanisms involve its ability to survive in the 

tissue (306) and inside epithelial cells and macrophages (297,417). Once 

established in the lower airways, NTHi will be in a continuous state of turnover 

releasing antigens such as LOS,  peptidoglycan and cytoplasmic molecules, which 

will result in airway inflammation and tissue injury (375,418). In animal studies, 

exposure to NTHi lysate resulted in airway inflammation and structural changes 

similar to COPD (212).  

Clinically, NTHi airway colonisation is linked to airway and systemic 

inflammation with a reduced quality of life (419). Moreover, a clinical study 

confined to ex-smokers, with and without COPD, showed that higher levels of IL-1β, 

CXCL8, MMP-9 and neutrophils in bronchoalveolar lavage (BAL) fluid were 

significantly associated with NTHi colonisation (208). These data support the 

hypothesis that NTHi colonisation causes an ongoing chronic inflammatory process. 

This may cause COPD disease progression independently of the effects of cigarette 

smoke (420).  

Increased airway bacterial load and new strain acquisition are currently the 

proposed mechanisms of acute bacterial exacerbations (16,215) . Increased NTHi 

load in the lower airways caused significantly higher neutrophil count, IL-1β and IL-

12 in the sputum samples of stable COPD patients (421). Furthermore, NTHi 

colonisation was associated with more frequent and severe exacerbations (165). 

 Evidence from an in vitro study suggests a role for the interaction between 

NTHi antigens and blood monocyte-derived macrophages (MDMs) in the 

pathogenesis of tissue inflammation through provoking release of TNF-α and CXCL8 
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(228). Therefore, studying alveolar macrophage inflammatory response to NTHi or 

its antigens can help in understanding the pathogenesis of COPD exacerbation and 

airway colonisation. Also, it may help to test current and potential COPD therapies.  

To date, in vitro models of inflammation in COPD widely use the Gram-negative 

bacterial cell wall component LPS (349,350,397). LPS is purified from E. coli, a less 

relevant bacterium in COPD. Therefore, more relevant in vitro models are required. 

Recent studies applied purified P6 (the outer membrane protein) and LOS (the 

endotoxin of NTHi), to stimulate human MDMs and BAL-derived macrophages 

(228,316). In addition, one study used live NTHi to investigate cytokine release in 

murine alveolar macrophages (133). However, using live whole NTHi to infect 

human alveolar macrophages would be more clinically relevant. 

The aim of this chapter is to study human alveolar macrophage inflammatory 

responses to clinical isolates of NTHi, in order to characterise this relevant in vitro 

model of infection. 
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3.2. Materials and Methods: 

3.2.1. Study subjects: 

Twenty-six patients undergoing lung resection surgery for suspected or 

confirmed lung cancer were recruited for different experiments (see Table 3.1 for 

detailed demographics). Samples from subgroups of these patients were used for 

individual experiments, with numbers described in figure legends. Details of 

patients involved in each experiment are available in Table 3.2. Patients were 

categorised as either COPD (according to GOLD criteria) (38) or smokers with 

normal lung function. Both groups included current and ex-smokers. Written 

informed consents were obtained from all patients and the research was approved 

by South Manchester Research Ethics Committee.  

Table 3.1: Patients’ demographic data.  

Criteria COPD Smokers 

Smoking history (Current/Ex)  (10/3)  (8/5) 

Gender (male/female)  (7/6)  (8/5) 

Age (years) 69.2±5 

 

67±6 

FEV1 (L) 1.7±0.6 

 
 

2.4±0.5 

FEV1% predicted 67.4±16.5 

 
 

94.5±16.2 

FVC (L) 2.9±0.7 

 
 

3.3± 1.0 

FEV1/FVC ratio (%) 60.3±10.4 

 
 

72.8±11.5 

Pack-year history 52.6±10.6 

 
 

38.5±19.1 

Data are presented as mean±SD. FEV1= Forced expiratory volume in 1 second, FVC= Forced 

vital capacity, L= Litre. 



141 
 

 

Table 3.2: Patients’ categorisation per experiments. 

Experiment COPD Smokers Total 

Effects of E. coli, NTHi and LPS on TNF-α release from 

human alveolar macrophages 

1 3 4 

NTHi-induced cytokine release in alveolar macrophages 4 7 11 

Effect of NTHi on alveolar macrophage viability in the 

model 

1 2 3 

NTHi survival in the in vitro model 2 2 4 

Alveolar macrophage inflammatory response to NTHi 

clinical isolates from COPD patients 

5 1 6 

 

3.2.2. Alveolar macrophage TNF-α release in response to live E. coli and NTHi: 

In this chapter, I investigated the time course of alveolar macrophage 

inflammatory response to NTHi and the effect of different bacterial concentrations 

regardless of the disease state. For practical reasons, I used mixed populations of 

COPD patients and smokers with normal lung function for statistical power. The 

issue of differences between COPD and controls is dealt with later in the thesis.  

Preliminary experiments were carried out to assess the response of alveolar 

macrophages to live bacteria. Two types of bacteria, E. coli and NTHi, were used as 

stimuli for TNF-α release. 

3.2.2.1. Alveolar macrophage culture:  

Alveolar macrophages were isolated from resected lung tissue of COPD and 

smokers and were plated on 96 well culture plates at a concentration of 1x105 cells 

per well. Cells were incubated overnight at 37 °C and 5% CO2, non-adherent cells 

were washed with RPMI 1640 without antibiotics, and fresh media was added at 

180 µl per well.  
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3.2.2.2. Bacterial preparation: 

NTHi (R2846) and E. coli (ATCC 11775/ NCTC 9001) suspensions were 

prepared and set to 1.2 ± 0.02 OD600 as detailed in methods chapter in section 2.2.1. 

From each bacterial suspension, five tenfold serial dilutions (1/10-1/100000) were 

prepared in supplemented RPMI 1640. Each bacterial dilution was used to infect 

alveolar macrophages. Bacterial count was verified each time by Miles- Misra plate 

counting as detailed in methods chapter in section 2.2.2. 

3.2.2.3. Infection of alveolar macrophages with live bacteria: 

Alveolar macrophages in triplicates were infected with either E. coli or NTHi 

at five different bacterial dilutions. 20 µl of each bacterial dilution was added to each 

well. LPS at 1µg/ml was used as a positive control of stimulation. After 2, 6 and 24 

hours of infection, cell culture plates were spun and the supernatants were 

aspirated for TNF-α measurement by ELISA according to manufacturers’ 

instruction, as detailed in materials and methods chapter in section 2.5. 

3.2.2.4. Preliminary monitoring of bacterial survival in the culture plate: 

To estimate bacterial survival in the culture over the duration of the 

experiment, bacterial counts were performed at 0 hours and 24 hours of infection. 

10 µl from each well were aspirated and Miles-Misra plate counting was performed, 

the bacterial count was expressed as CFU/ml. 

3.2.3. NTHi induced cytokine release in alveolar macrophages 

In order to express bacterial concentration in a microbiologically convenient 

way, I used bacterial calculations different from the calculation I used in section 

3.2.2, as detailed in materials and methods chapter in section 2.2.3. NTHi load was 

calculated per alveolar macrophage, which is known as MOI. Alveolar macrophages 

in triplicates were infected with 20 µl of a different bacterial concentration to set a 
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range of MOI (1:1, 3:1, 10:1, 30:1, 100:1, 300:1 and 1000:1). LPS at 1µg/ml was used 

as a positive control of stimulation. Cells were incubated at 37 oC and 5% CO2 for 24 

hours. Supernatants were aspirated at 2, 6 and 24 hours of infection, and analysed 

for TNF-α, IL-6, CXCL8 and IL-10 by ELISA according to manufacturers’ instruction 

as detailed in materials and methods chapter in section 2.5. 

3.2.4. Cell viability assessment by Transferase dUTP Nick End Labeling 

(TUNEL) assay: 

Alveolar macrophages were cultured on chamber slides at 1x105 cells per 

chamber, and infected with NTHi at MOI of 10:1, 100:1, 1000:1 and 4000:1 for 24 

hours. Triton-X (0.1%) was used as a positive control of apoptosis. After overnight 

culture, cells were fixed and stained with TUNEL mix as detailed in materials and 

methods chapter in section 2.4. Immunofluorescence was detected and 400 cells per 

condition were counted. The percentages of TUNEL positive (apoptotic) cells were 

calculated and compared to unstimulated cells. 

3.2.5. NTHi survival in the model: 

In order to have more detailed monitoring of NTHi survival extracellularly and 

intracellularly in the model, I amended the technique mentioned in section 3.2.2.4. 

Alveolar macrophages were plated on 4 wells of 24 well plates at 4 x 105 cells per 

well, NTHi was added to each well at 10:1 MOI for 24 hours. The extracellular and 

intracellular viable bacterial count per well was measured at 0, 2, 6 and 24 hours of 

infection. Extracellular counts were performed by aspirating all media from the well 

at each time point, washing the cells twice with sterile PBS and collecting the wash 

fluid to get all the extracellular bacteria in one vial. Bacterial count in the collected 

fluid was quantified by Miles-Misra plate counting method. 
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Intracellular bacterial counts at each time point were performed by lysing 

the cells with sterile deionised water for 20 minutes at 37 oC and 5% CO2. Cell lysates 

were collected and the wells were washed twice with PBS and added to the lysate. 

The collected fluid was plated for the intracellular bacterial count. Extracellular and 

intracellular NTHi counts were expressed as CFU per well. These counts were added 

to give the total viable NTHi per well.  

3.2.6. Isolation of NTHi from sputum samples of stable COPD: 

 NTHi clinical isolates were recovered from sputum samples of stable COPD 

patients. NTHi was identified by the colonial morphology and the X-V test. Clinical 

isolates biotypes were identified by applying urease, indole and Ornithine 

decarboxylase tests. Furthermore, antibiotic sensitivity test was performed for 

further characterisation of the isolates. The details of the bacteriological test were 

mentioned in materials and methods chapter in section 2.3. 

3.2.7. Alveolar macrophage inflammatory response to NTHi clinical isolates: 

Alveolar macrophages were plated on 96 well culture plates at 1x105 cells per 

well. NTHi clinical isolates were grown from frozen stocks and processed as detailed 

in methods chapter. Alveolar macrophages were infected in triplicates with each 

NTHi isolate and with NTHi R2846 at 10:1 and 100:1 MOI. Culture supernatants 

were aspirated after 2, 6 and 24 hours of infection and analysed for TNF-α, CXCL8, 

IL-6 and IL-10 by ELISA according to manufacturers’ instruction. 

3.2.8. Statistics:  

Normality of data was assessed by Kolmogorov-Smirnov test. The initial data 

of TNF-α release by NTHi, E. coli and LPS were nonparametrically distributed. 

Friedman test with Dunn’s multiple comparisons test was performed to compare 

NTHi and E. coli-induced TNF-α level versus time-matched unstimulated control. 
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Wilcoxon matched-pairs signed-ranks test (two-tailed) was used to compare LPS-

induced TNF-α levels versus time-matched unstimulated control. TNF-α induced by 

E. coli was compared to TNF-α induced by NTHi at each time point using Wilcoxon 

matched-pairs signed-ranks test (two-tailed). 

In the subsequent experiment, NTHi and LPS-induced TNF-α, IL-6, CXCL8 and 

IL-10 data were parametrically distributed. For NTHi model, at all MOIs, cytokines’ 

levels were compared to time-matched unstimulated control using repeated 

measures ANOVA with Dunnett multiple comparisons test. Comparisons between 

different MOIs were performed by Bonferroni multiple comparisons test. Two-way 

ANOVA was performed to compare cytokines levels at each time point (2, 6 and 24 

hours) for all MOIs. Cytokines induced by NTHi clinical isolates were compared to 

cytokines induced by NTHi (R2846) using Dunnett multiple comparisons test.  

For LPS model, cytokines’ levels were compared to time-matched 

unstimulated control using paired t-test (two-tailed). Comparison of LPS-induced 

cytokines at 2, 6 and 24 hours was performed by repeated measures ANOVA with 

Bonferroni multiple comparisons test. 

Data of alveolar macrophage apoptosis and NTHi survival were 

nonparametrically distributed. The percentages of apoptotic cells for each condition 

were compared to unstimulated control and intracellular and extracellular bacterial 

counts for each condition were compared to 0 hours control using Friedman test 

with Dunn’s multiple comparisons test. For all comparisons p<0.05 was considered 

statistically significant.  
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3.3. Results: 

3.3.1. Effects of E. coli, NTHi and LPS on TNF-α release from human alveolar 

macrophages: 

 I conducted an initial pilot experiment to investigate the inflammatory 

response of alveolar macrophages to live E. coli and live NTHi. LPS stimulation, 

which is a well-established model of cell stimulation, was used as a positive control 

for the purpose of comparison. Alveolar macrophages from 4 subjects (3 smokers 

and 1 COPD) were cultured with either NTHi or E. coli, each at tenfold serial dilutions 

(1/10- 1/100000) of the 1.2 OD600 bacterial stock, LPS (1µg/ml) or left unstimulated 

for 2, 6 and 24 hours. 

 E. coli at the lowest dilutions (1/100 and 1/10) caused significantly greater 

TNF-α release compared to time-matched unstimulated control after 2 hours 

(p<0.05, Figure 3.1 A). However, higher E. coli dilutions (1/100000- 1/1000) 

significantly induced TNF-α above time-matched unstimulated control after 6 and 

24 hours of culture (p<0.05).  

After 2 hours, NTHi at the lowest dilution (1/10) caused significantly greater 

TNF-α release than time-matched unstimulated control (p<0.05, Figure 3.1B). NTHi 

(at 1/1000- 1/10 dilutions) caused significantly greater release of TNF-α than time-

matched unstimulated control at 6 and 24 hours (p<0.05).  

LPS-inducedTNF-α was not different from time-matched unstimulated 

controls (Figure 3.1 A and B). 

NTHi-induced TNF-α was not different from E. coli-induced TNF-α at all-time 

points. 
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Figure 3.1: Effects of E. coli, NTHi and LPS on TNF-α release from human alveolar 

macrophages. Alveolar macrophages from 4 subjects (3 smokers and 1 COPD) were 

cultured with either LPS (1µg/ml), live E. coli (A) or live NTHi (B) both at five tenfold serial 

dilutions. Supernatants were recovered after 2, 6 and 24 hours of culture and analysed for 

TNF-α by ELISA. Data show individual subjects with median value represented as horizontal 

line and total range by error bars. *, ** represent significantly greater NTHi or E. coli-

induced TNF-α than time-matched unstimulated control (p<0.05, <0.01 respectively, 

Friedman test followed by Dunn’s multiple comparisons test).  
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3.3.2. E. coli and NTHi survival in the model: 

Viable E. coli and NTHi counts were measured initially and after 24 hours by 

Miles-Misra plate counting (Table 3.3). Each count represents the average of 2 

separate experiments. E. coli count after 24 hours was much higher than the initial 

bacterial input. In contrast, NTHi count was reduced over the 24 hours. Due to the 

continuous uncontrolled growth of E. coli in the culture, which might affect alveolar 

macrophage viability, I decided not to use E. coli in my further experiments. 

Table 3.3: E. coli and NTHi survival in the model. 

Bacterial 

dilution from 1.2 

OD600 stock 

Live E. coli (CFU/ml) Live NTHi (CFU/ml) 

0 hours 24 hours 0 hours 24 hours 

1/100000 0.1525x106 2075x106 0.103 x106 0.06 x106 

1/10000 0.113 x106 53000 x106 0.63 x106 0.93 x106 

1/1000  1.8 x106 97900 x106 3.2 x106 1.47 x106 

1/100  12.15 x106 22733.35 x106 33.7 x106 3.17 x106 

1/10  125 x106 68433.35 x106 300 x106 66.67x106 
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3.3.3. NTHi-induced inflammatory response in alveolar macrophages 

Alveolar macrophages from 11 subjects (7 smokers and 4 COPD) were infected 

with live NTHi (R2846) for 24 hours. From this experiment on, NTHi concentration 

was set as MOIs, as this is a conventional way of standardising experiments. A range 

of 1:1-1000:1 MOI (NTHi: alveolar macrophage) was used. Culture supernatants 

were aspirated at 2, 6 and 24 hours of infection for TNF-α, IL-6, CXCL8 and IL-10 

analysis by ELISA. LPS (1µg/ml) was used as a positive control of stimulation. 

NTHi induced significantly greater release of TNF-α, IL-6, CXCL8 and IL-10 

from alveolar macrophages compared to time-matched unstimulated controls 

(p<0.05 for all comparisons, Figure 3.2 A-D). After 2 hours of infection, NTHi caused 

significantly greater release of TNF-α (at 10:1-1000:1 MOI), IL-6 (at 100:1 MOI) and 

CXCL8 (at 100:1-1000:1) compared to time-matched unstimulated controls (p<0.05 

for all comparisons, Figure 3.2 A-C). At 6 hours, there was a significantly greater 

release of TNF-α, IL-6 and CXCL8 at 3:1-1000:1 MOI than time-matched 

unstimulated controls (p<0.05 for all comparisons). After 24 hours all MOIs (1:1-

1000:1) induced significantly greater TNF-α, IL-6 and CXCL8 release compared to 

unstimulated controls (p<0.05 for all comparisons, Figure 3.2 A-C). The NTHi-

induced release of TNF-α, IL-6 and CXCL8 was time-dependent. Cytokine levels 

observed at 24 hours of infection were significantly greater than MOI-matched 

levels at 2 and 6 hours (p<0.01 for all comparisons). 

The levels of TNF-α, IL-6 and CXCL8 induced by all MOIs at 24 hours were 

not significantly different from each other. 

NTHi caused no change from unstimulated IL-10 release after 2 hours (Figure 

3.2 D). However, after 6 hours, a significant release of IL-10 was reported at all MOIs 

(1:1-1000:1) (p<0.05 for all MOIs versus time-matched unstimulated control). A 
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significant increase from unstimulated control was observed after 24 hours by NTHi 

(at 1:1-100:1 MOI) (p<0.05 for all MOIs). IL-10 levels induced by all MOIs after 24 

hours were significantly higher than MOI-matched levels at 2 and 6 hours (p<0.01 

for all comparisons). Of note, IL-10 release by higher MOIs (300:1 and 1000:1) at 24 

hours was not different from time-matched unstimulated control. Also, these levels 

were significantly lower than levels induced by lower MOIs (1:1-30:1) (p<0.05 for 

all intergroup comparisons). 

Cytokine release was mostly similar in COPD and smokers, although with 

only 4 COPD patients the sample size was too small for statistical analysis (Appendix 

1). 

LPS caused a significant time-dependent release of TNF-α, IL-6, CXCL8 and 

IL-10 (p<0.05 versus time-matched unstimulated control), with maximal 

stimulation at 24 hours (p<0.05 versus 2 and 6 hours’ levels, Figure 3.2 A-D). 

 For this experiment, data are presented as bar chart versus dot plot in Figure 

3.1. This difference in presentation is due to higher sample size in this experiment 

(N=11 versus N=4 for Figure 3.1). Thus, data in Figure 3.2 are parametrically 

distributed. Meanwhile, data are nonparametrically distributed in Figure 3.1. 
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Figure 3.2: NTHi provokes cytokine release from alveolar macrophages. Alveolar 

macrophages from 11 subjects (7 smokers and 4 COPD) were either infected with live NTHi 

(R2846), at MOI of 1:1-1000:1, or stimulated with LPS (1µg/ml). TNF-α (A), IL-6 (B), CXCL8 

(C) and IL-10 (D) release was measured by ELISA at 2, 6 and 24 hours of infection. The levels 

after NTHi infection were compared to unstimulated time-matched control. Data are 

presented as mean+SEM. *, ** represent significantly greater than time-matched 

unstimulated control (p<0.05, 0.01 respectively, either Repeated measures ANOVA 

followed by Dunnett multiple comparisons test (for NTHi) or paired t-test (for LPS). 

The difference between MOIs is shown above the corresponding bars (Bonferroni multiple 

comparisons test). 
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3.3.4. Effect of live NTHi on alveolar macrophage viability in the model: 

Alveolar macrophages from 3 subjects (1 smoker and 2 COPD patients) were 

incubated for 24 hours either with media, live NTHi (at MOI of 10:1, 100:1, 1000:1, 

and 4000:1) or with Triton-X (0.1%) as a positive cell death control. The percentage 

of apoptotic cells was 4% in unstimulated cells. Triton-X caused significant (100%) 

cell apoptosis after 24 hours (p<0.05 versus unstimulated control), however NTHi 

at 10, 100, 1000 and 4000:1 MOI caused 2%, 7%, 2.5% and 4.5% cell apoptosis 

respectively, which were not different from the unstimulated cells (Figures 3.3). 

 

 

 

  



154 
 

 

 

 

 

 

 

 

 

 

Figure 3.3: Effect of NTHi infection on alveolar macrophage viability in the model. 

Alveolar macrophages from 3 subjects (1 smoker and 2 COPD) were cultured on chamber 

slides (A) and treated with either Triton-X (0.1%) (B), live NTHi at 10:1 (C), 100:1 (D), 

1000:1 (E) and 4000:1 (F) MOIs for 24 hours. Cells were stained with TUNEL stain and 

nuclei were counterstained with 4', 6-diamidino-2-phenylindole. The apoptotic cells (with 

green nuclei) were counted and the percentages of apoptotic cells from total cells per 

condition were calculated. The percentage of apoptotic cells for all conditions are presented 

in (G), data show individual subjects with median value represented as horizontal line and 

total range by error bars. Statistical significance is shown above corresponding bars 

(Friedman test with Dunn’s multiple comparisons test). The pictures are representative of 

three different experiments. Magnification power is 20X.  
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3.3.5. NTHi survival in the in vitro model: 

In this experiment, I sought to assess bacterial survival further in the model at 

three different time points, both extracellularly and intracellularly. Alveolar 

macrophages from 4 subjects (2 smokers and 2 COPD patients) were cultured and 

infected with live NTHi (R2846). Bacterial viability was checked at 0, 2, 6 and 24 

hours of infection both extracellularly and intracellularly by Miles-Misra plate 

counting, as detailed in section 3.2.5.  

The median initial NTHi count per well was 1.2x106 CFU (total range, 0.72-1.6 

x106). This count was considered as 100% NTHi input at 0 hours or initial count. 

After 2 hours, the extracellular NTHi count was reduced to 0.65 x106 CFU per well 

(total range, 0.5-0.8 x106) which equates to 54% of the initial count. At 6 hours, the 

bacterial count was 1.1 x106 CFU per well (total range, 0.4-1.97 x106) or 92% of the 

initial bacterial count. After 24 hours, bacterial count decreased to 0.65 x106 CFU 

per well (total range, 0.4-0.9 x106) or 54% of the initial input. However, at all-time 

points, the extracellular bacterial count was not different from the initial count per 

well (Figure 3.4 A, Table 3.4).  

Active internalisation of NTHi was reported in the model. The initial 

intracellular count was 0.0001 x106 CFU per well (total range, 0.0001-0.0002 x106) 

which equates to 0.008% of the initial count. The viable intracellular NTHi count 

increased after 2 and 6 hours of infection to 0.13 x106 and 0.133 x106 CFU per well 

respectively (total range, 0.05-0.26 x106 and 0.11-0.55 x106 respectively), which 

equates to 10.8% and 11.1% of the initial bacterial count per well respectively. This 

increase at 2 and 6 hours was significantly greater than the initial intracellular count 

at 0 hours (p<0.05, p<0.01 respectively). NTHi intracellular viability decreased after 

24 hours to 0.007 x106 CFU per well (total range, 0.0002-0.02 x106) or 1% of the 
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initial bacterial count, which was not different from the initial intracellular count 

(Figure 3.4 B, Table 3.4). 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Figure 3.4: NTHi survival in the in vitro model: Alveolar macrophages from 4 subjects (2 

smokers and 2 COPD) were infected with NTHi (R2846). At 0, 2, 6 and 24 hours of infection, 

the extracellular media and cell lysates were plated on chocolate agar plates for viable 

bacterial counting. The extracellular (A) and intracellular (B) viable NTHi counts per well 

were calculated and compared to the count at 0 hours. Data show individual subjects with 

median value represented as horizontal line and total range by error bars. *, ** represent 

significantly greater than 0 hours (initial) intracellular control (p<0.05, p<0.01 respectively, 

Friedman test followed by Dunn’s multiple comparisons test). 
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Table 3.4: Absolute count and percentage of viable NTHi in the in vitro model 

  

Data are presented as median (range), *, ** represent significantly greater than the initial 

intracellular NTHi count per well (p<0.05, p<0.01 respectively) 

 

  

Time 

(hours) 

Extracellular/well Intracellular/well Total count/well 

CFUx106 % CFUx106 % CFUx106 % 

0  

 (Initial) 

1.2  

 (0.72-1.6) 

100%  0.0001 

(0.0001-

0.0002) 

0.008%  1.2  

 (0.72-1.6) 

100%  

2 0.65  

 (0.5-0.8) 

54.0%  

 

0.13  

(0.05-0.26) *  

10.8%  

 

0.78  

(0.55-1.06) 

64.8% 

6 1.1  

 (0.4-1.97) 

92.0% 0.133 

(0.11-0.55) ** 

11.1%  

 

1.233  

(0.51-2.52) 

103.1% 

24 0.65  

 (0.4-0.9) 

54.0% 0.007 

(0.0002-0.02) 

1.00% 0.657  

(0.4-0.92) 

55.0% 
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3.3.6. Isolation and biotyping of NTHi from sputum samples of stable COPD 

patients 

Four NTHi clinical strains were isolated from induced sputum of 11 stable 

COPD patients. NTHi was diagnosed depending on colonial morphology and 

bacterial tests. Clinical isolates were described depending on the biotyping and 

antibiogram tests. NTHi (R2846) was also tested. 

NTHi (R2846) and isolate 3 were biotype III. Meanwhile, isolates 1, 2 and 4 

were all biotype II (Table 3.5). 

NTHi (R2846) was sensitive to all tested antibiotics. Isolates 1 and 2 showed 

sensitivity to all antibiotic groups, but not the penicillin group. Isolate 3 showed 

resistances to penicillins and trimethoprim-sulfamethoxazole. Isolate 4 was 

resistant to ampicillin and trimethoprim-sulfamethoxazole (Table 3.6).  

 

Table 3.5: NTHi clinical isolates biotypes. 

Bacterial 

isolate 

Urease Indole Ornithine Biotype 

NTHi (R2846) + - - III 

Isolate 1 + + - II 

Isolate 2 + + - II 

Isolate 3 + - - III 

Isolate 4 + + - II 
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Table 3.6: Antibiotic sensitivity of NTHi clinical isolates. R=resistance, 

S=sensitive, I=intermediate. 

Antimicrobial 

agent 

NTHi 

(R2846) 

Isolate 1 Isolate 2 Isolate 3 Isolate 4 

Penicillins  

Amoxicillin S R R R S 

Ampicillin S R R R R 

Amoxicillin-

clavulanic acid 

S R R R S 

Cephalosporins  

Cefaclor S S S S S 

Cefotaxime S S S S S 

Ceftriaxone S S S S S 

Ceftazidime  S S S S S 

Carbapenems 

Imipenem S S S S S 

Macrolides 

Azithromycin S S S S S 

Erythromycin S S S S S 

Clarithromycin S S S S S 

Quinolones 

Moxifloxacin S S S S S 

Ciprofloxacin S S S S S 

Levofloxacin S S S S S 

Tetracyclines 

Tetracyclin S S S S S 

Miscellaneous 

Chloramphenicol S S S S S 

Trimethoprim- 

Sulfamethoxazole 

S S S R R 
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3.3.7. Alveolar macrophage inflammatory response to NTHi clinical isolates:  

Each NTHi isolate was used to stimulate alveolar macrophages from 6 subjects 

(1 smoker and 5 COPD patients). Based on my previous experiment on NTHi 

(R2846), I decided to choose two MOIs which caused a significant submaximal TNF-

α, IL-6, CXCL8 and IL-10 release, which are 10:1 and 100:1MOI. Culture 

supernatants were aspirated at 2, 6 and 24 hours of infection and analysed for the 

TNF-α, CXCL8, IL-6 and IL-10 release by ELISA. The previously studied NTHi 

(R2846) was run alongside the clinical isolates for further comparison. 

All clinical isolates and NTHi (R2846) stimulated alveolar macrophages to 

release the inflammatory mediators in a time-dependent manner. The highest levels 

were detected after 24 hours (Figure 3.5). At 2, 6 and 24 hours, most NTHi clinical 

isolates as well as NTHi (R2846) caused a significantly greater release of TNF-α, IL-

6 and CXCL8 compared to time-matched unstimulated controls at both MOIs 

(p<0.05, Figure 3.5 A-C). There was no difference between clinical isolates and NTHi 

(R2846) for TNF-α, IL-6 and CXCL8 release. 

IL-10 release after 2 hours was not induced by clinical isolates or NTHi 

(R2846) at both MOIs. At 6 hours and 24 hours, most clinical isolates and NTHi 

(R2846) provoked a significant IL-10 release at both MOIs (p<0.05 versus time-

matched unstimulated control). IL-10 release by isolate 4, at both MOIs, was not 

different from time-matched unstimulated control at 24 hours (Figure 3.5 D). Also, 

only isolate 4 caused significantly lower IL-10 release than NTHi (R2846) at 24 

hours (p<0.05). 
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Figure3.5: Alveolar macrophage cytokine release in response to NTHi clinical 

isolates. Four NTHi strains were isolated from sputum samples of stable COPD patients. 

NTHi clinical isolates, as well as NTHi (R2846), were used to infect alveolar macrophages 

from 6 subjects (1 smoker and 5 COPD) at 100:1 and 10:1 MOI for 24 hours. Supernatants 

were aspirated at 2, 6 and 24 hours of infection and analysed for TNF-α (A), IL-6 (B), CXCL8 

(C) and IL-10 (D)release by ELISA. Data are presented as mean+SEM. *, ** represent 

significantly greater than time-matched unstimulated control (p<0.05, <0.001 respectively, 

Repeated Measures ANOVA followed by Dunnett multiple comparisons test). # represents 

a significant difference from NTHi (R2846) (p<0.05, Dunnett multiple comparisons test). 
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3.4. Discussion: 

NTHi is a common colonising bacterium in the airways of COPD patients. In 

this chapter I have established an in vitro model of inflammation relevant to COPD, 

using whole live NTHi as a stimulus in human alveolar macrophages.  

 I investigated alveolar macrophage reactivity to live bacteria, by monitoring 

cytokine release over 24 hours. I have used live NTHi (R2846), also known as strain 

12, which is a well-described and widely studied clinical isolate (318,373,375,377). 

LPS–induced inflammation is a well-established in vitro model in COPD 

(168,349,397,422). Therefore, I used LPS alongside the whole bacterial model for 

purpose of comparison. Furthermore, I used whole live E. coli, which is the source of 

LPS for further comparison. Both bacteria stimulated TNF-α release from alveolar 

macrophages. However, the pattern of TNF-α release was different between NTHi 

and E. coli. The higher E. coli concentrations (lower dilutions) failed to stimulate 

alveolar macrophages after 6 and 24 hours. Meanwhile, the higher NTHi 

concentrations (lower dilutions) caused more TNF-α release from alveolar 

macrophages after 24 hours. This observation implies that live NTHi caused 

different inflammatory profile from that caused by E. coli. To investigate the 

difference between the two bacteria further, I measured their viability in the culture 

medium. E. coli showed a continuous growth in the media over 24 hours. This might 

overwhelm alveolar macrophage defences and hence TNF-α levels were less after 

24 hours. On the other hand, NTHi viability reduced over time, which suggests 

bacterial degradation in the culture media. NTHi degradation will result in the 

release of the potent cytoplasmic antigens (375,377), which might add to the 

antigenicity of the surface molecules (LOS and OMP). Also, the released LOS will 

potentially result in a more pro-inflammatory response (418). E. coli is less relevant 
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in COPD and it has different profile of stimulation and relative overgrowth in 

comparison to NTHi, therefor, only NTHi was chosen to be further investigated in 

this study.  

LPS failed to induce TNF-α from alveolar macrophages in the preliminary 

experiment. However, it induced prominent cytokine release from alveolar 

macrophages in the subsequent experiment. This can be explained by lower sample 

size in the first experiment (N=4) and hence less statistical power. 

Expressing bacterial load as a ratio of live bacteria to a cell, known as the 

multiplicity of infection (MOI), is widely applied in bacterial infection experiments 

(133,297). Therefore, I optimised a calculation for MOI in my culture and I set a 

range of target MOI from 1:1-1000:1. NTHi (R2846) at 1:1-1000:1 MOIs caused 

alveolar macrophages to release the pro-inflammatory cytokines TNF-α and IL-6. In 

addition, NTHi provoked CXCL8 release. CXCL8 attracts neutrophils and plays a 

significant role in lung tissue destruction and development of emphysema (66). 

Furthermore, IL-10, the anti-inflammatory cytokine and TNF-α antagonist (423), 

was also induced by NTHi. 

Previous in vitro studies by Berenson and colleagues used NTHi antigens, 

specifically OMP P2, P6 and LOS, which were purified from a COPD clinical isolate. 

These antigens caused a significant release of TNF-α, CXCL8, IL-10 and IL-1β from 

alveolar macrophages and MDMs in COPD and non-COPD patients after 24 hours of 

stimulation (228,316). However, their reported levels were less than those reported 

in my model. This difference may be due to the use of whole live bacteria in the 

current study versus purified antigens. Alveolar macrophages in my model are 

subjected to a dynamic process of bacterial growth and turnover. Bacterial turnover 

will continuously release cytoplasmic antigenic molecules and surface antigens 
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(LOS and OMP). This scenario might be closer to the real life situation in human 

lungs.  

In this model, I reported a time-dependent increase in TNF-α, CXCL8, IL-6 and 

IL-10, with maximal levels reached after 24 hours of infection. Increased 

inflammation over time might be due to the continuous bacterial turnover in the 

media, releasing its cytoplasmic and surface antigens. Nevertheless, Marti-Lliteras 

et al. (133) reported murine alveolar macrophage production of TNF-α plateaued 

after 4 hours of exposure to live NTHi. This difference from my finding might be 

attributed to using non-human cells with different culture conditions, and possibly 

different bacterial strain, (strain 398), versus NTHi (R2846) in this study. 

Increased bacterial load in the lower airways has been linked to a higher 

airway inflammation, worse lung function and occurrence of exacerbation 

(164,215,421). Sethi et al (217), reported only a 7% difference in NTHi load between 

stable and exacerbation state, indicating that increased bacterial load per se in 

patients who are already colonised is unlikely to be the predominant mechanism of 

acute exacerbation in COPD. However, Abusriwil and Stockley (218) found a 

calculation error of the bacterial load in the Sethi study and recalculated the increase 

in NTHi load during exacerbation as 202% instead of 7%. This recalculation alters 

the conclusion to one which is, therefore, consistent to that of the previous studies 

mentioned above.  

Previous in vitro studies applied only one bacterial load or MOI (100:1) 

(133,297,424). This study is the first to test the effect of an increasing bacterial load 

on in vitro inflammatory response. I observed no effect of increasing NTHi load on 

the pro-inflammatory cytokines (TNF-α, IL-6 and CXCL8). This finding indicates that 

the alveolar macrophage pro-inflammatory response is a relatively bacterial load-
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independent phenomenon. Nonetheless, exacerbation can be precipitated by 

different factors other than an increase in bacterial load. This requires further 

investigation of the host-pathogen interaction.  

In contrast, IL-10 showed an inverse correlation with bacterial load, with the 

highest levels induced by the lowest MOI (1:1). This observation suggests the role of 

IL-10 in the low-grade NTHi infection which might persist in the lower airways. It is 

well known that IL-10 release early in the course of infection, inhibits the pro-

inflammatory immune response and cell apoptosis. The anti-inflammatory effect of 

IL-10 can result in bacterial persistence in the host and less tissue destruction (423). 

Moreover, the IL-10 release was identified as a mechanism of chronicity in 

mycobacterial infection (425,426). Taken together, the results presented here 

suggest that lower bacterial load causes a stronger anti-inflammatory response. 

This might encourage bacterial persistence in the lower airways, with relatively less 

clinical symptoms. 

 Investigation of alveolar macrophage viability in my model is important for 

two reasons. Firstly, high NTHi load might be lethal to the macrophages. Secondly, 

modulation of cell apoptosis by IL-10 might be one possible mechanism of NTHi 

survival and virulence (427,428). I, therefore, sought to assess alveolar macrophage 

viability throughout the infection experiment using TUNEL assay. I showed that 

NTHi did not induce macrophage apoptosis even at the highest MOI (4000:1). 

Therefore, the whole range of MOIs applied in this model is non-toxic to the cells. 

Whether NTHi impairs macrophage apoptosis to persist inside the cell and evade 

host immunity is beyond the scope of this study. However, it is a plausible 

mechanism of NTHi survival in the lung and requires further investigation.  
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Culturing live NTHi with alveolar macrophages was quite challenging. Hemin, 

an essential requirement for bacterial growth, can induce the anti-inflammatory 

enzyme heme oxygenase-1 (429–431), which might mask alveolar macrophage 

inflammatory response in my model. Therefore, I omitted hemin from the culture 

medium and monitored the NTHi growth in the model. Within 2 hours of NTHi 

inoculation, about 35% reduction in the NTHi viability was reported. However, 

bacterial growth surged at 6 hours and then sloped down towards the end of 24 

hours, with more than 50% of the initial NTHi input is still viable. Therefore, the 

absence of NTHi nutritional requirement in the model had no significant impact on 

the NTHi survival during the experiment. 

Some strains of NTHi were reported to resist the intracellular killing and 

persist inside the macrophages for more than 24 hours after phagocytosis (297). In 

my model, the NTHi phagocytosis and survival was monitored. The viable 

intracellular NTHi increased in the first 6 hours of inoculation to 11% of the initial 

NTHi load, which indicates active phagocytosis without killing. After 24 hours, 

almost all phagocytosed bacteria were killed. However, about 7x103 viable bacteria 

(~1% of the initial NTHi input) were still viable inside the cells. These results agree 

with the previously reported NTHi survival in a mouse macrophage cell line (297). 

My findings suggest that in vitro NTHi infection is a dynamic process of growth, lysis, 

phagocytosis and intracellular survival. This bacterial behaviour in the model can 

explain the reported time-dependent release of inflammatory mediators over the 24 

hours.  

 NTHi (R2846) is an otitis media clinical isolate (318,432). To characterise the 

relevance of this isolate in COPD, I compared the inflammatory response induced by 

NTHi (R2846) to that induced by NTHi isolated from COPD patients. Four strains of 
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NTHi were isolated from sputum samples of stable COPD patients. These isolates 

had different biotypes and antibiotic sensitivity (Tables 3.5 and 3.6). I used these 

COPD isolates in the same in vitro model using two MOIs (10:1 and 100:1). Most 

isolates showed pro-inflammatory responses similar to that reported for NTHi 

(R2846). However, there are some minor differences between strains in IL-10 

release. Generally, the effect of different NTHi strains in this model appear similar, 

therefore, using NTHi (R2846) would be a relevant model of infection in COPD.   

In conclusion, I characterised the pro-inflammatory effects of NTHi on COPD 

alveolar macrophages. NTHi provoked the release of TNF-α, IL-6, CXCL8 and IL-10 

resembling the inflammatory response that occurs in patients during bacterial 

infection. The experimental model described here is, therefore, suitable for further 

investigations of the pathophysiology of NTHi airway colonisation and COPD 

exacerbations. 
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Chapter Four 

The Effects of Corticosteroids and 

Kinase Inhibitors on NTHi 

Stimulation in Human Alveolar 

Macrophages 
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4.1 introduction 

The limited clinical response to corticosteroids has been recently 

investigated in COPD among other inflammatory diseases (433,434). Researchers 

have shown that inhaled corticosteroids at high doses failed to decrease the sputum 

inflammatory markers, or re-establish protease-antiprotease balance in stable 

COPD (395). In addition, in vitro studies have identified corticosteroids 

unresponsiveness in COPD neutrophils (399), macrophages (168) and lymphocytes 

(400). 

Corticosteroids responsiveness is known to be cell and stimulus-specific 

(435,436). Since NTHi has been recently highlighted as an important inflammatory 

stimulus in COPD that contributes to disease progression (437), investigation of 

corticosteroid responsiveness of NTHi-induced inflammation in COPD would add 

more to the current understanding of steroid response during airway bacterial 

infection.  

Studies in human epithelial cells have identified NF-κB and MAPK pathways 

as mediators of NTHi–induced airway inflammation and mucin production 

(373,375,377). However, the intracellular signalling pathways of NTHi have not yet 

been investigated in COPD alveolar macrophages.  

Corticosteroids exert their action through binding to their intracellular 

receptors, the glucocorticoid receptors (GR). However, GR can be phosphorylated 

by agonist-dependent or independent manner. The GR phosphorylation status 

determines GR nuclear localisation and subsequent transcriptional activity of 

corticosteroids (388). ser 211 and ser 226 are the most identified phosphorylation 

sites in human GR. Phosphorylation of ser 211 has been linked to GR nuclear 

translocation and transcription of target genes. Meanwhile, phosphorylation at ser 
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226 is associated with GR nuclear exportation and steroid unresponsiveness 

(386,438). Recently, defective GR nuclear translocation has been identified in 

steroid insensitive asthma (406), which is found to be mediated by p38 MAPK-

induced GR phosphorylation (346,348). Although GR phosphorylation in airways 

and alveolar macrophages of COPD patients was reported to be the same as in non-

COPD controls (397), little is known about GR translocation in COPD in the presence 

of NTHi infection.  

In this chapter, I used my established model of NTHi infection, to investigate 

corticosteroid responsiveness of NTHi-induced inflammation in COPD alveolar 

macrophages. Furthermore, I studied the signalling pathways activated by NTHi 

infection. I also examined the anti-inflammatory effect of combined corticosteroids 

and kinase inhibitors in the model. Moreover, I studied GR phosphorylation and 

translocation in NTHi-infected alveolar macrophages. 
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4.2. Materials and Methods: 

4.2.1. Study subjects: 

Thirty-five patients undergoing lung resection surgery for suspected or 

confirmed lung cancers were recruited for different experiments (see Table 4.1 and 

4.2 for detailed demographics). Samples from subgroups of these patients were used 

for individual experiments, with numbers described in figure legends. Details of 

patients involved in each experiment are available in Table 4.3. Patients were 

categorised as either COPD (according to GOLD criteria) (38), smokers with normal 

lung function or non-smokers. Both COPD and smokers comprised of current and 

ex-smokers. Informed consents were obtained from all patients and the research 

was approved by South Manchester Research Ethics Committee.  

Table 4.1: Patients’ demographic data.  

Criteria COPD Smokers 

Smoking history (Current/Ex)  (19/5)  (5/5) 

Gender (male/female)  (16/8)  (7/3) 

Age (years) 68.5±6.2 

 

72.8±6.9 

FEV1 (L) 1.9±0.6 

 
 

2.4±0.6 

FEV1% predicted 71.6±20.8 

 
 

103.8±23.7 

FVC (L) 3.1±0.8 

 
 

3.2±0.8 

FEV1/FVC ratio (%) 56.8±10.4 

 
 

78.5±8.7 

Pack-year history 46.0±21.0 

 
 

41.0±35.8 

Data are presented as mean±SD. FEV1= Forced expiratory volume in 1 second, FVC= Forced 

vital capacity, L= Litre. 



173 
 

Table 4.2: Patient’s demographic data for glucocorticoid receptor 

translocation assay (N=1). 

Category  Age 

(years) 

Gender FEV1 

(L) 

FEV1% predicted FVC 

(L) 

FEV1/FVC 

ratio (%) 

Non-

smoker 

85 female 1.73 

 

134 

 

2.21 

 

78.29 

 

 FEV1= Forced expiratory volume in 1 second, FVC= Forced vital capacity, L= Litre. 

Table 4.3: Patient categorisation per experiments. 

Experiment COPD Smokers Non-

smoker 

Total 

Effect of dexamethasone on NTHi and 

LPS -induced cytokine release in 

alveolar macrophages 

13 10 0 23 

Signalling pathways of NTHi infection 

in alveolar macrophages 

7 0 0 7 

Effect of kinase inhibitors on NTHi-

induced cytokine release in alveolar 

macrophages 

6 0 0 6 

Effect of kinase inhibitors and 

dexamethasone on NTHi-activated 

signalling pathways 

4 0 0 4 

Combination effect of dexamethasone 

and kinase inhibitors on NTHi-induced 

cytokines. 

6 0 0 6 

Effect of NTHi on glucocorticoid 

receptor phosphorylation 

5 0 0 5 

Glucocorticoid receptor translocation 

in alveolar macrophages 

0 0 1 1 
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4.2.2. Effect of dexamethasone on NTHi and LPS-stimulated cytokine release 

by alveolar macrophages: 

Alveolar macrophages were isolated from resected lung tissue of COPD and 

smokers and plated on flat bottom 96 well plates at 1x105 cells per well. After 

overnight incubation, non-adherent cells were washed away and the adherent cells 

were treated with dexamethasone. Dexamethasone was reconstituted in dimethyl 

sulfoxide (DMSO) and diluted in supplemented RPMI1640 to give concentrations of 

0.0001-1 µM and added to alveolar macrophages for 1 hour at 37 oC and 5% CO2. 

Pretreated cells were stimulated with either NTHi (at 10:1 and 100:1 MOI) or LPS 

(1µg/ml). For vehicle control, DMSO (0.05%) was added for 1 hour before 

stimulation. After 24 hours of incubation, plates were spun and culture supernatants 

were aspirated and stored at -20 oC for future analysis of TNF-α, IL-6, CXCL8 and IL-

10 by ELISA as described in materials and methods chapter in section 2.5. 

4.2.3. Signalling pathways of NTHi in COPD alveolar macrophages: 

Alveolar macrophages were isolated from lung tissue of COPD patients and 

plated on 6 well plates at 1x106 cells per well. Following overnight incubation, non-

adherent cells were washed away and the remaining cells were either stimulated 

with NTHi (at 10:1 MOI) or LPS (1µg/ml), or left unstimulated. Cells were lysed at 0, 

10, 20, 40 and 60 minutes and the cell lysates were analysed for protein 

phosphorylation by Western blot as described in materials and methods chapter in 

section 2.6. 

4.2.4. Effect of kinase inhibitors on NTHi-induced cytokine release by alveolar 

macrophages: 

Alveolar macrophages were obtained from resected lungs of COPD patients 

and plated on flat bottom 96 well plates at a concentration of 1x105cells per well. 
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After overnight adhesion, cells were pretreated with either ERK MAPK inhibitor 

(AZD6244, Selleckchem), p38 MAPK inhibitor (BIRB-796, Selleckhem), IKK 

inhibitor (BMS-345541, Merck Millipore), or dexamethasone for 1 hour. The applied 

concentrations for each inhibitor were 0.0001- 1 µM, and for dexamethasone were 

0.1 and 1 µM. After that, cells were incubated with NTHi at 10:1 MOI for 24 hours. 

Each of the inhibitors and dexamethasone was reconstituted in DMSO and diluted 

in RPMI1640 media. For a vehicle control, DMSO 0.05% was added for 1 hour 

followed by NTHi stimulation.  

A subsequent experiment was conducted to study the combined anti-

inflammatory effect of dexamethasone and kinase inhibitors. Alveolar macrophages 

from 6 COPD patients were treated with either dexamethasone (0.01 and 1 µM), 

BIRB-796 (1 µM), AZD6244 (1 µM) or the combination of either inhibitor with either 

dexamethasone concentration, for 1 hour followed by 24 hours stimulation with 

NTHi at 10:1 MOI. 

After 24 hours incubation, plates were spun and the supernatants were 

aspirated for cytokine analysis by ELISA as detailed in materials and methods 

chapter in section 2.5. 

4.2.5. Effect of kinase inhibitors and dexamethasone on NTHi-activated 

signalling pathways: 

To test the pharmacological activity of the kinase inhibitors; alveolar 

macrophages from COPD patients were plated on 6 well culture plate at 1x106 cells 

per well and incubated overnight at 37 oC and 5% CO2. Alveolar macrophages were 

pretreated with BMS-345541, BIRB-796, AZD6244 or dexamethasone, each at 1 µM 

concentration, for 1 hour before stimulation with NTHi at 10:1 MOI for 20 minutes. 

At the end of incubation, cells were lysed and the lysates were assayed for 
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phosphorylated p65, p38 and ERK MAPK by Western blot as described in materials 

and methods chapter in section 2.6. 

4.2.6. Glucocorticoid receptor (GR) phosphorylation: 

Alveolar macrophages were isolated from COPD patients and plated onto 6 

well culture plates at 1x106 cells per well. After overnight incubation, cells were 

pretreated with dexamethasone (at 1µM) for 1 hour, followed by 20 minutes 

stimulation with either NTHi at 10:1 MOI or LPS (1µg/ml).  

In a separate experiment to investigate the role of p38 MAPK in GR 

phosphorylation, alveolar macrophages were pretreated with BIRB-796 at 1µM for 

1 hour followed by stimulation with NTHi (at 10:1 MOI) for 20 minutes. 

At the end of incubation, alveolar macrophages were lysed and studied for 

phosphorylation of GR at ser 211 and ser 226 residues by Western blot. 

4.2.7. GR translocation: 

Alveolar macrophages were obtained from resected lung tissue of a non-

smoker and were incubated onto chamber slides at a concentration of 3x105 cells 

per chamber. Alveolar macrophages were incubated with NTHi (at 10:1 MOI), 

dexamethasone (1µM), or dexamethasone plus NTHi for 30 minutes.  

A subsequent investigation of the role of p38 MAPK in GR translocation was 

conducted. Cells were pretreated with BIRB-796 for 30 minutes followed by the 

addition of NTHi, dexamethasone, or both for another 30 minutes. At the end of 

incubation time, cells were washed, fixed and stained for GR as detailed in materials 

and methods in section 2.8. Four hundred cells were counted per condition. Cells 

were classified according to GR localisation into nuclear (GR are localised in the 
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nucleus); cytoplasmic (GR are localised in the cytoplasm); or nuclear and 

cytoplasmic (GR are localised in the cytoplasm and the nucleus at the same time). 

4.2.8. Statistics: 

Normality of data was assessed by Kolmogorov-Smirnov test. Levels of 

cytokine release induced by NTHi and LPS in COPD and smokers were 

parametrically distributed. Unpaired t-tests (two-tailed) were performed to 

compare cytokine levels between COPD and smokers and to compare cytokine levels 

between NTHi and LPS treatment within each group. Dexamethasone and kinase 

inhibitors effect on NTHi-induced TNF-α, IL-6, CXCL8 and IL-10 data were 

parametrically distributed. Dexamethasone and kinase inhibitors’ treatment levels 

were compared and normalised to DMSO vehicle control using repeated measures 

ANOVA with Dunnett multiple comparisons test and levels were expressed as 

percentage inhibition of cytokine release. Differences between COPD and smokers’ 

response to dexamethasone effect on NTHi-induced and LPS-induced cytokines 

were evaluated by unpaired t-test (two-tailed). Comparisons between 

dexamethasone percentage inhibition of cytokines induced by NTHi at 10:1, 100:1 

MOIs and LPS were performed by unpaired t-test (two-tailed). Difference between 

combined inhibitory effect of kinase inhibitors and dexamethasone versus either 

treatment alone was assessed by repeated measures ANOVA with Dunnett multiple 

comparisons test 

Data of NTHi-induced phosphorylation of NF-κB and p38 MAPK pathways 

were parametrically distributed. Levels at each time point were compared to time-

matched unstimulated control by repeated measures ANOVA with Dunnett multiple 

comparisons test. NTHi-induced ERK MAPK phosphorylation data were 
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nonparametrically distributed. Levels were compared to time-matched 

unstimulated control using Friedman test with Dunn’s multiple comparisons test. 

Inhibition of NTHi-activated pathways by kinase inhibitors and 

dexamethasone were parametrically distributed. Comparisons of the different 

treatments versus time-matched unstimulated control were performed by repeated 

measures ANOVA with Dunnett multiple comparisons test. Comparison of the effect 

of dexamethasone and kinase inhibitors pretreatment on NTHi-activated pathways 

was tested versus NTHi infected control by Dunnett multiple comparisons test. 

Data of GR phosphorylation were parametrically distributed. Repeated 

measures ANOVA with Dunnett multiple comparisons test was performed to 

compare different treatments versus time-matched unstimulated control. Data of 

GR translocation was insufficient for statistical analyses (N=1).  

When multiple testing was performed for intergroup or intragroup 

comparison, significance threshold was adjusted to account for multiple testing.  For 

example, when comparing COPD and smokers at five different dexamethasone 

concentrations, significance threshold was adjusted to p<0.01. Also, when 

comparing LPS and NTHi (at 10:1 and 100:1 MOI) for cytokine release and 

dexamethasone sensitivity, significance threshold was adjuster to p<0.025. For all 

other comparisons p<0.05 was considered statistically significant.   
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4.3. Results: 

4.3.1. Effect of dexamethasone on NTHi and LPS-induced inflammatory 

response in alveolar macrophages from COPD and smokers. 

Alveolar macrophages from 23 subjects (10 smokers and 13 COPD) were 

pretreated with dexamethasone followed by NTHi or LPS stimulation. Culture 

supernatants were analysed for levels of TNF-α, IL-6, CXCL8 and IL-10 as detailed in 

methods section 4.2.2.  

4.3.1.1. Comparison between NTHi and LPS-induced cytokine release in 

alveolar macrophages from COPD and smokers. 

NTHi (at 100:1 and 10:1 MOI) induced a greater release of TNF-α than that 

induced by LPS in COPD patients (p=0.0003, p=0.005 respectively). In smokers, only 

100:1 MOI caused a greater release of TNF- α than that caused by LPS (p=0.008). 

Also, NTHi (at 100:1 and 10:1 MOI) caused a greater release of IL-6 than that 

induced by LPS in COPD patients (p=0.009, p=0.004 respectively). There was no 

difference between NTHi and LPS-stimulated CXCL8 and IL-10 in both groups. 

Moreover, cytokines induction by NTHi and LPS was similar in COPD patients and 

smokers (Figure 4.1).  

Significance threshold was adjusted to p<0.025 for comparison between LPS 

and NTHi (at 100:1 and 10:1 MOI) stimulation within each group. For comparison 

of LPS and NTHi (at 100:1 and 10:1 MOI) stimulation between COPD and smokers, 

significance threshold was adjusted to p<0.017. This adjustment have been made to 

account for multiple testing. 
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Figure 4.1: Cytokine release in COPD and smokers’ alveolar macrophages; NTHi 

versus LPS stimulation. Alveolar macrophages from COPD and smokers were incubated 

with vehicle (DMSO 0.05%) for 1 hour before infection with either NTHi at 100:1 MOI (10 

smokers and 13 COPD and), NTHi at 10:1 MOI (8 smokers and 12 COPD), or with LPS at 

1µg/ml (7 smokers and 11 COPD). Supernatants were collected after 24 hours and assayed 

for TNF-α (A), IL-6 (B), CXCL8 (C) and IL-10 (D) release by ELISA. Data are presented as 

mean+SEM, the significant difference between groups are shown above bars (unpaired t-

test). 
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4.3.1.2: Effect of dexamethasone on NTHi and LPS-induced TNF-α in alveolar 

macrophages from COPD and Smokers. 

NTHi and LPS-induced TNF-α release was significantly inhibited by 

dexamethasone in a dose-dependent manner both in COPD and smokers (p<0.05, 

Figure 4.2). The highest level of inhibition was achieved at 1 µM (up to 66% for 

NTHi-induced TNF-α) (Table 4.4). Interestingly, levels of TNF-α inhibition by 0.1-

1µM dexamethasone was significantly higher in smokers than COPD in NTHi model 

at 100:1 MOI (p= 0.009). However, there was no difference between COPD and 

smokers in NTHi model (at 10:1 MOI) and in the LPS model (Figure 4.2). For this 

intergroup comparison, significance threshold was adjusted to p<0.01 to account for 

multiple testing. 
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Figure 4.2: Dexamethasone inhibition of NTHi and LPS-induced TNF-α release in 

alveolar macrophages from COPD and smokers. Alveolar macrophages from 23 subjects 

(10 smokers and 13 COPD) were either pretreated with vehicle (DMSO 0.05%), 

dexamethasone (0.0001-1 µM) for 1 hour or left untreated.  Pretreated cells were 

stimulated with either NTHi (at 10 and 100:1 MOI) or LPS (1µg/ml) for 24 hours. Untreated 

control means there was no NTHi or LPS stimulation. Vehicle control refers to vehicle for 

dexamethasone treatment. Culture supernatants were analysed for TNF-α levels by ELISA. 

Absolute levels (upper panel) were normalised to DMSO control to give percentage 

inhibition (lower panel). Data are presented as mean+SEM. *, **, *** represent significant 

inhibition below DMSO control (p<0.05, <0.01, <0.001 respectively, Repeated measures 

ANOVA followed by Dunnett multiple comparison test). p values shown above bars 

represent the difference between COPD and smokers (unpaired t-test).  
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4.3.1.3: Effect of dexamethasone on NTHi and LPS-induced IL-6 in alveolar 

macrophages from COPD and Smokers. 

The IL-6 release was significantly and dose-dependently inhibited by 

dexamethasone in NTHi and LPS model both in COPD and smokers (p<0.05, Figure 

4.3), with the highest levels of inhibition detected at 1 µM (up to 41% for NTHi-

induced IL-6) (Table 4.4). At 10:1 MOI, 0.01 µM dexamethasone concentration 

caused significantly greater inhibition of IL-6 in COPD than in smokers (p=0.009). 

However, there was no difference between COPD and smokers in NTHi model (at 

100:1 MOI) and in the LPS model of stimulation (Figure 4.3). For this intergroup 

comparison, significance threshold was adjusted to p<0.01 to account for multiple 

testing. 
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Figure 4.3: Dexamethasone inhibition of NTHi and LPS-induced IL-6 release in 

alveolar macrophages from COPD and smokers. Alveolar macrophages from 23 subjects 

(10 smokers and 13 COPD) were either pretreated with vehicle (DMSO 0.05%), 

dexamethasone (0.0001-1 µM) for 1 hour or left untreated. Pretreated cells were stimulated 

with either NTHi (at 10 and 100:1 MOI) or LPS (1µg/ml) for 24 hours. Untreated control 

means there was no NTHi or LPS stimulation. Vehicle control refers to vehicle for 

dexamethasone treatment. Culture supernatants were analysed for IL-6 levels by ELISA. 

Absolute levels (upper panel) were normalised to DMSO control to give percentage 

inhibition (lower panel). Data are presented as mean+SEM. *, ** represent significant 

inhibition below DMSO control (p<0.05, <0.01 respectively, Repeated measures ANOVA 

followed by Dunnett multiple comparison test). p values shown above bars represent the 

difference between COPD and smokers (unpaired t-test).   
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4.3.1.4: Effect of dexamethasone on NTHi and LPS-induced CXCL8 in alveolar 

macrophages from COPD and Smokers. 

Dexamethasone did not inhibit NTHi-induced CXCL8 release in COPD and 

smokers at 10:1 and 100:1 MOI. At 100:1 MOI, there was significant induction of 

CXCL8 caused by dexamethasone at 0.001 and 1 µM (-22% and -30% respectively) 

(p<0.05, Figure 4.4, Table 4.4). On the other hand, LPS-induced CXCL8 was 

significantly and dose-dependently inhibited by dexamethasone in both COPD and 

smokers (up to 61%) (p<0.05, Figure 4.4). There was no difference in CXCL8 

inhibition between COPD patients and smokers in NTHi and LPS models of 

stimulation. For this intergroup comparison, significance threshold was adjusted to 

p<0.01 to account for multiple testing. 
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Figure 4.4: Dexamethasone inhibition of NTHi and LPS-induced CXCL8 release in 

alveolar macrophages from COPD and smokers. Alveolar macrophages from 23 subjects 

(10 smokers and 13 COPD) were either pretreated with vehicle (DMSO 0.05%), 

dexamethasone (0.0001-1 µM) for 1 hour or left untreated. Pretreated cells were stimulated 

with either NTHi (at 10 and 100:1 MOI) or LPS (1µg/ml) for 24 hours. Untreated control 

means there was no NTHi or LPS stimulation. Vehicle control refers to vehicle for 

dexamethasone treatment. Culture supernatants were analysed for CXCL8 levels by ELISA. 

Absolute levels (upper panel) were normalised to DMSO control to give percentage 

inhibition (lower panel). Data are presented as mean+SEM. *, ** represent significant 

inhibition below DMSO control (p<0.05, <0.01 respectively), $ represents significant 

increase above DMSO control (p<0.05, Repeated measures ANOVA followed by Dunnett 

multiple comparison test).  
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4.3.1.5: Effect of dexamethasone on NTHi and LPS-induced IL-10 in alveolar 

macrophages from COPD and Smokers. 

IL-10 induced by NTHi and LPS was significantly inhibited by dexamethasone 

in a dose-dependent manner in COPD. In smokers, however, the inhibition was only 

significant at 100:1 MOI and LPS model (p<0.05). Maximum inhibition achieved at 

1µM dexamethasone was up to 53% for NTHi-induced IL-10 (Table 4.4). There was 

no difference between COPD and smokers in inhibition of LPS and NTHi-induced IL-

10 (Figure 4.5). For this intergroup comparison, significance threshold was adjusted 

to p<0.01 to account for multiple testing. 
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Figure 4.5: Dexamethasone inhibition of NTHi and LPS-induced IL-10 release in 

alveolar macrophages from COPD and smokers. Alveolar macrophages from 23 subjects 

(10 smokers and 13 COPD) were either pretreated with vehicle (DMSO 0.05%), 

dexamethasone (0.0001-1 µM) for 1 hour or left untreated. Pretreated cells were stimulated 

with either NTHi (at 10 and 100:1 MOI) or LPS (1µg/ml) for 24 hours. Untreated control 

means there was no NTHi or LPS stimulation. Vehicle control refers to vehicle for 

dexamethasone treatment. Culture supernatants were analysed for IL-10 levels by ELISA. 

Absolute levels (upper panel) were normalised to DMSO control to give percentage 

inhibition (lower panel). Data are presented as mean+SEM. **, *** represent significant 

inhibition below DMSO control (p<0.01, <0.001 respectively, Repeated measures ANOVA 

followed by Dunnett multiple comparison test)  

4.3.1.6: Difference between NTHi and LPS models in corticosteroid 

responsiveness.  

Dexamethasone inhibition of TNF-α was significantly greater in LPS model 

than NTHi model, at 10:1 and 100:1 MOI, in COPD (78% versus 59% and 41%) 

(p<0.025), and at 100:1 MOI in smokers’ macrophages (84% versus 65%) (p=0.02, 
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Figure 4.6, Table 4.4). IL-6 inhibition was significantly greater in LPS model than 

NTHi, at 10:1 and 100:1 MOI, in COPD (75% versus 38% and 23%) and in smokers 

(69% versus 34% and 41%) (p<0.025). Dexamethasone inhibition of CXCL8 was 

significantly greater in LPS model than NTHi model, at 10:1 and 100:1 MOI, in both 

COPD (50% versus 7% and -30%) and smokers (61% versus -6% and 10%) 

(p<0.025). Similarly, IL-10 inhibition was significantly greater in LPS model than 

NTHi model, at 10:1 and 100:1 MOI, both in COPD (82% versus 53% and 39%) and 

smokers (84% versus 27% and 36%) (p<0.025, Figure 4.6, Table 4.4). 

For these comparisons between dexamethasone inhibition of NTHi and LPS-

induced cytokines, significance threshold was adjusted to p<0.025 to account for 

multiple testing. 

Table 4.4: Comparison between maximal dexamethasone inhibition of NTHi 

and LPS-induced cytokines in COPD and smokers’ alveolar macrophages. 

 

Cytokine 

Dexamethasone percentage inhibition 

COPD Smokers 

NTHi 

100:1 

NTHi 

10:1 

LPS P value NTHi 

100:1 

NTHi 

10:1 

LPS P value 

TNF-α 41%  

** 

59%  

** 

78%  

** 

†P<0.0001 

‡P=0.013 

65%  

*** 

66%  

* 

84%  

** 

†P=0.02 

‡P>0.025 

IL-6 23%  

** 

38%  

** 

75% 

 ** 

†p<0.0001 

‡P=0.004 

41%  

** 

34%  

* 

69%  

** 

†P=0.003 

‡P=0.001 

CXCL8 -30% 

$ 

7% 50%  

** 

†P<0.0001 

‡P=0.005 

10% -6% 61%  

** 

†P=0.007 

‡P=0.003 

IL-10 39% 

*** 

53% 

*** 

82% 

*** 

†P<0.0001 

‡P=0.02 

36%  

** 

27% 84%  

*** 

†P=0.002 

‡P=0.0002 

Maximum inhibition achieved at 1µM dexamethasone concentration. Unpaired t-test was 

performed between NTHi at either MOI and LPS, †= LPS Versus NTHi (100:1 MOI), ‡= LPS 

Versus NTHI (10:1 MOI). *, **, ***= Significant inhibition below DMSO vehicle control 

(p<0.05, <0.01, <0.001 respectively). $= Significant induction above DMSO vehicle control 

(p<0.05). 
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Figure 4.6: Comparison between maximal dexamethasone percentage inhibition of 

NTHi and LPS-induced cytokines in smokers and COPD alveolar macrophages. 

Alveolar macrophages from COPD (A) and smokers (B) were pretreated with 

dexamethasone (1 µM) or with vehicle (DMSO 0.05%) for 1 hour before infection with either 

NTHi at 100:1 MOI (10 smokers and 13 COPD), NTHi at 10:1 MOI (8 smokers and 12 COPD), 

or with LPS at 1µg/ml (7 smokers and 11 COPD). Supernatants were collected after 24 hours 

and assayed for TNF-α, IL-6, CXCL8 and IL-10 release by ELISA. Data are presented as 

mean+SEM. The significant difference between stimuli is shown above corresponding bars 

(unpaired t-test). 



192 
 

4.3.2: Signalling pathways of NTHi infection in COPD alveolar macrophages: 

Alveolar macrophages from 7 COPD patients were either infected with NTHi 

(at 10:1 MOI) or stimulated with LPS (1µg/ml) for 1 hour, or left unstimulated. Cells 

were lysed at 0, 10, 20, 40 and 60 minutes and the phosphorylation of NF-kB subunit 

(p65), p38 MAPK and ERK MAPK was analysed by Western blot. Levels of induced 

phosphorylation were compared to time-matched unstimulated control.  

NTHi significantly phosphorylated NF-kB subunit (p65) after 10 and 20 

minutes of infection (p<0.01, <0.05 respectively). LPS caused significant 

phosphorylation of p65 (at 10-40 minutes) (p<0.001, <0.05, <0.01 respectively, 

Figure 4.7 A, refer to Appendix 2 A for individual blots). NTHi caused significant 

phosphorylation of p38 MAPK at 10-60 minutes (p<0.05). Similarly, LPS caused 

significant phosphorylation of p38 MAPK at all-time points up to 60 minutes 

(p<0.05, Figure 4.5 B, refer to Appendix 2 B for individual blots). ERK MAPK 

pathway was also phosphorylated by NTHi at 20 and 40 minutes of infection 

(p<0.05). Meanwhile, LPS phosphorylated ERK MAPK significantly at 20-60 minutes 

(p<0.01, Figure 4.7 C, refer to Appendix 2 C for individual blots). 
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Figure 4.7: Signalling pathways of NTHi infection in COPD alveolar macrophage. 

Alveolar macrophages from COPD patients (N=7) were either stimulated with NTHi (10:1 

MOI), LPS (1µg/ml) or left unstimulated. Phosphorylation of NF-κB subunit (p65) (A), p38 

MAPK (B) and ERK MAPK (C) was assessed at 0, 10, 20, 40 and 60 minutes of stimulation by 

Western blot. All blots were analysed by densitometry and bands density was normalised 

to β-Actin loading control. Representative blots are shown under matching conditions. Data 

are presented as mean+SEM for p65 and p38 MAPK and as median with interquartile range 

and total range for ERK MAPK. *, **, *** represent significantly greater than time-matched 

unstimulated control (p<0.05, <0.01, <0.001 respectively, Repeated measures ANOVA 

followed by Dunnett multiple comparison test or Friedman test followed by Dunn’s multiple 

comparison test) 
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4.3.3. The effect of kinase inhibitors on NTHi-induced cytokine release in 

COPD alveolar macrophages: 

Signalling pathways of NTHi infection in COPD alveolar macrophages were 

targeted by applying inhibitors of NF-κB (BMS-345541), p38 (BIRB-796) and ERK 

MAPK (AZD6244). Alveolar macrophages from COPD patient (N=6) were pretreated 

with either of the kinase inhibitors each at 0.0001-1 µM or dexamethasone at 0.1 

and 1 µM before infection with NTHi (at 10:1 MOI) for 24 hours. Culture 

supernatants were analysed for TNF-α, IL-6, CXCL8 and IL-10 by ELISA. 

TNF-α was significantly inhibited by AZD6244, BIRB-796 and 

dexamethasone in a dose dependent manner (p<0.01, <0.05 and <0.01 respectively), 

with the highest inhibition achieved at 1µM concentration of all compounds (40%, 

41% and 68% respectively). However, BMS-345541 showed no effect on TNF-α 

release (Figure 4.8 A). 

IL-6 was only significantly and dose-dependently inhibited by 

dexamethasone (up to 41%) (p<0.05). BIRB-796 caused inhibition by up to 19%. 

However, it was not significant. AZD6244 and BMS-345541 showed no effect on IL-

6 release (Figure 4.8 B)  

There was up to 26% and 24% inhibition of CXCL8 by AZD6244 and 

dexamethasone respectively (Figure 4.8 C). However, this inhibition did not reach 

statistical significance. 

IL-10 was inhibited by dexamethasone (up to 33%), BIRB-796 (up to 14%) 

and AZD6244 (up to 40%), however, it was not statistically significant. BMS-345541 

had no effect on IL-10 release (Figure 4.8 D)   
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Figure 4.8: The effect of kinase inhibitors on NTHi-induced TNF-α (A), IL-6 (B), CXCL8 

(C) and IL-10 (D) in COPD alveolar macrophages. Alveolar macrophages from COPD 

patients (N=6) were pretreated with either ERK inhibitor (AZD6244), p38 inhibitor (BIRB-

796), IKK2 inhibitor (BMS-345541), each at (0.0001-1 µM), dexamethasone at (0.1 and 1 

µM) or with vehicle (DMSO 0.05%) for 1 hour. The treatment was followed by NTHi 

infection at 10:1 MOI. Supernatants were collected after 24 hours and assayed for cytokine 

release by ELISA. Data are presented as mean+SEM. *, ** represent significant inhibition 

below DMSO control (p<0.05, <0.01 respectively, Repeated measures ANOVA followed by 

Dunnett multiple comparison test). 
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4.3.4. Effect of kinase inhibitors and dexamethasone on NTHi-activated 

signalling pathways: 

Alveolar macrophages from 4 COPD patients were pretreated with either of 

kinase inhibitors, BMS-345541 (NF-κB inhibitor), BIRB-796 (p38 MAPK inhibitor), 

AZD6244 (ERK MAPK inhibitor) or dexamethasone, each at 1µM concentration for 

1 hour. After that, cells were infected with NTHi at 10:1 MOI. Cells were lysed after 

20 minutes of infection and the lysates were studied for phosphorylated p65, p38 

and ERK MAPK by Western blot.  

NTHi significantly phosphorylated p65 after 20 minutes (p<0.05), this 

phosphorylation was not inhibited by BMS-345541 or dexamethasone in 

comparison with NTHi-stimulated level (Figure 4.9 A, refer to Appendix 3 A for 

individual blots). Moreover, neither dexamethasone nor BMS-345541 inhibited the 

unstimulated level of phosphorylated p65. 

p38 MAPK was significantly phosphorylated by NTHi after 20 minutes 

(p<0.001). Pretreatment with BIRB-796 significantly reduced NTHi 

phosphorylation of p38 MAPK (p<0.05, Figure 4.9 B, refer to Appendix 3 B for 

individual blots). Dexamethasone pretreatment had no effect on NTHi-induced 

phosphorylation of p38 MAPK. There was no significant effect of dexamethasone 

and BIRB-796 on the unstimulated level of p38 phosphorylation. 

NTHi caused significant phosphorylation of ERK MAPK (p<0.001). AZD6244 

caused significant inhibition of both unstimulated level (p<0.05) and the NTHi-

stimulated level of phosphorylated ERK MAPK (p<0.001). Dexamethasone 

pretreatment had no effect on either unstimulated levels or NTHi-stimulated 

phosphorylation of ERK MAPK (Figure 4.9 C, refer to Appendix 3 C for individual 

blots) 
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Figure 4.9: The effect of kinase inhibitors and dexamethasone on NTHi-activated 

signalling pathways. Alveolar macrophages from 4 COPD patients were pretreated with 

BMS-345541, BIRB-796, AZD6244 or dexamethasone, each at 1µM for 1 hour before 

stimulation with NTHi (10:1 MOI). After 20 minutes, cells were lysed and studied for 

phosphorylation of p65 (A), p38 (B) and ERK MAPK (C) by Western blot. All blots were 

analysed by densitometry and bands density was normalised to β-Actin loading control. 

Representative blots are shown under matching conditions. Data are presented as 

mean+SEM. *, **, *** represent a significant difference from time-matched unstimulated 

controls (p<0.05, <0.01, <0.001 respectively, Repeated measures ANOVA). #, ### represent 

significantly lower than NTHi stimulated level (p<0.05, 0.001 respectively, Repeated 

measures ANOVA followed by Dunnett multiple comparison test). 
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4.3.5. Combination effect of dexamethasone and kinase inhibitors on NTHi-

induced cytokine release in COPD alveolar macrophages: 

After I had verified the pharmacological activity of AZD6244 and BIRB-796, I 

tried to investigate their combined anti-inflammatory effect with dexamethasone in 

my model of infection. Alveolar macrophages from 6 COPD patients were pretreated 

with dexamethasone (0.01 and 1µM), AZD6244, BIRB-796 (both at 1 µM), either 

alone or in combination for 1 hour. DMSO was run as a vehicle control. After that, 

cells were infected with NTHi for 24 hours. Culture supernatants were analysed for 

levels of TNF-α, IL-6, CXCL8 and IL-10 by ELISA. 

NTHi-induced TNF-α and IL-6 were significantly inhibited by 

dexamethasone, AZD6244 and BIRB-796 either alone or in combination (p<0.05). 

Combination of either BIRB-796 or AZD6244 with dexamethasone caused 

significant inhibition of TNF-α and IL-6, which was maximal with 1 µM 

dexamethasone (p<0.01) and was greater than either compound alone (p<0.01, 

Figure 4.10 A, B, Table 4.5)  

Interestingly, dexamethasone, BIRB-796 and AZD6244 did not inhibit NTHi-

induced CXCL8. However, the combination of BIRB-796 or AZD6244 with 1 µM 

dexamethasone caused significant inhibition of CXCL8 (p<0.01) which was greater 

than either compound alone (p<0.05, Figure 4.10 C, Table 4.5). 

NTHi-induced IL-10 was significantly inhibited by dexamethasone, BIRB-796 

and AZD6244 either alone or in combination at the tested doses (p<0.01). 

Combination of 1 µM dexamethasone with BIRB-796 or AZD6244 caused greater 

inhibition than dexamethasone alone (p<0.01), and each kinase inhibitor alone 

(p<0.05, Figure 4.10 D, Table 4.5) 
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Table 4.5: Inhibition of NTHi-induced cytokine release in COPD alveolar 

macrophages by dexamethasone and kinase inhibitors 

Treatment Percentage inhibition of NTHi-induced cytokines 

TNF-α IL-6 CXCL8 IL-10 

Dexamethasone 0.01µM 

 

57% * 44% ** 20% 56% ** 

Dexamethasone 1µM 

 

72% * 59% ** 35% 67% ** 

BIRB-796 1µM 68% * 

 

53% ** 10% 76% ** 

AZD6244 1 µM 65% * 

 

32% ** 15% 70% ** 

Dexamethasone 

0.01µM+BIRB-796 1 µM 

84%** 

## 

$$ 

69% ** 

## 

$$ 

23% 83% ** 

## 

Dexamethasone 

1µM+BIRB-796 1 µM 

93% ** 

### 

$$ 

84% ** 

### 

$$ 

48% ** 

# 

$$ 

89% ** 

### 

$ 

Dexamethasone 

0.01µM+AZD6244 1 µM 

80% ** 

### 

ΔΔ 

49% ** 

Δ 

37% ** 

ΔΔ 

74% ** 

# 

Dexamethasone 

1µM+AZD6244 1 µM 

93% ** 

### 

ΔΔ 

78% ** 

## 

ΔΔ 

52% ** 

## 

ΔΔ 

82% ** 

## 

Δ 

*, ** = Significant inhibition below DMSO control (p<0.05, 0.01 respectively). 

#, ##, ##= Significantly greater inhibition than corresponding dexamethasone 

concentration (p<0.05, <0.01, <0.001 respectively).  

$, $$ = Significantly greater inhibition than BIRB-796 alone (p<0.05, <0.01 respectively). 

Δ, Δ Δ = Significantly greater inhibition than AZD6244 alone (p<0.05, <0.01 respectively). 
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Figure 4.10: Combination effect of dexamethasone and kinase inhibitors on NTHi-

induced TNF-α (A), IL-6 (B), CXCL8 (C) and IL-10 (D) in COPD alveolar macrophages. 

Alveolar macrophages from 6 COPD patients were pretreated with either dexamethasone 

(0.01 and 1µM), BIRB-796 (1µM), AZD6244 (1µM) alone or in combination, for 1 hour 

before NTHi (10:1 MOI) stimulation for 24 hours. DMSO 0.05% was used as vehicle control. 

Cytokines levels were measured by ELISA. Data are presented as mean+SEM. *, ** represent 

significant inhibition below DMSO control (p<0.05, <0.01 respectively). #, ##, ### 

represent significantly greater inhibition than corresponding dexamethasone 

concentration (p<0.05, <0.01, <0.001 respectively). $, $$ represent significantly greater 

inhibition than BIRB-796 alone, Δ, Δ Δ represent significantly greater inhibition than 

AZD6244 alone (p<0.05, <0.01 respectively, Repeated measures ANOVA followed by 

Dunnett multiple comparison test). 
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4.3.6. Effect of NTHi on glucocorticoid receptor phosphorylation in COPD 

alveolar macrophages: 

Alveolar macrophages from 5 COPD patients were pretreated with 

dexamethasone at 1µM for 1 hour before stimulation with NTHi (10:1 MOI) or LPS 

for 20 minutes. Cells were lysed and the lysates were assessed for GR 

phosphorylation on ser 211 and ser 226 residues by Western blot. 

Dexamethasone alone caused significant phosphorylation at ser 211 residue 

(p<0.01). NTHi induced significant phosphorylation of GR at ser 226 (p<0.05) but 

there was no phosphorylation at ser 211 residue. Dexamethasone pretreatment 

followed by NTHi caused significant phosphorylation at ser 226 and ser 211 

(p<0.05, Figure 4.11 A, B, refer to Appendix 4 A, B for individual blots). 

LPS had no effect on GR ser 226 and ser 211 phosphorylation. However, 

dexamethasone and LPS caused significant phosphorylation at ser 211 residue 

(p<0.05, Figure 4.11 B).  
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Figure 4.11: Effect of NTHi on glucocorticoid receptor phosphorylation in COPD 

alveolar macrophages: COPD alveolar macrophages (N=5) were either stimulated with 

NTHi (10:1MOI) or LPS (1µg/ml) for 20 minutes with or without 1-hour pretreatment with 

dexamethasone at 1µM. cells were lysed and assessed for GR phosphorylation at ser 226 (A) 

and ser 211 (B) by Western blot. All blots were analysed by densitometry and band density 

was normalised to β-actin loading control. Representative blots are shown under 

corresponding conditions. Data are presented as mean+SEM, *, ** represent significantly 

greater than time-matched unstimulated control (p<0.05, <0.01 respectively, Repeated 

measures ANOVA followed by Dunnett multiple comparison test).  
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 4.3.7. The role of p38 MAPK in NTHi-induced GR phosphorylation: 

Next I investigated the role of the p38MAPK pathway in NTHi-induced GR 

phosphorylation. Alveolar macrophages from 5 COPD patients were pretreated with 

BIRB-796 1µM for 1 hour before infection with NTHi (at 10:1 MOI) for 20 minutes. 

Cells were lysed and studied for GR phosphorylation by Western blot. 

NTHi caused significant phosphorylation of GR ser 226 (p<0.05), but not GR 

ser 211. After pretreatment with BIRB-796, NTHi-induced phosphorylation at ser 

226 residue was no longer significantly greater than the unstimulated control. BIRB-

796 showed no effect on GR phosphorylation at ser 211 residue (Figure 12 A, B, refer 

to Appendix 5 A, B for individual blots).  

 

 

 

 

 

 

Figure 4.12: Role of p38MAPK in NTHi-induced GR phosphorylation in COPD alveolar 

macrophages: COPD alveolar macrophages (N=5) were pretreated with BIRB-796 for 1 

hour before 20 minutes stimulation with NTHi (10:1 MOI). Cell lysates were analysed for 

GR phosphorylation at ser 226 (A) and ser 211 (B) residues by Western blot. All blots were 

analysed by densitometry and band density was normalised to β-actin loading control. 

Representative blots are shown under corresponding conditions. Data are presented as 

mean+SEM. * represents significantly greater than time-matched unstimulated control 

(p<0.05, Repeated measures ANOVA followed by Dunnett multiple comparison test).  
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4.3.8. Effect of NTHi on glucocorticoids receptor (GR) translocation in alveolar 

macrophages: 

Alveolar macrophages from a non-smoker subject (N=1) were treated with 

dexamethasone (1µM) or NTHi (10:1 MOI) both alone and in combination for 30 

minutes. Cells were also pretreated with or without BIRB-796 (1 µM) for 30 minutes 

before dexamethasone, NTHi or both. Cells were washed, fixed and stained for GR. 

Under basal conditions 83% of cells stained for GR both in the cytoplasm and 

the nucleus with only 17% of cells staining for GR solely in the nucleus. Treatment 

with dexamethasone (1 µM) for 30 minutes caused GR nuclear translocation in 99% 

of cells with GR staining within the nucleus only (Table 4.6 and Figure 4.13 A, B). 

NTHi stimulation for 30 minutes caused a decrease in the percentage of cells 

with nuclear only GR staining (5%) compared to unstimulated levels (17%). NTHi 

also decreased the effects of dexamethasone on nuclear GR translocation from 99% 

to 22% (Table 4.6 and Figure 4.13 C, D).  

Pretreatment with BIRB-796 (1 µM) for 30 minutes reduced the effect of 

NTHi on dexamethasone-induced GR nuclear translocation increasing nuclear GR 

expression from 22% to 44% (Table 4.6 and Figure 4.13 H). Pretreatment with 

BIRB-796 had no effect on unstimulated GR staining (Figure 4.13 E) or 

dexamethasone-induced GR nuclear translocation (99%) (Figure 4.13 F) and NTHi 

induced cytoplasmic GR translocation (Figure 4.13 G). 
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Table 4.6: Glucocorticoid receptors (GR) translocation in the alveolar 

macrophage. 

Condition Cytoplasmic Nuclear and 

cytoplasmic 

Nuclear 

Unstimulated time-matched 

control 

0% 83% 17% 

Dexamethasone 0% 1% 99% 

NTHi 1% 94% 5% 

Dexamethasone+NTHi 0% 78% 22% 

BIRB-796 0.2% 75.8% 24% 

BIRB-796+dexamethasone 0% 1% 99% 

BIRB-796+NTHi 0% 86% 14% 

BIRB-

796+dexamethasone+NTHi 

0% 56% 44% 
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Figure 4.13: Glucocorticoid receptors translocation in alveolar macrophages: alveolar 

macrophages from a non-smoker subject (N=1) (A) were either pretreated with 

dexamethasone (1µM) (B), infected with NTHi (10:1 MOI) (C), or both (D). Cells were also 

pretreated with BIRB-796 (1µM) alone (E) or in combination with dexamethasone (F), 

BIRB-796 pretreated cells were infected with NTHi (G), and the combined BIRB-796 and 

dexamethasone pretreatment was also followed by NTHi infection (H). Cells were fixed and 

immunostained for glucocorticoid receptors. Cells nuclei were counterstained with 4', 6-

diamidino-2-phenylindole (blue). GR Immunofluorescence (green) was detected by 

D 

A 
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B 

E 

G 

F 

H 
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fluorescence microscope and GR localisation in the cells was classified as cytoplasmic, 

cytoplasmic and nuclear or nuclear. Magnification power is 20X.  
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4.4. Discussion: 

In this chapter, corticosteroid responsiveness of NTHi-induced inflammation 

in alveolar macrophages was investigated in my NTHi in vitro model of infection. 

LPS model was used alongside NTHi model, as it is a well-established model of 

inflammation in COPD and was previously tested for corticosteroid sensitivity 

(168,397). Dexamethasone is a synthetic corticosteroid and is widely used in vitro 

to investigate corticosteroid responsiveness of different inflammatory elements in 

COPD and asthma (133,168,349,422). I have demonstrated that both NTHi and LPS-

induced TNF-α, IL-6 and IL-10 were corticosteroid-responsive cytokines both in 

COPD and smokers’ alveolar macrophages. However, there was only “partial 

suppression” of these cytokines, even at high corticosteroid concentrations. LPS-

induced cytokines showed significantly greater corticosteroid responsiveness than 

NTHi (Figure 4.6, Table 4.4). CXCL8,  which is a known neutrophil chemoattractant 

(3), was not inhibited by dexamethasone in the NTHi model but was inhibited by 

more than 50% in LPS model. NTHi-induced CXCL8 from COPD alveolar 

macrophages was further induced by dexamethasone, however, the percentage 

induction was small. This effect on CXCL8 is an experimental variability as it is not 

consistent at different dexamethasone concentration. The reported CXCL8 relative 

insensitivity to dexamethasone agrees with other papers from our laboratory which 

show that LPS-stimulated CXCL8 secretion has a relatively poor sensitivity to 

corticosteroids in comparison to other cytokines including TNF-α, and that LPS-

induced cytokines secretion is only “partially sensitive” to corticosteroids 

(168,349,350). In addition, one study using live clinical isolate of NTHi by Literas et 

al. have also reported corticosteroid responsiveness of NTHi-induced TNF-α in 

murine alveolar macrophages (133). 
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In the current study, there was no significant difference between alveolar 

macrophages from COPD and smokers in NTHi and LPS-induced cytokine release, 

which was similarly highlighted in LPS stimulated cytokines in alveolar 

macrophages from COPD and non-COPD controls (168,349,397). However, 

importantly, I have reported a difference in corticosteroid responsiveness between 

COPD and smokers in NTHi–induced cytokines at 100:1 MOI. I observed that TNF-α 

had less corticosteroid responsiveness in COPD alveolar macrophages than 

smokers’ alveolar macrophages. These findings agree with previously reported 

lower corticosteroid responsiveness in COPD macrophages (167). In contrast, at 

10:1 MOI, I reported more IL-6 corticosteroid responsiveness in COPD alveolar 

macrophages. Although the magnitude of these between-group differences was 

small (<20% approximately) and not consistently observed at each concentration, 

which might reflect sample size. Overall, these findings suggest no major difference 

in corticosteroid sensitivity between groups. Additionally, there was no difference 

in corticosteroid response between COPD and smokers in LPS model, which agrees 

with previous observations (168).  

The dexamethasone response findings can be interpreted in the clinical 

context of corticosteroid therapy in the presence of NTHi infection, which may occur 

during the stable state (colonisation), or during exacerbations. Previous 

experiments using LPS have shown partial suppression of cytokines by 

corticosteroids. The LPS model probably overestimates corticosteroid effects “in 

real life”, as my experiments using NTHi showed a lower effect of corticosteroids. 

Furthermore, CXCL8 secretion was completely corticosteroid insensitive, meaning 

that these drugs will not supress this mechanism that promotes neutrophilic 

inflammations. Overall, the experiments shown in this chapter using NTHi indicate 
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that corticosteroids have minimal effects on bacterial induced inflammatory 

response by macrophages. This is compatible with the anecdotal clinical 

observation that corticosteroids have no clinical benefit during bacterial infection.  

Investigation of signalling pathways of NTHi infection in COPD would help in 

understanding the immunological basis of infection and could help to identify 

potential therapeutic targets. In COPD alveolar macrophages, I have used NTHi at 

10:1 MOI as it showed significant inflammatory response. I observed that NTHi 

activated the transcription factor NF-κB at the beginning of infection, with more 

prolonged activation of p38 and ERK MAPK signalling pathways. My findings are in 

agreement with the previously reported NF-κB, p38 and ERK MAPK activation in 

human epithelial cells by NTHi lysate (373,375).  

In human epithelial cells, NTHi activation of NF-κB has been linked to TNF-α, 

CXCL8 and IL-1β release (373). Meanwhile, NTHi activation of p38 and ERK MAPK 

was identified as a mediator for CXCL8 release (375). To further investigate the 

biological role of the NTHi-activated pathways in COPD alveolar macrophages, I 

used specific inhibitors of NF-κB, p38 and ERK MAPK pathways, the mode of their 

action is outlined in Figure (4.14).  
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Figure 4.14: Modulation of NTHi-activated signalling pathways by dexamethasone 

and kinase inhibitors: The binding of NTHi ligands to different receptors on the cell 

membrane activates different intracellular signalling pathways. The activated pathways 

mediate airway inflammation.  Dexamethasone might inhibit NF-κB and p38 MAPK through 

the transactivation of their inhibitory molecules, IκB and MKP-1 respectively. BIRB-796 

inhibits the p38 MAPK pathway. AZD6244 inhibits MKK1/2, the upstream kinases of ERK 

MAPK. BMS345541 inhibits IKK, the upstream kinase of IκB resulting in the inhibition of 

NF-κB. += Activation, -= Inhibition, dashed arrows represent inhibited pathway. LOS= 

Lipooligosaccharide, SCF= Soluble cytoplasmic fraction, P6= Outer membrane protein P6, 

EGFLF= Epidermal growth factor like factor, TLR= Toll-like receptors, EGFR= Epidermal 

growth factor receptor, RAF= Rapidly accelerated fibrosarcoma kinase, ERK= Extracellular 

signal- regulated Kinase, IKK= IκB kinase, NF-κB= Nuclear factor-κB, TAK1= TGF-β 

activated kinase 1, MKK= Mitogen- activated protein kinase kinase.  
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BMS-345541 is a selective inhibitor of IKK2, the enzyme which activates NF-

κB. The anti-inflammatory potency of BMS-345541 was experimentally proven in 

vivo and in vitro (439,440). In my model, BMS-345541 unexpectedly showed no 

pharmacological activity in inhibition of NTHi-induced p65 phosphorylation and 

cytokine release from COPD alveolar macrophages. Further assessment of the 

pharmacological activity of BMS-345541 in human alveolar macrophages is 

required. This might include testing the inhibitor activity in some models of 

inflammation that involve NF-κB activation like NTHi and LPS models. Also, 

assessment of BMS-345541 activity might involve testing a wider range of BMS-

34551 concentration. In the view of the time limitation in the current study, I did 

not use this inhibitor in my further experiments  

 p38MAPK mediates inflammation in COPD, and is known to be upregulated 

in the COPD lung (329). In vivo inhibition of p38 MAPK inhibition by SB-681323 

showed potential anti-inflammatory effect in COPD patients (441). Furthermore, in 

vitro inhibition of p38 MAPK by SB706504 significantly inhibited a panel of LPS- 

activated inflammatory genes in MDMs from COPD (350). In this model, I have used 

a p38 MAPK inhibitor (BIRB-796), which is a selective and potent inhibitor of 

p38MAPK (442,443). It showed pharmacological inhibition of NTHi-induced p38 

phosphorylation. BIRB-796 caused inhibition of NTHi-induced TNF-α in COPD 

alveolar macrophages. Likewise, BIRB-796 was recently shown to inhibit LPS 

induced TNF-α, IL-6 and CXCL8 in COPD and non-COPD alveolar macrophages (349). 

 ERK MAPK inhibitor (AZD6244) is a highly selective inhibitor of MEK1/2, 

which are the upstream kinases of ERK. The biological potency of AZD6244 has been 

tested in cell lines and in vivo tumour models (444–446). In my model, I confirmed 

its pharmacological activity by inhibition of NTHi-induced ERK phosphorylation. I 
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observed that AZD6244 caused inhibition of NTHi-induced TNF-α. Similarly, Wang 

et al. have reported ERK inhibition by PD 98059 and UO 126 to decrease NTHi-

induced CXCL8 release from human epithelial cells (375). My results imply that p38 

and ERK MAPK are critical pathways in mediating NTHi-induced inflammation in 

COPD alveolar macrophages. 

Corticosteroids exert their anti-inflammatory action by different 

mechanisms, involving transactivation and transrepression of the key inflammatory 

genes (447). Evidence supports the corticosteroid inhibitory effect on transcription 

factors, such as NF-κB, through the transactivation of its inhibitory molecule IκB. 

Moreover, corticosteroids transactivate MKP-1, which inactivates MAPK pathways 

(447,448). Based on these facts, I investigated dexamethasone effect on NTHi-

activated pathways in my model. At the highest tested concentration, 

dexamethasone did not show any inhibitory effect on NTHi-activated p65, p38 and 

ERK MAPK phosphorylation, which could be one explanation for the limited 

dexamethasone effect in my NTHi infection model. 

Long term corticosteroid therapy has been linked to some adverse effects 

like hypertension, glucose intolerance and cataract (2,55,449). The combination of 

lower doses of corticosteroids with other anti-inflammatory drugs could help to 

reduce the incidence of side effects (349). Previous in vitro study in asthma patient 

had reported a combined anti-inflammatory effect of dexamethasone and the  p38 

inhibitors, SD282 and GW-A, in alveolar macrophages and PBMCs (450). I next tried 

to test this strategy in my NTHi model of inflammation. I observed that the 

combination of dexamethasone and inhibitors of p38 (BIRB-796) and ERK 

(AZD6244) MAPK caused significantly higher cytokine inhibition than 

monotherapies. These results agreed with Armstrong et al. who reported a 
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synergistic anti-inflammatory effect of dexamethasone and BIRB-796 in LPS-

stimulated COPD alveolar macrophages (349). These findings further confirm the 

important role of p38 and ERK MAPK in NTHi induced cytokine release in COPD 

alveolar macrophages. 

Corticosteroid action is mediated by GR. It is well known that corticosteroids 

and different inflammatory stimuli cause GR phosphorylation at different sites 

(386). GR phosphorylation state would govern its cellular localisation, DNA binding, 

cofactor interaction and receptor stability (390). Thus, I studied the effect of NTHi 

on GR phosphorylation in my model. I found that NTHi (but not LPS) caused 

significant GR phosphorylation at serine 226 residue. This phosphorylation site was 

reported to reduce GR nuclear localisation, and hence less glucocorticoids 

transcriptional activity (386). This finding pointed to the possible effect of NTHi on 

GR cellular localisation. Therefore, I studied GR nuclear translocation in alveolar 

macrophages from a non-smoker subject. NTHi caused more cytoplasmic 

localisation of GR than the unstimulated state. Furthermore, NTHi impaired 

dexamethasone-induced GR nuclear localisation. These results concur with NTHi-

induced GR phosphorylation at ser 226, and indicate that NTHi lower airway 

infection could reduce GR nuclear localisation and hence impair the anti-

inflammatory effect of the administered corticosteroid. Nevertheless, the use of cells 

from a non-smoker in this experiment might not necessarily reflect the 

corticosteroid response in COPD patients. Therefore, further investigation of NTHi 

effect on GR translocation in COPD and normal smokers would be more disease 

relevant. 

Evidence suggests the role of p38 MAPK in corticosteroid insensitive asthma 

patients, through p38 MAPK-mediated GR phosphorylation (346). Inhibition of p38 
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MAPK was found to improve dexamethasone sensitivity in PBMCs from severe 

asthmatics (348). In my model, I observed that NTHi-induced GR ser 226 

phosphorylation could be, in part, p38 MAPK mediated. This observation was 

further confirmed by the combined effect of BIRB-796 with dexamethasone in 

improving GR nuclear translocation in alveolar macrophages infected with NTHi. 

The effect of BIRB-796 on GR translocation indicates that p38 MAPK is an important 

mediator of corticosteroid unresponsiveness, and inhibition of this pathway could 

synergistically improve corticosteroid responses in NTHi-induced inflammation in 

COPD. 

 Taken together, my results revealed the following: 

 Impaired corticosteroid responsiveness of NTHi-induced 

inflammatory cytokines in COPD alveolar macrophages; CXCL8 was 

the most corticosteroid unresponsive cytokine.  

 NTHi-induced GR phosphorylation at ser 226 is a possible mechanism 

of reduced corticosteroid responsiveness in COPD alveolar 

macrophages.  

 p38 and ERK MAPK pathways mediated NTHi-induced inflammation 

in COPD alveolar macrophages. 

 p38 MAPK modified GR phosphorylation and nuclear localisation in 

NTHi-infected alveolar macrophages. Therefore, inhibition of MAPK 

pathways improved corticosteroid unresponsiveness, either by 

synergistic or additive anti-inflammatory effect. 
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5.1. Introduction: 

Alveolar macrophage functional polarisation has been recently investigated 

in the pathogenesis of COPD (129,140). A growing body of evidence suggests 

dysregulated M1/M2 macrophage function in COPD. This macrophage dysfunction 

is characterised by ongoing inflammation and tissue damage, in parallel with 

impaired anti-inflammatory function, pathogen phagocytosis and efferocytosis 

(121,134,135,140). Nevertheless, all investigations have referred to cigarette 

smoking as the driving factor for modulated macrophage polarisation, without any 

reference to the role of airway bacterial pathogens (129,140).  

M1 phenotype is characterised by the release of pro-inflammatory molecules 

like TNF-α, IL-6, CXCL8, and upregulation of the antigen presentation molecule HLA-

DR. These molecules are important in bacterial recognition and killing 

(121,140,451,452). On the other hand, M2 phenotype is characterised by the release 

of anti-inflammatory molecules like IL-10 and TGFβ, and upregulation of phagocytic 

markers like MR and CD36. The M2 molecules are important in the resolution of 

inflammation (121,123,452,453). 

Investigations of the molecular mechanism of different bacterial infections in 

humans have identified dysregulated macrophage phenotype at the site of infection, 

which is a key determinant of the fate of infection (122). The M1 signature was 

identified during the acute phase of some bacterial infections, which is believed to 

control infection by releasing pro-inflammatory cytokines and bactericidal 

molecules (454,455). Meanwhile, the M2 signature was identified during the chronic 

phase of infection which is believed to aid bacterial survival and evolution of the 

chronic infection state (456–458). In the context of lung diseases, Mycobacterium 

tuberculosis (the cause of pulmonary tuberculosis) was reported to modify 



220 
 

macrophage phenotype by inducing more immunoregulatory M2. This phenotype 

can permit bacterial intracellular survival and chronic persistence in the host (459). 

Apparently, no similar investigation has been carried out on NTHi pulmonary 

infection. 

NTHi has a substantial role in COPD exacerbations and disease progression  

(213,420). It can overcome host innate immunity and persist in the lower airways, 

causing a state of chronic colonisation (437). However, the molecular mechanisms 

of NTHi chronicity are not fully understood.  

In this chapter, I hypothesised that NTHi infection can modulate alveolar 

macrophage polarisation to facilitate survival inside the lung. The main aim was to 

study the effect of NTHi on the mRNA levels of a group of M1/M2 markers. 

Moreover, I aimed to investigate the effect of NTHi airway infection on the 

polarisation of sputum macrophages from NTHi-colonised COPD patients versus 

non-infected control subjects. 
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5.2. Materials and Methods: 

5.2.1. Study subjects: 

Patients were recruited for two sets of experiments. In the first set, lung 

alveolar macrophage phenotypes were investigated the in vitro model of NTHi 

infection. For this experiment, six COPD patients undergoing lung resection surgery 

for suspected or confirmed lung cancer were recruited (see Table 5.1 for full 

demographics). In the second set, sputum macrophage phenotypes in NTHi-infected 

COPD patients and non-infected controls were studied. For this experiment, eight 

healthy non-smokers and fifteen COPD patients were recruited for sputum 

induction (see Table 5.2 for full demographics). In either set of experiments, patients 

were diagnosed as COPD  (according to GOLD criteria) (38) and they were mixed 

population of current and ex-smokers. In the sputum macrophage experiment, 

COPD patients were sub-grouped according to presence or absence of NTHi 

infection in the sputum sample. Written informed consents were obtained from all 

patients and the research was approved by South Manchester Research Ethics 

Committee.  
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Table 5.1: Patients’ demographic data (alveolar macrophage phenotype 

experiment).  

Criteria 
 

COPD 

COPD history (COPD/non-COPD) 
 

  (6/0) 

Smoking history (Current/Ex) 
 

  (4/2) 

Gender (male/female)   (4/2) 

Age (years) 67.3±3.9 
 

FEV1 (L) 2.1±0.6 
 

 

FEV1% predicted 72.8±13.1 
 

 

FVC (L) 3.5±0.5 
 

 

FEV1/FVC ratio (%) 53.9±11.2 
 

 

Pack-year history 39.6±6.0 
 

 

Data are presented as mean±SD. FEV1= Forced expiratory volume in 1 second, FVC= Forced 

vital capacity, L= Litre. 
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Table 5.2: Patients’ demographic data (sputum macrophage phenotype 

experiment).  

Criteria COPD P value Non- 

smokers  

(HNS) 

P value 

NTHi-

infected 

Non 

infected 

NTHi-

infected 

Vs non-

infected 

COPD 

HNS  

Vs  

COPD Number 8 7 8 

Smoking history 

(Current/Ex) 

  (1/7)   (2/5)  NA  

Gender (male/female)   (8/0)   (6/1)    (6/2)  

Age (years) 71.25±5.7 

 

68.14±3.9 NS 53.38±15.9 P<0.05 

Pack-year history 45.46±14.7 50.04±26.6 NS NA  

Exacerbation history 

in last 12 months 

1.4±1 1.6±0.7 NS NA  

Steroid use (yes/No)   (7/1)   (5/2)  NA  

Sputum bacterial load 

(CFU/ml of sample) 

4.45x107±4.5 NA  NA  

Pre- bronchodilator lung function 

FEV1 (L) 1.31±0.4 

 
 

1.40±0.5 NS 3.84±0.9 P<0.001 

FEV1% predicted 42.82±10.5 

 
 

53.63±22.4 NS 115.61±16.8 P<0.001 

 FVC (L)     3.11 ±0.4 3.18±0.8 NS 4.91±0.99 P<0.001 

Vs NTHi 

infected 

P<0.01 Vs 

non-

infected 

 FEV1/FVC ratio (%) 41.44 ±8.5 43.60±10.0 NS 77.75±5.9 P<0.001 

Data are presented as mean±SD. Difference between groups was assessed by unpaired t-

test. FEV1= Forced expiratory volume in 1 second, FVC= Forced vital capacity, HNS= Healthy 

non-smoker, NA= Not applicable, NS= Non-significant, L= Litre. 
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5.2.2. Effect of NTHi on in vitro alveolar macrophage M1/M2 phenotype 

markers expression:  

Alveolar macrophages from COPD patients were cultured on 24 well culture 

plates at 4x105 cells per well and incubated at 37 oC and 5% CO2 for 24 hours. Non-

adherent cells were washed with pre-warmed RPMI 1640 media without antibiotics. 

Adherent cells were incubated with NTHi (R2846) (at 10:1 and 100:1 MOI), LPS 

(1µg/ml), or left untreated for 24 hours at 37 oC and 5% CO2. After 2, 6 and 24 hours 

of incubation, cells were lysed by RLT lysis buffer containing 1% 2-mercaptoethanol. 

The cell lysates were stored at -80 oC for future RNA extraction and analysis of 

M1/M2 markers’ mRNA by qPCR, as detailed in materials and methods chapter in 

section 2.7. mRNA levels were normalised to the housekeeping gene GAPDH, and 

levels after stimulation were compared to unstimulated levels and expressed as fold 

change from time-matched unstimulated control using Δ Δ Ct method. 

5.2.3. Effect of airway NTHi infection on sputum macrophage M1/M2 

phenotype markers expression: 

Sputum was induced from COPD patients and healthy non-smokers. Alveolar 

macrophages were isolated as detailed in materials and methods chapter in section 

2.1.2. Cells were plated on 6 well culture plates at a concentration of 1 x 106 cells per 

well and cultured for 24 hours at 37 °C, 5% CO2 to enable macrophage adherence. 

Non-adherent cells were washed by supplemented RPMI 1640 and the adherent 

macrophages were lysed by RLT lysis buffer containing 1% 2-mercaptoethanol. The 

lysates were frozen at -80 °C for future RNA extraction and M1/M2 mRNA analysis 

by qPCR as detailed in materials and methods chapter in section 2.7. Relative 

expression levels were determined using the ΔCt method normalising to the 

housekeeping gene (GAPDH). 
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5.2.4. Statistics: 

Normality of data was assessed by Kolmogorov-Smirnov test. Comparison of 

demographic data between NTHi-infected COPD and non-infected controls was 

performed by unpaired t-test (two-tailed). Data of TNF-α, CXCL8, CD38, HLA-DR, IL-

10, CD36, CD206, CD14 and CD163 markers mRNA level were nonparametrically 

distributed. The NTHi and LPS effects on these markers were assessed separately. 

For each model, the mRNA levels of M1/M2 markers at 2, 6 and 24 hours were 

compared versus time-matched unstimulated control by Friedman test with Dunn’s 

multiple comparisons test. The difference between LPS and NTHi-induced mRNA 

levels of all markers were assessed by Friedman test with Dunn’s multiple 

comparisons test. 

Data for all sputum macrophage markers were nonparametrically 

distributed, except for HLA-DR. Differences between COPD and healthy controls, and 

between NTHi-infected and non-infected COPD were assessed by Mann-Whitney 

test (two-tailed). The difference between groups in HLA-DR mRNA levels was 

assessed by unpaired t-test (two-tailed). For all comparisons, p<0.05 was 

considered statistically significant.  
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5.3. Results: 

5.3.1. Effect of NTHi on M1/M2 markers’ mRNA levels in COPD alveolar 

macrophages: 

Alveolar macrophages from COPD patients (N=6) were incubated with NTHi 

(R2846) (at 10:1 and 100:1), LPS (1µg/ml) or left untreated. Cells were lysed after 

2, 6 and 24 hours of stimulation, and studied for a panel of M1/M2 markers’ mRNA 

levels by RT-PCR. The studied M1/M2 markers are: the pro-inflammatory cytokines 

(TNF-α and CXCL8), CD38, HLA-DR, the anti-inflammatory cytokine (IL-10) and the 

scavenger receptors (CD36, Mannose receptor C1 (MRC1or CD206), CD14 and 

CD163). 

5.3.1.1. Effect of NTHi on pro-inflammatory cytokines’ (TNF-α and CXCL8) 

mRNA levels: 

NTHi (at both MOIs) caused significant upregulation of TNF-α mRNA level 

after 2 hours, and after 6 hours in comparison to time-matched unstimulated control 

(p<0.05, p<0.001 respectively, Figure 5.1 A). Similarly, LPS increased TNF-α mRNA 

level after 2 hours and 6 hours (p<0.05, p<0.01 respectively). 

NTHi (at both MOIs) increased CXCL8 mRNA level significantly after 6 and 24 

hours in comparison to time-matched unstimulated control (p<0.05, p<0.01 

respectively, Figure 5.1 B). Also, LPS caused significant upregulation of CXCL8 

mRNA level after 6 and 24 hours (p<0.01). 
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Figure 5.1: Effect of NTHi on TNF-α and CXCL8 mRNA levels in COPD alveolar 

macrophages. Alveolar macrophages from COPD patients (N=6) were infected with NTHi 

(at MOI of 10:1 and 100:1), stimulated with LPS (1μg/ml) or left untreated. Cells were lysed 

at 2, 6 and 24 hours of infection. RNAs were extracted and mRNA levels of TNF-α (A), CXCL8 

(B) were assessed by RT-PCR. Data are presented as median with interquartile range and 

total range. *, **, *** represent a significant difference from time-matched unstimulated 

control (p<0.05, <0.01, <0.001 respectively, Friedman test followed by Dunn’s multiple 

comparisons test). Relative expression levels were determined using the ΔΔCt method 

normalising to the housekeeping gene (GAPDH). 
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5.3.1.2. Effect of NTHi on CD38 mRNA levels. 

NTHi (at both MOIs) significantly upregulated CD38 mRNA levels compared 

to time-matched unstimulated control after 6 hours of infection (p<0.01).  After 24 

hours, NTHi at 10:1 significantly increased CD38 mRNA level above time-matched 

unstimulated control (p<0.05, Figure 5.2). LPS stimulation caused a significant 

increase in CD38 mRNA levels at 6 and 24 hours (p<0.05, p<0.001 respectively). 

LPS-induced CD38 mRNA levels were significantly greater compared to that induced 

by NTHi (at 100:1 MOI) after 24 hours (p<0.05).  

 

 

 

 

 

 

Figure 5.2: Effect of NTHi on CD38 mRNA levels in COPD alveolar macrophages. 

Alveolar macrophages from COPD patients (N=6) were infected with NTHi (at MOI of 10:1 

and 100:1), stimulated with LPS (1μg/ml) or left untreated. Cells were lysed at 2, 6 and 24 

hours of infection. RNAs were extracted and CD38 mRNA levels were assessed by RT-PCR. 

Data are presented as median with interquartile range and total range. *, **, *** represent a 

significant difference from time-matched unstimulated control (p<0.05, <0.01, <0.001 

respectively, Friedman test followed by Dunn’s multiple comparisons test). # represents a 

significant difference between LPS and NTHi models (p<0.05, Friedman test followed by 

Dunn’s multiple comparisons test). Relative expression levels were determined using 

the ΔΔCt method normalising to the housekeeping gene (GAPDH).  
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5.3.1.3. Effect of NTHi on HLA-DR mRNA levels. 

HLA-DR mRNA levels were significantly reduced below time-matched 

control after 24 hours by NTHi (at both MOI) (p<0.05, Figure 5.3). LPS did not alter 

HLA-DR mRNA level levels at any time point. 

 

 

 

 

 

 

 

 

 

 

Figure 5.3: Effect of NTHi on HLA-DR mRNA levels in COPD alveolar macrophages. 

Alveolar macrophages from COPD patients (N=6) were infected with NTHi (at MOI of 10:1 

and 100:1), stimulated with LPS (1μg/ml) or left untreated. Cells were lysed at 2, 6 and 24 

hours of infection. RNAs were extracted and HLA-DR mRNA levels were assessed by RT-

PCR. Data are presented as median with interquartile range and total range. * represent a 

significant difference from time-matched unstimulated control (p<0.05, Friedman test 

followed by Dunn’s multiple comparisons test). Relative expression levels were determined 

using the ΔΔCt method normalising to the housekeeping gene (GAPDH). 

  

HLA-DR

2 6 24
0.01

0.1

1

10

**

NTHi(100:1)

NTHi (10:1)

LPS

Time- matched control

Time (hours)

F
o

ld
 c

h
a
n

g
e
 H

L
A

-D
R



230 
 

5.3.1.4. Effect of NTHi on IL-10 mRNA levels. 

NTHi in vitro infection resulted in a significant upregulation of IL-10 mRNA 

levels above time-matched unstimulated control after 6hours (at both MOI) 

(p<0.01) and after 24 hours (at 10:1 MOI) (p<0.05, Figure 5.4). LPS caused 

significant increase in IL-10 mRNA levels above time-matched unstimulated control 

at 6 hours (p<0.01).  

 

 

 

 

 

 

 

 

Figure 5.4: Effect of NTHi on IL-10 mRNA levels in COPD alveolar macrophages. 

Alveolar macrophages from COPD patients (N=6) were infected with NTHi (at MOI of 10:1 

and 100:1), stimulated with LPS (1μg/ml) or left untreated. Cells were lysed at 2, 6 and 24 

hours of infection. RNAs were extracted and IL-10 mRNA levels were assessed by RT-PCR. 

Data are presented as median with interquartile range and total range. *, **, *** represent a 

significant difference from time-matched unstimulated control (p<0.05, <0.01, <0.001 

respectively, Friedman test followed by Dunn’s multiple comparisons test). Relative 

expression levels were determined using the ΔΔCt method normalising to the housekeeping 

gene (GAPDH). 
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5.3.1.5. Effect of NTHi on scavenger receptors (CD36, MRC1 (CD206), CD14 and 

CD163) mRNA levels. 

CD36 and mannose receptor (CD206) mRNA levels were significantly 

downregulated compared to time-matched unstimulated controls by NTHi (at both 

MOI) after 24 hours (p<0.05, Figure 5.5 A, B respectively). LPS caused a significant 

decrease in CD36 mRNA level at 24 hours compared to time-matched unstimulated 

controls (p<0.05, Figure 5.5 A).  

CD14 mRNA levels were significantly downregulated compared to time-

matched unstimulated controls at 24 hours by NTHi at both MOI (p<0.05, Figure 5.5 

C). In contrast, LPS appeared to increased CD14 mRNA levels by 2.4 fold (range 0.5-

4.1) at 24 hours, however, this increase did not reach statistical significance. LPS-

induced CD14 mRNA levels were significantly greater than those induced by NTHi 

(at 100:1 MOI) after 24 hours (p<0.001).  

CD163 mRNA levels were significantly downregulated by NTHi (at both MOI) 

as compared to time-matched unstimulated controls after 24 hours (p<0.05, Figure 

5.5 D). Meanwhile, LPS did not affect CD163 mRNA levels at all-time points. 
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Figure 5.5: Effect of NTHi on scavenger receptors’ mRNA levels in COPD alveolar 

macrophages. Alveolar macrophages from COPD patients (N=6) were infected with NTHi 

(at MOI of 10:1 and 100:1), stimulated with LPS (1μg/ml) or left untreated. Cells were lysed 

at 2, 6 and 24 hours of infection. RNAs were extracted and the mRNA levels of CD36 (A), 

CD206 (MRC1) (B), CD14 (C) and CD163 (D) were assessed by RT-PCR. Data are presented 

as median with interquartile range and total range. *, ** represent a significant difference 

from time-matched unstimulated control (p<0.05, <0.01 respectively Friedman test 

followed by Dunn’s multiple comparisons test.  ### represents a significant difference 

between LPS and NTHi models (p<0.001, Friedman test followed by Dunn’s multiple 

comparisons test).  Relative expression levels were determined using the ΔΔCt method 

normalising to the housekeeping gene (GAPDH). 
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5.3.2. Effect of NTHi airway infection on M1/M2 markers’ mRNA levels in 

sputum macrophages from COPD and healthy controls. 

Macrophages were isolated from induced sputum samples of COPD patients 

(N=15) and healthy non-smokers (N=8). Eight out of fifteen COPD patients were 

confirmed to have NTHi infection as detailed in materials and methods chapter in 

section 2.3. The remaining seven COPD patients as well as the healthy controls 

showed no growth of potentially pathogenic bacteria. Sputum macrophages were 

lysed and studied by qPCR for M1/M2 markers’ mRNA levels as detailed in methods 

chapter in section 2.7. 
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5.3.2.1. TNF-α and CXCL8 mRNA levels in NTHi-infected COPD patients and 

non-infected controls: 

There was no difference in TNF-α mRNA levels between COPD subjects and 

healthy non-smokers (Figure 5.6 A). Similarly, there was no difference between 

NTHi-infected and non-infected COPD in TNF-α mRNA levels (Figure 5.6 B).  

 

 

 

 

 

 

 

 

 

Figure 5.6: Effect of NTHi airway infection on TNF-α mRNA levels in sputum 

macrophages from COPD and healthy controls. Macrophages were isolated from induced 

sputum of 15 COPD and 8 HNS (A). COPD subjects were categorised into NTHi-infected 

COPD (N=8) and non-infected COPD (N=7) (B). RNAs were extracted and the mRNA levels 

of TNF- α were assessed by RT-PCR. Data are presented as median with interquartile range 

and total range. Comparison between COPD and HNS, NTHi-infected and Non-infected COPD 

was performed by Mann-Whitney test. Relative expression levels were determined using 

the ΔCt method normalising to the housekeeping gene (GAPDH). HNS= healthy non-smoker. 
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CXCL8 mRNA levels were not different between COPD and healthy non-

smokers (Figure 5.7 A). In addition, there was no difference between NTHi-infected 

and non-infected COPD subjects (Figure 5.7 B). 

 

 

 

 

 

 

 

 

Figure 5.7: Effect of NTHi airway infection on CXCL8 mRNA levels in sputum 

macrophages from COPD and healthy controls. Macrophages were isolated from induced 

sputum of 15 COPD and 8 healthy non-smokers (A). COPD subjects were categorised into 

NTHi-infected COPD (N=8) and non-infected COPD (N=7) (B). RNAs were extracted and the 

mRNA levels of CXCL8 were assessed by RT-PCR. Data are presented as median with 

interquartile range and total range. Comparison between COPD and HNS, NTHi-infected and 

Non-infected COPD was performed by Mann-Whitney test. Relative expression levels were 

determined using the ΔCt method normalising to the housekeeping gene (GAPDH). HNS= 

healthy non-smoker. 
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5.3.2.2. CD38 mRNA levels in NTHi-infected COPD patients and non-infected 

controls: 

There was no difference in CD38 mRNA levels in sputum macrophages from 

COPD subjects compared to healthy non-smokers (Figure 5.8 A). In addition, there 

was no difference in sputum macrophage CD38 mRNA levels between NTHi-infected 

and non-infected COPD patients (Figure 5.8 B). 

 

 

 

 

 

 

 

 

Figure 5.8: Effect of NTHi airway infection on CD38 mRNA levels in sputum 

macrophages from COPD and healthy controls. Macrophages were isolated from induced 

sputum of 15 COPD and 8 healthy non-smokers (A). COPD subjects were categorised into 

NTHi-infected COPD (N=8) and non-infected COPD (N=7) (B). RNAs were extracted and the 

mRNA levels of CD38 were assessed by RT-PCR. Data are presented as median with 

interquartile range and total range. Comparison between COPD and HNS, NTHi-infected and 

Non-infected COPD was performed by Mann-Whitney test. Relative expression levels were 

determined using the ΔCt method normalising to the housekeeping gene (GAPDH). HNS= 

healthy non-smoker. 
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5.3.2.3. HLA-DR mRNA levels in NTHi-infected COPD patients and non-infected 

controls: 

COPD sputum macrophages HLA-DR mRNA levels were not different from 

healthy non-smokers (Figure 5.9 A). However, NTHi-infected COPD subjects showed 

significantly lower HLA-DR mRNA levels than non-infected COPD (p=0.02, Figure 

5.9 B). 

 

 

 

 

 

 

 

 

Figure 5.9: Effect of NTHi airway infection on HLA-DR mRNA levels in sputum 

macrophages from COPD and healthy controls. Macrophages were isolated from induced 

sputum of 15 COPD and 8 healthy non-smokers (A). COPD subjects were categorised into 

NTHi-infected COPD (N=8) and non-infected COPD (N=7) (B). RNAs were extracted and the 

mRNA levels of HLA-DR were assessed by RT-PCR. Data are presented as mean+SEM. 

Comparison between COPD and HNS, NTHi-infected and Non-infected COPD was performed 

by unpaired t-test test. Relative expression levels were determined using the ΔCt method 

normalising to the housekeeping gene (GAPDH). HNS= healthy non-smoker. 
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5.3.2.4. IL-10 mRNA levels in NTHi-infected COPD patients and non-infected 

controls: 

There was no difference between groups in IL-10 mRNA levels (Figure 5.10 

A, B) 

 

 

 

 

 

 

 

Figure 5.10: Effect of NTHi airway infection on IL-10 mRNA levels in sputum 

macrophages from COPD and healthy controls. Macrophages were isolated from induced 

sputum of 15 COPD and 8 healthy non-smokers (A). COPD subjects were categorised into 

NTHi-infected COPD (N=8) and non-infected COPD (N=7) (B). RNAs were extracted and the 

mRNA levels of IL-10 were assessed by RT-PCR. Data are presented as median with 

interquartile range and total range. Comparison between COPD and HNS, NTHi-infected and 

Non-infected COPD was performed by Mann-Whitney test. Relative expression levels were 

determined using the ΔCt method normalising to the housekeeping gene (GAPDH). HNS= 

healthy non-smoker. 

. 
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5.3.2.5. Scavenger receptors (CD36, MRC1 (CD206), CD14 and CD163) mRNA 

levels in NTHi-infected COPD patients and non-infected controls: 

CD36 mRNA levels in COPD sputum macrophages were not different from 

healthy non-smokers (Figure 5.11 A). However, CD36 mRNA levels in NTHi-infected 

COPD subjects were significantly lower than non-infected COPD (p=0.04, Figure 

5.11 B). 

 

 

 

 

 

 

 

Figure 5.11: Effect of NTHi airway infection on CD36 mRNA levels in sputum 

macrophages from COPD and healthy controls. Macrophages were isolated from induced 

sputum of 15 COPD and 8 healthy non-smokers (A). COPD subjects were categorised into 

NTHi-infected COPD (N=8) and non-infected COPD (N=7) (B). RNAs were extracted and the 

mRNA levels of CD36 were assessed by RT-PCR. Data are presented as median with 

interquartile range and total range. Comparison between COPD and HNS, NTHi-infected and 

Non-infected COPD was performed by Mann-Whitney test. Relative expression levels were 

determined using the ΔCt method normalising to the housekeeping gene (GAPDH). HNS= 

healthy non-smoker. 
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COPD sputum macrophages showed significantly higher MRC1 (CD206) 

mRNA levels than healthy non-smokers (p=0.04, Figure 5.12 A). However, there was 

no difference between NTHi-infected COPD and non-infected COPD patients (Figure 

5.12 B).  

 

 

 

 

 

 

 

Figure 5.12: Effect of NTHi airway infection on CD206 (MRC1) mRNA levels in sputum 

macrophages from COPD and healthy controls. Macrophages were isolated from induced 

sputum of 15 COPD and 8 healthy non-smokers (A). COPD subjects were categorised into 

NTHi-infected COPD (N=8) and non-infected COPD (N=7) (B). RNAs were extracted and the 

mRNA levels of MRC1 (CD206) were assessed by RT-PCR. Data are presented as median 

with interquartile range and total range. Comparison between COPD and HNS, NTHi-

infected and Non-infected COPD was performed by Mann-Whitney test. Relative expression 

levels were determined using the ΔCt method normalising to the housekeeping gene 

(GAPDH). HNS= healthy non-smoker. 
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There was no difference between groups in CD14 mRNA level (Figure 5.13 A, 

B). 

 

 

 

 

 

 

 

 

 

Figure 5.13: Effect of NTHi airway infection on CD14 mRNA levels in sputum 

macrophages from COPD and healthy controls. Macrophages were isolated from induced 

sputum of 15 COPD and 8 healthy non-smokers (A). COPD subjects were categorised into 

NTHi-infected COPD (N=8) and non-infected COPD (N=7) (B). RNAs were extracted and the 

mRNA levels of CD14 were assessed by RT-PCR. Data are presented as median with 

interquartile range and total range. Comparison between COPD and HNS, NTHi-infected and 

Non-infected COPD was performed by Mann-Whitney test. Relative expression levels were 

determined using the ΔCt method normalising to the housekeeping gene (GAPDH). HNS= 

healthy non-smoker. 
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CD163 mRNA was significantly upregulated in COPD patients as compared to 

healthy non-smokers (p=0.009, Figure 5.14 A). Nonetheless, there was no difference 

between NTHi-infected and non-infected COPD patients in CD163 mRNA levels 

(Figure 5.14 B).  

 

 

 

 

 

 

 

 

 

Figure 5.14: Effect of NTHi airway infection on CD163 mRNA levels in sputum 

macrophages from COPD and healthy controls. Macrophages were isolated from induced 

sputum of 15 COPD and 8 healthy non-smokers (A). COPD subjects were categorised into 

NTHi-infected COPD (N=8) and non-infected COPD (N=7) (B). RNAs were extracted and the 

mRNA levels of CD163 were assessed by RT-PCR. Data are presented as median with 

interquartile range and total range. Comparison between COPD and HNS, NTHi-infected and 

Non-infected COPD was performed by Mann-Whitney test. Relative expression levels were 

determined using the ΔCt method normalising to the housekeeping gene (GAPDH). HNS= 

healthy non-smoker. 
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5.4. Discussion: 

In this chapter, I have studied alveolar macrophage functional programming 

in response to NTHi infection. In my in vitro model of infection, NTHi induced 

alveolar macrophage dysfunction through modification of M1/M2 related 

molecules. Of these modified molecules, HLA-DR and CD36 were also identified in 

sputum macrophages from NTHi-infected COPD subjects. 

In some human infections, bacterial pathogens have the tendency to 

overcome the host innate immune response and survive its hostile environment. 

These bacteria can cause chronic diseases which might represent a treatment 

challenge. Investigations of mechanisms behind the chronicity of important human 

infections, like M.tuberculosis, Salmonella typhi and Brucella abortus revealed the 

ability of the bacteria to interfere with the microbicidal M1 function (460–462), and 

might induce M2 immunoregulatory program to survive inside the host (459). 

Nonetheless, no similar investigations were performed in airway bacterial infection 

relevant to COPD. 

I monitored a group of markers which reflect a plethora of M1/M2 functions 

in response to NTHi infection. To do that, I ran two parallel settings of NTHi infection 

in COPD. Firstly, I used my clinically relevant in vitro model to monitor the first 24 

hours of NTHi infection, which could represent the acute phase response to 

infection. Secondly, I have studied sputum macrophages phenotype markers in 

COPD patients who had positive sputum culture for NTHi. Those patients were not 

exacerbating at the time of sampling in spite of positive NTHi culture. Therefore, I 

considered those patients as chronically infected with NTHi. 

Pro-inflammation is a hallmark of M1 phenotype that is characterised by the 

release of pro-inflammatory cytokines and chemokines to protect the host against 
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the invading pathogen. I reported an upregulation of the pro-inflammatory 

mediators, TNF-α and CXCL8, during the first 24 hours of NTHi infection. These 

findings parallel my previously reported time-dependent release of these cytokines  

(refer to chapter three), and in agreement with the reported M1 polarisation in the 

acute phase of mycobacterial infection in mice (463). In addition, it is well known 

that macrophages show a robust M1 response to a diverse group of bacteria. This 

response is called core response to infection (122,464). These data indicate that 

alveolar macrophages respond to acute NTHi infection by expressing M1 related 

molecules, which could control the early stage of infection. In contrast to the in vitro 

findings, I did not observe any upregulation in TNF-α and CXCL8 mRNA levels in 

NTHi-infected COPD patients versus non-infected controls. As mentioned above, my 

COPD cohort had no exacerbation at the time of sampling. So I speculate that NTHi 

is resident in the airways for a relatively longer period of time and hence less 

reported acute phase M1 markers.  

CD38 is transmembrane glycoprotein which has an enzymatic function 

involved in regulation of intracellular calcium levels (465). CD38 is expressed by 

various cells as macrophages (466), neutrophils (467), lymphocytes (466) and 

airway smooth muscle cells (468). Evidence suggests that CD38 plays a role in 

macrophage phagocytosis (469), cytokine release (470), neutrophil chemotaxis 

(467) and smooth muscle contraction (471). Moreover, CD38 was found to mediate 

airway hyperresponsiveness and airway inflammation in asthma studies (470,471). 

However, the role of CD38 in COPD pathogenesis is not fully described. I showed 

that NTHi upregulated CD38 mRNA levels in COPD alveolar macrophages in vitro. 

Moreover, LPS caused more upregulation of CD38 mRNA level than that induced by 

NTHi. This observation agrees with the previous finding by Lee et al, who 
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demonstrated that LPS caused time-dependent upregulation of CD38 genes in 

murine alveolar macrophages (466). On the other hand, CD38 expression in NTHi-

infected COPD sputum macrophages was not different from non-infected controls. 

These data suggest that NTHi could only activate CD38 during the early phase of 

infection causing more pro-inflammatory response.  

HLA-DR is a cell surface glycoprotein expressed by macrophages, and it is 

involved in antigen presentation (472,473). HLA-DR expression by macrophages 

reflect their activation state (474), and downregulation of HLA-DR was linked to the 

development of immune tolerance (143). I found that NTHi caused significant 

downregulation of HLA-DR mRNA levels in COPD alveolar macrophages. 

Furthermore, sputum macrophages from COPD patients were not different from 

non-smokers in HLA-DR mRNA levels. However, NTHi-infected COPD patients 

showed significantly lower expression of HLA-DR than non-infected COPD patients. 

My results differ from that by Pons and colleagues (141). They reported reduced 

HLA-DR surface expression in BAL-derived COPD alveolar macrophages in 

comparison to smokers and non-smokers. However, they did not refer to the airway 

colonisation state in their work, which might be one contributing factor for the 

reduced HLA-DR expression (141). My data indicate that NTHi exposure caused 

HLA-DR downregulation over time, which could favour NTHi persistence in the 

lower airways.  

M2 macrophages are known for their anti-inflammatory function, which is 

reflected by the release of anti-inflammatory mediators like IL-10 and TGF-β 

(452,453). The role of M2 derived IL-10 has been recognised in the chronic 

development of human mycobacterial infections (457,458). NTHi caused IL-10 

upregulation in COPD alveolar macrophages in vitro. However, IL-10 expression by 
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sputum macrophages from NTHi-infected patients was similar to non-infected 

controls. This suggests that NTHi could stimulate IL-10 only to modulate the early 

acute pro-inflammatory response to survive in the airways. 

Another function of M2 macrophage is phagocytosis of pathogens, debris and 

apoptotic cells (efferocytosis). A number of surface receptors are implicated in this 

function, including CD36, MRC1 (CD206), CD14 and CD163 (475–478).  

CD36 is a membrane scavenger receptor involved in phagocytosis of 

pathogens (476,479), apoptotic neutrophils and epithelial cells  (efferocytosis) 

(480,481). This process is essential in limiting tissue damage and in the resolution 

of inflammation. Efferocytosis was reported to be impaired in COPD (140,185). 

However, lung tissue, MDMs and alveolar macrophages expression of CD36 in COPD 

was similar to healthy controls(134,141,482). I reported that NTHi infection in vitro 

caused downregulation of CD36 mRNA levels in COPD alveolar macrophages. In 

addition, sputum macrophages from NTHi-infected COPD patients had lower 

expression of CD36 than non-infected controls. These findings disagree with Sharif 

et al, who reported CD36 expression to be increased by Streptococcus pneumoniae 

in murine alveolar macrophages especially after 24 hours of infection (476). This 

contradicting finding might be explained by the use of different cell type and 

bacterial species in this study. My results suggest that NTHi could perpetuate airway 

inflammation by negative regulation of macrophage efferocytosis. 

MRC1 (CD206) is implicated in pathogen phagocytosis (483) and 

efferocytosis (484). Moreover, evidence suggested its immunoregulatory role in 

Pneumocystis infection in human (475). The expression of CD206 was found to be 

impaired in COPD alveolar macrophages (484). However, it was identified to be 

overexpressed in severe COPD and thought to play a role in disease pathogenesis 
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(485). NTHi in vitro infection caused significant reduction inCD206 mRNA Levels in 

COPD alveolar macrophages. On the other hand, sputum macrophages from COPD 

subjects showed higher expression of CD206 than healthy non-smokers, with no 

difference between NTHi-infected and non-infected COPD patients. These data 

suggest that CD206 downregulation could be one virulent mechanism adapted by 

NTHi to resist bacterial clearance during the acute phase of infection and persist 

inside the airways for a longer period of time. Furthermore, CD206 upregulation in 

sputum macrophages could be attributed to the disease process in the COPD lung 

rather than NTHi chronic lower airway infection.  

CD14 is another macrophage receptor implicated in the recognition of 

bacterial LPS and internalisation of bacteria (477,486,487). In addition, it mediates 

bacteria-induced airway inflammation and lung injury (488). The soluble form of 

CD14 was found to be increased in BAL fluid from COPD patients (487). In the data 

presented here, NTHi caused significant downregulation of CD14 mRNA levels in 

COPD alveolar macrophages. This finding was similar to that of Francis et al, who 

highlighted the effect of NTHi on reduced mRNA levels of CD14 in COPD monocytes 

and polymorphonuclear leukocytes (489). On the other hand, I did not find a 

difference in CD14 mRNA levels in sputum macrophages from NTHi-infected and 

non-infected controls, which is in agreement with the previous reports in alveolar 

macrophages and MDMs from COPD and healthy controls (134,141). I speculate that 

downregulation of CD14 during the early NTHi infection could be another 

mechanism of its airway colonisation. Of note, LPS caused upregulation of CD14 

mRNA levels which was significantly greater than the NTHi effect. The latter finding 

suggests different mechanisms of modulating macrophage function in LPS versus 

NTHi models of inflammation.  
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CD163 scavenger receptor is known for its homeostatic functions by 

removing free haemoglobin and protecting the tissue from its damaging effect (490). 

Also, it has been identified as an innate immune sensor of gram positive and gram 

negative bacteria and mediator of bacteria-induced inflammation (478). CD163 

positive macrophages were identified in tuberculous granulomas in monkeys (491). 

Moreover, higher CD163 expression by COPD macrophages was negatively 

correlated to FEV1 (485). I observed that NTHi caused downregulation of CD163 

mRNA levels in COPD alveolar macrophages. This could be one possible mechanism 

to evade innate immune response early in the course of infection. Sputum 

macrophages from COPD patients showed higher CD163 expression than non-

smokers with no difference between NTHi-infected and non-infected COPD. These 

findings agree with Kaku et al., who observed higher CD163 expression in 

macrophages from COPD lungs than healthy controls. However, they did not 

investigate the possible role of airway bacterial infection in their findings (485). My 

results suggest that NTHi is still recognised by alveolar macrophages in the COPD 

lung by CD163 in spite of impaired phagocytosis, and this might be responsible for 

ongoing airway inflammation with persistence of NTHi. 

Overall, my findings suggest that NTHi could change alveolar macrophage 

phenotype markers and ultimately function at the site of infection to evade innate 

immune response and persist in the airways. Impaired phagocytosis and antigen 

presentation functions of alveolar macrophages could be one mechanism adapted 

by NTHi to survive in the airways. In addition, NTHi could impair efferocytosis 

function of alveolar macrophages which might result in ongoing airway 

inflammation and, may be, disease progression. 
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Chapter Six 

General Discussion 
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6.1. Thesis aim: 

COPD is an airway inflammatory disease where many patients have 

recurrent lower airway bacterial infection, often NTHi (420,437). Corticosteroids 

are the most widely used anti-inflammatory drugs in COPD;  their primary role is 

exacerbation reduction (50,391,394). Previous in vitro studies using alveolar 

macrophages that focused on corticosteroid responsiveness in COPD have generally 

not considered the role of airway NTHi infection.   

 The general aim of this thesis was to investigate NTHi-induced inflammation 

in COPD alveolar macrophages using a clinically relevant in vitro model and to test 

corticosteroid responsiveness in this model. Furthermore, I studied NTHi- induced 

alveolar macrophage phenotype modification as a possible virulence mechanism in 

COPD.  

6.2. NTHi versus LPS model in alveolar macrophage studies 

Investigations of bacterial infection using COPD alveolar macrophages have 

previously applied bacterial antigens as an inflammatory stimulus. The most 

commonly applied bacterial antigen in COPD studies is LPS, which is purified from 

E. coli (168,350,397). In chapter three of this thesis, I have established a clinically 

relevant in vitro model of NTHi infection, using a live clinical isolate (R2846) in 

human alveolar macrophage cell cultures. Live NTHi (R2846) caused greater 

cytokine secretion than LPS, possibly due to the dynamic growth of NHTi. The NTHi 

model is obviously resembles the real life situation more closely than using LPS. To 

further validate my model, I tested the alveolar macrophage inflammatory response 

to four NTHi isolates from the airways of stable COPD patients. Cytokine induction 
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by clinical isolates was generally similar to that induced by the standard strain 

(R2846).  

My results in chapter four showed that NTHi-infected alveolar macrophages 

were less corticosteroid-responsive than LPS-stimulated cells (Table 4.4, Figure 

4.6). NTHi-induced CXCL8 was a particularly unresponsive cytokine. NTHi, but not 

LPS, caused GR phosphorylation at ser 226 residue, which would encourage GR 

exportation from the nucleus. These differences indicate that the inflammatory 

mechanism of live NTHi infection is different from LPS, causing a different 

corticosteroid response between the two models.  

The NTHi modulation of M1/M2 markers’ mRNA levels is distinct from that 

induced by LPS. Chapter five data showed that LPS caused upregulation of CD38 

mRNA levels more than the upregulation caused by NTHi. In addition, NTHi 

downregulated HLA-DR, CD206 and CD163 mRNA. Meanwhile, LPS had not effect 

on these markers. Notably, NTHi downregulated CD14 mRNA in contrast to LPS 

which appeared to increase CD14 mRNA levels. My overall findings in chapter three, 

four and five add weight to the clinical relevance of the NTHi model versus LPS 

model in COPD research  

The differences between LPS and NTHi in vitro models might be attributed to 

various bacterial elements (LOS, OMP P6, SCF, EGFLF and TGFLF) which bind to 

different cell surface receptors (TLR2, TLR4, EGFR, TGFβR and PAF). The activation 

of these receptors will, in turn, activate various intracellular signaling pathways. 

This could result in the reported different inflammatory response between the two 

models. The main differences between the two models are summarised in Figure 

6.1. 
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Figure 6.1: LPS versus NTHi in vitro models of stimulation in the human alveolar 

macrophage. LPS induces cytokine release from alveolar macrophages by binding to TLR4 

receptors. The LPS-induced cytokines are relatively corticosteroid sensitive. NTHi antigenic 

molecules (LOS, OMP P6, SCF, EGFLF and TGFLF) bind to different cell receptors including 

TLR2, TLR4, EGFR, TGF-βR and PAF receptors. The activation of these receptors by NTHi 

ligands might be the cause of higher cytokine release than the LPS model. The NTHi-induced 

cytokines are less corticosteroid sensitive, CXCL8 is completely corticosteroid resistant. 

NTHi modulation of M1/M2 markers mRNA levels is different from the modulation induced 

by LPS. NTHi causes downregulation of HLA-DR and scavenger receptors. LPS= 

Lipopolysaccharide, NTHi= Nontypeable Haemophilus influenzae, LOS= 

Lipooligosaccharide, OMP P6= Outer membrane protein P6, SCF= Soluble cytoplasmic 

fraction, EGFLF= Epidermal growth factor like factor, TGFLF= Transforming growth factor 

like factor,  PAF= Platelet-activating factor, TLR= Toll-like receptors, EGFR= Epidermal 

growth factor receptor, TGF-βR= Transforming growth factor-β receptor, GR= 

Glucocorticoid receptor, ser 226= Serine 226 residue, CXCL8= Chemokine C-X-C Motif 

Ligand 8, CD= Cluster of differentiation, HLA-DR= Human leukocyte antigen-DR. 
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6.3. The practicability of NTHi in vitro model of stimulation. 

NTHi is a fastidious microorganism (195), requiring consistent growth 

conditions throughout the experiment. Accidental changes in the incubator 

temperature or rotation rate during incubation time can affect bacterial growth. 

Also, extra caution should be taken while handling more than one bacterial species 

(NTHi and E. coli), or when processing sputum samples and pure NTHi cultures at 

the same time, to avoid contamination of pure culture plates. Another practical point 

is the relatively longer time of preparation of NTHi suspension; at least two days are 

required to grow NTHi from frozen stock to bacterial suspension in the stationary 

phase of growth. This relatively long time of preparation resulted in less chance of 

running experiments per week than LPS model. Therefore, NTHi in vitro model of 

stimulation is feasible but less practicable than LPS model. On the other hand, LPS 

is less clinically relevant to COPD than NTHi.  

6.4. IL-10; possible role in NTHi lower airway colonisation. 

IL-10 is known for its immunoregulatory role in the lung. It antagonises TNF-

α and inhibits cell apoptosis (423). Some bacteria  exploit IL-10 to survive the hostile 

host environment (425,426). In chapter three, I showed an inverse correlation 

between NTHi load and IL-10 release; lower MOIs caused more IL-10 release than 

higher MOIs. This finding implies that NTHi at lower concentrations could stimulate 

considerable IL-10 release in the lung to subvert the pro-inflammatory host 

response. Furthermore, IL-10 could help in the intracellular survival of NTHi by 

reducing cell apoptosis (427,428).  Therefore, IL-10 could be further investigated as 

a mechanism that promotes lower airway colonisation by NTHi in COPD. 
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6.5. NTHi infection impairs corticosteroid responsiveness in COPD patients. 

Previous clinical and in vitro studies highlighted the corticosteroid 

unresponsiveness of inflammatory cells in COPD airways (167,168,395), but no 

attention was paid to the possibility of lower airway NTHi infection in corticosteroid 

unresponsive patients. In chapter four, I showed that NTHi-induced cytokines from 

alveolar macrophages were less corticosteroid-responsive, particularly CXCL8, 

which showed minimal response to corticosteroids. This finding suggests that the 

lungs of NTHi-infected COPD patients have an ongoing recruitment of neutrophils in 

spite of corticosteroid therapy, causing progressive tissue damage and airway 

obstruction. I further confirmed the role of NTHi in possible corticosteroid 

unresponsiveness by showing its phosphorylation of GR at ser 226 residue and its 

impairment of corticosteroid-induced GR nuclear localisation. From the above 

findings, it would be important to consider NTHi lower airway infection in the 

investigation of corticosteroid unresponsiveness in COPD.  

COPD patients with NTHi-associated neutrophilic airway inflammation may 

prove to be corticosteroid-unresponsive in real life, and the data in this thesis shows 

mechanisms by which alveolar macrophages promote this corticosteroid 

insensitivity. Bacterial colonisation in COPD probably requires targeted treatment; 

this is a personalised medicine approach.  

6.6. MAPK pathway is a candidate therapeutic target in NTHi-infected COPD 

patients 

MAPK pathway is a potential therapeutic target in COPD; p38 MAPK 

inhibitors showed synergistic anti-inflammatory effect with corticosteroids in LPS-

stimulated alveolar macrophages (349). However, no similar investigation has been 

performed in NTHi infection in COPD. 
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In chapter four of this thesis, NTHi-induced in vitro inflammatory response 

was associated with p38 and ERK MAPK activation. Inhibitors of these pathways 

(BIRB-796 and AZD6244 respectively) showed significant inhibition of NTHi-

induced TNF-α release from COPD alveolar macrophages. Moreover, these 

inhibitors showed a combined anti-inflammatory effect with corticosteroids. CXCL8, 

shown in this thesis to be corticosteroid-unresponsive, was significantly inhibited 

when MAPK inhibitors were combined with the corticosteroid, suggesting a possible 

role of these inhibitors in reducing airways neutrophilia associated with bacterial 

infections. In addition, p38 MAPK inhibitor (BIRB-796) improved corticosteroid-

induced GR nuclear translocation in NTHi-infected alveolar macrophages.  

These findings further confirmed the role of the MAPK pathway in COPD 

pathophysiology. The potential role of MAPK inhibitors in NTHi-infected COPD is 

worthy of further investigation. The next step would be to determine whether the 

anti-inflammatory effect of MAPK inhibitors is synergistic or additive to 

corticosteroids and whether ERK inhibition could also improve the GR nuclear 

localisation in NTHi-infected cells. However, the possible anti-inflammatory effect 

of MAPK inhibitors should be weighed versus possible systemic adverse effects. The 

use of p38 MAPK inhibitors in inflammatory diseases including COPD has undergone 

clinical trials.  A clinical trial in COPD patients showed that a p38 MAPK inhibitor 

improved lung function (492). Meanwhile, other trials on patients with rheumatoid 

arthritis reported some drawbacks of p38 MAPK inhibitors, including hepatotoxicity 

and transient anti-inflammatory effect (493,494).  Moreover, the effect of MAPK 

inhibitors on bacterial survival in the host is unknown. Therefore, investigation of 

MAPK inhibitors in NTHi-infected patients would be interesting, and would inform 

us of the potential of this class of drug to enhance corticosteroid effects, and to 
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investigate the possibility of bacterial persistence with this type of anti-

inflammatory therapies. 

6.7. NTHi- induced modification of alveolar macrophage phenotype is a 

possible mechanism of chronic infection.  

Changes in alveolar macrophage phenotype have been investigated during 

acute and chronic bacterial human infections like mycobacterial diseases, 

salmonellosis and brucellosis (460–462). It is well accepted that bacterial-induced 

M2 macrophage programming results in chronicity of infection (122). However, no 

similar investigation has previously been performed on NTHi lower airway infection 

in COPD.  

In chapter five, I have investigated this concept in two different settings of 

NTHi infection. My in vitro model served as a model of acute NTHi infection, and 

sputum samples from clinically stable COPD patients with NTHi infection used as a 

model of chronic infection. NTHi infection resulted in a mixed M1/M2 macrophage 

phenotype during the early acute phase of infection, rather than inducing a distinct 

polarisation of the cells.  NTHi caused an upregulation of the mRNA levels of the pro-

inflammatory markers (TNF-α, CXCL8 and CD38), while also upregulated the anti-

inflammatory marker (IL-10). Also, it resulted in a downregulation of the mRNA 

levels of the antigen presentation molecule (HLA-DR) and scavenger receptors 

(CD36, CD206, CD14 and CD163). These findings indicate that NTHi starts to 

modulate different functions of alveolar macrophages during the early phase of 

infection, by upregulation or downregulation of some surface molecules. This might 

favour NTHi survival and persistence in the host. 
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Sputum macrophage markers in NTHi-infected COPD patients, showed a less 

dramatic difference in comparison to non-infected controls. The most important 

finding was the downregulation of HLA-DR and CD36 mRNA levels. The 

downregulation of HLA-DR suggests a reduced antigen presentation potential of the 

macrophages which might increase the possibility of chronic infection. 

Furthermore, the reduced CD36 mRNA level suggests reduced efferocytosis function 

which could result in more tissue destruction and disease progression. Although 

NTHi was the most predominant bacteria in the sputum samples of infected COPD 

patients, care should be taken while interpreting these findings as most samples 

were infected with lower concentrations of different bacterial species. 

The above results indicate that NTHi modification of macrophage phenotype 

needs to be considered as a possible mechanism of lower airway NTHi colonisation 

in COPD patients.  

6.8. Study limitations. 

Although my study has reached its aim, there were some unavoidable 

limitations. First, due to limited time, relatively small populations of COPD and 

healthy controls were recruited for each of my experiments. The small sample size 

for some of my experiments resulted in less statistical power. My preliminary 

experiments were particularly of small sample size, this caused non statistically 

significant results for some sets of data which visually look significant (see Figure 

3.1, Figure 3.4). Therefore, interpretation of my findings on the general population 

should consider this limitation. 

Second, subjects in my population were not matched in terms of age, gender, 

severity of the disease, smoking history and corticosteroid therapy. This limitation 
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was due to the use of surgically resected lung tissue from suspected lung cancer 

patients, and because of limited time, it was difficult to recruit demographically 

matched patients for each experiment.  

The above limitations were mainly due to limited time-frame for this study. 

Recruitment of bigger number of demographically matched subjects will increase 

the statistical power and give sounder conclusion which might be interpreted on the 

wider scale of general population.  

Third, using frozen alveolar macrophages in some of my experiments might 

give a different response from freshly isolated macrophages. In GR phosphorylation 

and translocation assay, some frozen cells were poorly adherent to culture plates or 

chamber slides resulting in lower sample size for these experiments and may be a 

less detected response.  

The access to fresh cells was not possible during some of my work. However, 

the limitation of using frozen cells could be overcome by validation of using these 

cells versus freshly isolated cells. For example, frozen then thawed macrophages 

could be tested for response to LPS, cells adherence and viability, and compared to 

fresh cells. Additionally, cells can be examined at different time-points to assess the 

effect of storage conditions on these cells over time.  

Fourth, the activity of the compounds used in this study were not been 

verified due to the time limitation. BIRB-796 and AZD6244 showed pharmacological 

activity in my model, which suggested these compounds to be active. On the other 

hand, BMS-345541 did not show pharmacological activity and did not inhibit the 

NTHi-activated NF-κB. This indicated BMS-345541 might be an inactive compound 

in my model. 
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Verification of the compounds activity before their application in my model 

could be performed by testing these compounds in a relevant experimental model. 

Previously documented models could be used. The activity of BMS-345541 could be 

tested by inhibition of LPS-induced TNF-α, CXCL8 and IL-6 in THP-1 cells (439). 

Alternatively, this compound could be tested in mice for inhibition of LPS-induced 

TNF-α (439). BIRB-796 activity could be assayed in THP-1 cells for inhibition of LPS-

induced CXCL8 (495). Also, the binding of fluorescently labeled BIRB-796 to 

recombinant human p38 MAPK could be monitored to verify the activity of BIRB-

796 (442). AZD6244 inhibition of MEK1/2 could be assessed by measuring the 

phosphorylation state of basal and epidermal growth factor–induced ERK MAPK in 

Malme-3M (human melanoma cell line) or PBMCs (444). 

6.9. Recommendations for Future Research. 

Applying whole live NTHi in COPD research is less practicable than LPS. 

Alternatively, using purified NTHi antigens could improve the practicability of NTHi 

model.  The OMP P6 would be a successful candidate antigen, due to its chemical 

conservation among strains (227,229) and its potential antigenicity in vitro (228). 

This would require purification of OMP P6 from a standard NTHi strain, and 

comparison of OMP P6-induced inflammatory response in vitro to that induced by 

live NTHi and LPS models. Validation of such model would be more disease relevant 

than LPS model. Nevertheless, the whole bacterial model is more realistic. 

This study revealed some molecular aspects in NTHi airway infection in 

COPD. NTHi is capable of inducing robust cytokine release from alveolar 

macrophages through the activation of NF-κB and MAPK pathway. However, 

studying other intracellular pathways of inflammation in the setting of NTHi 
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infection would improve our understanding of the infection pathogenesis, TGF-β-

SMAD signaling pathways could be the next pathways to be considered due to its 

role in airway remodeling in COPD patients (496) . 

 Although NTHi is the most common bacterial infection in COPD, other 

bacterial species, like Moraxella catarrhalis, Streptococcus pneumoniae and 

Pseudomonas aeruginosa, were involved in disease exacerbation and chronic 

colonisation. Therefore, investigation of airway inflammatory response to other 

COPD-relevant bacterial pathogens would be of clinical value. This would involve 

using live clinical isolates of different bacterial species in a model similar to my NTHi 

model. The resultant response could be compared to NTHi and LPS model. 

Investigation of the intracellular signaling pathways of these pathogens would be 

valuable to understand the molecular mechanism of each bacterial infection in 

COPD. 

The possible role of p38 MAPK in NTHi-induced corticosteroid 

unresponsiveness in COPD alveolar macrophages require further investigation; 

bigger sample size and using freshly isolated cells could be tried to confirm the p38 

MAPK role in NTHi-induced GR phosphorylation and translocation. Moreover, the 

role of ERK MAPK in NTHi-induced corticosteroid unresponsiveness needs to be 

studied as well.  

 Linking NTHi infection, neutrophilic airway inflammation and steroid 

unresponsiveness in COPD might be one example of the multi-dimensional 

approach in disease phenotyping. This might be performed by investigating NTHi 

presence in sputum or BAL fluid from COPD patients during stable and exacerbated 

state. Samples from NTHi positive patients can be further examined for the 
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inflammatory profile, and the measurements linked to the patient’s clinical response 

to corticosteroids.  

NTHi modulates alveolar macrophage marker mRNA levels to survive inside 

the airways. However, assessment of surface expression of these markers by flow 

cytometry would further confirm the NTHi-induced phenotype changes. I observed 

a reduction in CD36 and HLA-DR mRNA levels in alveolar macrophages from NTHi-

infected COPD patients. The next step in this investigation is to confirm the 

functional relevance of these markers in COPD. This can be achieved by studying the 

efferocytosis and T-cell proliferation functions of alveolar macrophages in the 

presence of NTHi infection. 

6.10. General conclusion:   

NTHi provoked cytokine release from alveolar macrophages in vitro through 

activation of NF-κB and MAPK pathways. NTHi- induced inflammatory responses 

were more corticosteroid unresponsive than LPS-induced responses. NTHi-induced 

CXCL8 was the most corticosteroid unresponsive cytokine. My results highlighted 

the role of NTHi in GR phosphorylation and reduced GR nuclear localisation. 

Inhibitors of p38 and ERK MAPK pathways showed potential synergistic anti-

inflammatory effects with corticosteroids in suppressing NTHi-induced cytokines 

release from alveolar macrophages. Furthermore, NTHi modified alveolar 

macrophage phenotype markers to persist inside the lung. CD36 and HLA-DR were 

particularly downregulated by NTHi. 

My thesis focused on alveolar macrophages. My results suggest the role of 

NTHi infection in corticosteroid unresponsiveness in COPD, through CXCL8 

production. This unresponsiveness could be improved by inhibitors of MAPK 
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pathway. Modification of alveolar macrophage functional polarisation by NTHi 

could be one mechanism of NTHi chronicity and could contribute to disease 

progression. 
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NTHi provokes cytokine release from human alveolar macrophages; COPD versus 

smokers. Alveolar macrophages from COPD  (N=4) and smokers  (N=7) were either 

infected with live NTHi  (R2846) at MOI of 1:1-1000:1 or stimulated with LPS  (1µg/ml). 

TNF-α (A), IL-6 (B), CXCL8 (C) and IL-10 (D) release was measured by ELISA at 2,6 and 24 

hours of infection. Data are presented as Mean±SEM. 
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Appendix 2: 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Signalling pathways of NTHi in COPD alveolar macrophage: Alveolar macrophages 

from COPD patients (N=7) were either stimulated with NTHi (10:1 MOI), LPS (1µg/ml) or 

left unstimulated. Phosphorylation of NF-κB subunit (p65) (A), p38 MAPK (B) and ERK 

MAPK (C) was assessed at 0, 10, 20, 40 and 60 minutes of stimulation by western blot. 

Individual blots are shown. β-Actin was used as a loading control.  
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Appendix 3: 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

The effect of kinase inhibitors and dexamethasone on NTHi-activated signalling 

pathways: Alveolar macrophages from 4 COPD patients were pretreated with BMS-

345541, BIRB-796, AZD6244 or dexamethasone, each at 1µM for 1 hour before stimulation 

with NTHi (10:1 MOI). After 20 minutes, cells were lysed and studied for phosphorylation 

of p65 (A), p38 (B) and ERK MAPK (C) by western blot. Individual blots are shown. β-Actin 

was used as a loading control.  
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Appendix 4: 
 

 

 

 

 

 

 

 

 

 

 

 

 Effect of NTHi on glucocorticoid receptor phosphorylation in COPD alveolar 

macrophages: COPD alveolar macrophages (N=5) were either stimulated with NTHi 

(10:1MOI) or LPS (1µg/ml) for 20 minutes with or without 1-hour pretreatment with 

dexamethasone at 1µM. cells were lysed and assessed for GR phosphorylation at ser 226 (A) 

and ser 211 (B) by Western blot. Individual blots are shown. β-Actin was used as a loading 

control.  
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Appendix 5: 
 

 

 

 

 

 

 

 

 

 

 

 

Role of p38MAPK in NTHi-induced GR phosphorylation in COPD alveolar 

macrophages: COPD alveolar macrophages (N=5) were pretreated with BIRB-796 for 1 

hour before 20 minutes stimulation with NTHi (10:1 MOI). Cell lysates were analysed for 

GR phosphorylation at ser 226 (A) and ser 211 (B) residues by western blot. Individual blots 

are shown. β-Actin was used as a loading control.  
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