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Lay Abstract 

Over 1.1 billion people smoke worldwide and can develop chronic obstructive 

pulmonary disease (COPD), a serious inflammatory disease compromising lung 

function. Additionally, smokers and COPD patients have higher rates of bacterial 

infection. The goal of this thesis is to understand how smoking impacts our ability to 

combat infection. Lung infection in COPD patients causes exacerbation, with worsened 

disease symptoms. Using mouse models, we learned how smoking causes increased 

lung inflammation following bacterial infection, contributing to damage reflective of 

COPD exacerbations, and identified a potential intervention. We elucidated smokers 

may have increased infections due to impaired immune responses in the nose, a major 

pathogen entry point. It is thought smoking reduced beneficial bacteria that counter 

pathogen acquisition in the nose. We confirmed smoking did not impact these bacteria, 

directing research focus towards other ways smokers acquire pathogens. Overall, this 

thesis advanced knowledge and will help efforts to control disease in smokers.  
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Abstract 

 
Over 1.1 billion people smoke worldwide despite the association of smoking with 

numerous diseases including chronic obstructive pulmonary disease (COPD). The 

decline in lung function observed in COPD patients is thought to be related to smoke-

induced inflammation. COPD patients are also at increased risk of acquiring lung 

bacterial infections that are associated with exacerbations, characterized by worsened 

disease symptoms and inflammation. The focus of this thesis is on how cigarette smoke 

impacts bacterial-host interactions and bacterial community interactions to promote 

infection and disease. In chapter 3.1, we sought to understand how cigarette smoke 

primed the lungs towards an amplified inflammatory response to bacterial infection 

reflective of COPD exacerbations that accelerate disease progression. We present a 

novel finding that exacerbated neutrophilia elicited by nontypeable Haemophilus 

influenzae (NTHi) lung challenge in smoke-exposed mice occurred dependent on IL-1α. 

Smokers and patients with COPD are additionally at increased risk of acquiring bacterial 

infection that may be related to impaired containment of nasally colonizing pathogens. 

In chapter 3.2, we found that cigarette smoke predisposed mice to invasive 

pneumococcal disease (IPD) following nasal pneumococcal colonization associated 

with attenuated nasal inflammatory responses. To our knowledge, this is the first study 

to describe the progression from asymptomatic nasal pneumococcal colonization to the 

development of IPD in the context of cigarette smoking. It has been suggested that 

smokers have higher rates of pathogen colonization as a consequence of cigarette 

smoke-induced nasal microbiome dysbiosis. The last study in chapter 3.3 advanced 

knowledge in the field by testing this hypothesis. We observed that cigarette smoke 
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alone did not alter the mouse nasal microbiome and concluded that microbiome 

dysbiosis observed in smokers likely occur as a consequence of nasal pathogen 

colonization. Overall, work presented in this thesis advanced our understanding of how 

cigarette smoking alters bacterial-host interactions to promote infection and disease. 
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CHAPTER 1. INTRODUCTION 

 
1.1. Cigarette smoking and human health 

Cigarette smoking is well known to adversely impact human health1–3. Indeed, smoking 

is associated with a multitude of diseases including chronic obstructive pulmonary 

disease (COPD), cancer, cardiovascular disease, and microbial infection4–6. Thus, all-

cause mortality is higher in current cigarette smokers compared to never smokers, with 

an average loss of up to 12 years of life7,8. Moreover, smokers have higher rates of 

hospitalization and place a greater burden on health care spending as compared to 

never smokers4,9. General morbidity associated with cigarette smoking also extends 

beyond specific diseases. For example, smokers are more likely to self-report poorer 

health than never smokers10,11, and to have higher absenteeism from work4,12. 

 Despite the continuous increase in our understanding of the harmful effects 

associated with smoking, the prevalence of cigarette smoking remains alarmingly high 

worldwide. The World Health Organization estimates that over 1 billion of the world's 

population continue to smoke. While emphasis needs to be placed on efforts to reduce 

smoking prevalence, a greater understanding of the mechanisms that contribute to 

disease is equally relevant, given the highly addictive nature and chronic persistence of 

cigarette smoking. The focus of this thesis is on how cigarette smoking impacts 

bacterial-host interactions to promote infection and disease.  
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1.2. Chronic obstructive pulmonary disease (COPD) 

 
1.2.1. Clinical definition 

COPD is a complex disease defined as "a progressive and largely irreversible airflow 

limitation associated with an enhanced chronic pulmonary inflammatory response to 

noxious particles or gases"13. COPD is a leading cause of morbidity and mortality 

globally14. According to the Global Burden of Disease (GBD) study, there was an 

estimated 328 million people worldwide with COPD in 2010, and COPD was projected 

to be the third leading cause of death by 202015,16. Therefore much effort has been 

spent on understanding COPD disease pathogenesis. 

 The symptoms associated with airflow obstruction in COPD, as measured by 

forced expiratory volume in one second (FEV1) using spirometry, include chronic and 

progressive dyspnea, cough, and sputum production17,18. The decline in lung function is 

associated with obstructive bronchiolitis and emphysema, the relative contributions of 

which may differ between individuals. Obstructive bronchiolitis is a structural narrowing 

of the small airways while emphysema is the destruction of lung parenchyma leading to 

a decrease in lung elastic recoil. Both disease processes are thought to be caused by 

chronic inflammation13. Due to the complexity and chronic nature of COPD, underlying 

mechanisms remain elusive and current therapies, such as corticosteroid treatment, are 

still largely ineffective19.   
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1.2.2. COPD-associated lung pathologies 

Lung function is decreased in COPD patients by the relative contributions of obstructive 

bronchiolitis and emphysema. Obstructive bronchiolitis is characterized by fibrosis in the 

bronchioles, with increased thickness of the airway wall (epithelial metaplasia, 

increased smooth muscle, goblet cell hyperplasia, and submucosal gland hypertrophy). 

At the same time, inflammatory exudate accumulates in the lumen, consisting of 

neutrophils, macrophages, T lymphocytes, and B cells. The levels of these inflammatory 

cells increase with disease progression20,21. The resulting narrowing of the airways 

causes airflow obstruction.  

 On the other hand, emphysema in COPD patients is characterized by the 

destruction of lung parenchyma and can be either panacinar or centrilobular22. 

Destruction of lung tissue, specifically elastin, impairs lung elasticity and contributes to 

airflow limitation23. The progression of both obstructive bronchiolitis and emphysema in 

COPD is thought to be related to an amplification of the pulmonary inflammatory 

response normally elicited by cigarette smoke exposure in a subset of smokers24,25. 

However, the process by which smokers develop COPD is incompletely understood and 

remains an area of intense research. 

 
1.2.3. Inflammatory processes associated with smoking 

COPD develops in an estimated 15% of smokers, although this proportion has been 

suggested to be higher24,26. A more recent study found the development of airflow 

limitation in 33% of male and 24% of female continuous smokers27. Smoking, even in 

healthy individuals, increases the total cell number recovered from the bronchoalveolar 

lavage (BAL), with an increase in the levels of macrophages and neutrophils. 
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Correspondingly, numerous inflammatory mediators are also increased, including 

monocyte chemotactic protein (MCP)-1, interleukin (IL)-828,29, IL-1β, IL-629, and the 

neutrophil survival promoting granulocyte macrophage colony stimulating factor 

(GMCSF)30,31.  

 The inflammatory response induced by cigarette smoking leads to lung tissue 

damage. Neutrophils release neutrophil elastase (NE), which degrades connective 

tissue. Higher concentrations of elastase are found in the induced sputum of smokers, 

correlating with the increased proportion of neutrophils32. Smokers have also been 

shown to have increased plasma levels of both NE and the fibrinopeptide A-containing 

fragment (A-alpha-1-21), a specific product of NE, suggesting higher levels of NE 

activity33,34. Other proteases increased in smokers include the extracellular matrix 

degrading enzymes matrix metalloproteinases (MMPs)35. Smokers have higher induced 

sputum concentrations of MMP-9 as compared to controls, with a simultaneous 

decrease in the tissue inhibitor of metalloproteinase (TIMP) -136. Lastly, cigarette smoke 

exposure induces oxidative stress in the lungs as assessed by higher levels of 8-

isoprostane in both induced sputum and exhaled breath condensate37,38. A higher 8-

isoprostane level is considered a measure of lipid peroxidation by reactive oxygen 

species (ROS) and an indication of oxidative injury39. The inflammatory response 

elicited by cigarette smoke exposure is further amplified in COPD patients with 

contribution from both innate and adaptive immune processes. 

 
1.2.4. Innate immune processes associated with COPD 

Alveolar macrophages (AMs) are resident innate immune cells of the lungs and are 

directly exposed to the external environment. Thus they are considered the first line of 
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defence against invading pathogens and respond to stimuli through the production of 

critical inflammatory mediators. AMs also carry out the phagocytosis of bacteria and 

apoptotic cells40. However, AMs are considered an important source of inflammatory 

mediators, such as TNF-α, IL-8, CXC chemokines, MCP-1, LTB4, and ROS, that 

contribute to COPD pathogenesis25. AMs isolated from COPD patients also degrade 

more elastin through cysteine and serine proteases, as well as MMPs43. Of note, MMP-

1, MMP-9, and MMP-12 are elevated in COPD patients44–46. COPD patients with 

emphysema have higher macrophage numbers in both the air space and lung tissue as 

compared to healthy smokers41. The number of macrophages in the airways also 

correlates with disease severity42. Thus AMs are thought to be a critical source of 

inflammatory mediators that simultaneously amplify cellular inflammation while causing 

lung tissue damage. 

 It is thought that chemokines released by AMs in response to cigarette smoke 

recruit neutrophils, a hallmark of COPD47. Neutrophil recruiting chemotactic factors in 

COPD include leukotriene B4 (LTB4), IL-8, and related CXC chemokines such as 

CXCL-1 and CXCL-525,48,49. Normally, neutrophils are rapidly recruited to bacterial 

infection sites to phagocytose and destroy pathogens via ROS generation and the 

release of NE, cathepsins, and antibacterial proteins50. However, in the case of COPD, 

neutrophils contribute to tissue destruction through the release of NE, cathepsin G, 

proteinase-3, MMP-8, and MMP-925. Both sputum IL-8 and NE concentrations have 

been shown to correlate with disease severity as measured by airflow limitation32,51. 

Similarly, disease severity is associated with neutrophil numbers in bronchial biopsies42. 

An increase in sputum neutrophil levels also correlated with a rapid decline in lung 
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function as determined by FEV1
52. Additionally, neutrophils accumulated in the lungs of 

COPD patients are activated, as indicated by the presence of myeloperoxidase and 

neutrophil lipocalin in the sputum supernatant53. Myeloperoxidase contributes to tissue-

damaging oxidative stress by generating hypochlorous acid and nitrating tyrosine 

residues25,54,55. Lastly, depletion of neutrophils in cigarette smoke-exposed mice 

prevented the increase of the elastin and collagen breakdown markers, desmosine and 

hydroxyproline respectively, further supporting a role for neutrophils in smoke-induced 

lung damage56.  

 Macrophages and neutrophils recruited to the lungs in COPD patients produce 

ROS such as superoxide anions (O2.-), hydrogen peroxide (H2O2), hydroxyl radicals 

(.OH), and peroxynitrite57. The resulting oxidative stress contributes to lipid, protein, and 

DNA damage25. COPD patients have higher levels of oxidative stress than healthy 

asymptomatic smokers, as assessed by 8-isoprostane measurements in the sputum 

and H2O2 levels in the exhaled breath condensate. 8-Isoprostane levels also correlates 

with sputum neutrophil counts, smoking history, and COPD severity37,58. Additionally, 

ROS activate the pro-inflammatory transcription factor NF-κB, and may further amplify 

established cigarette smoke-induced inflammation59.  

 
1.2.5. Adaptive immune processes associated with COPD  

 Adaptive immune responses become more prominent in severe COPD, with an 

increase in T cells and B cells and the appearance of lung lymphoid aggregates60. 

There are more CD8+ than CD4+ T cells in patients with COPD, and a T lymphocyte 

accumulation in the lung tissue is mostly observed in smokers with emphysema rather 

than asymptomatic smokers61,62. CD8+ T cells, likely recruited by epithelial CXCL-10 
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expression, potentially contribute to lung damage and subsequent emphysema through 

the release of perforins and granzyme-B which cause cytolysis and apoptosis of 

epithelial cells25,63,64. In support of this hypothesis, T-cells isolated from cigarette smoke-

exposed mice mediated antigen-dependent tissue destruction reflective of emphysema 

when transferred to naive mice65. B cells are also markedly increased in late stage 

COPD, corresponding with the appearance of lymphoid aggregates60,66. These 

structures in COPD patients are described to contain mainly B cells, with some follicular 

dendritic cells scattered throughout, and surrounded by mostly CD4+ T cells. Moreover, 

markers of cell proliferation (Ki-67) and activation (CD40) suggest early germinal center 

activity66. Possible sources of antigens for adaptive immune responses may be 

microbial derived, as COPD patients become colonized with bacteria67. Cigarette smoke 

itself also contains immunogenic proteins68. Additionally, breakdown products from the 

extracellular matrix, such as elastin fragments, may stimulate antibody responses69. 

 
1.3. Cigarette smoke-induced inflammation 

 

1.3.1. Animal models  

Current treatment options for COPD remain largely ineffective. A further understanding 

of the mechanisms underlying cigarette smoke-induced inflammatory responses may 

contribute to the development of novel and more effective therapeutic intervention 

strategies. However, COPD is a chronic and heterogeneous disease associated with 

decades of cigarette smoke exposure in humans. Further complications arise from co-

morbidities such as cardiovascular disease, diabetes, and lung cancer70. For these 

reasons, it has been difficult to reproduce all aspects of COPD in cigarette smoke-
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exposed animal models. Nevertheless, some key features of COPD can still be 

modeled and studied to dissect underlying mechanisms.  

 The mouse model is the most widely used for several reasons including the well-

studied mouse genome, low cost, easy management, and the availability of transgenic 

strains, as well as antibodies and reagents. Evidence of airway damage and 

remodelling, vascular remodelling, and lymphoid aggregate formation has been 

observed in mice following long term cigarette smoke exposure, usually after 6 

months71. The most profound and consistent feature of mouse models of cigarette 

smoke exposure, however, is the induction of a lung inflammatory response 

characterized by increased BAL levels of neutrophils and macrophages. Inflammation 

induced by our whole body cigarette smoke exposure system manifests as early as 4 

days following cigarette smoke exposure72. Given that the neutrophilic inflammatory 

response elicited by cigarette smoke exposure is considered to contribute to lung 

damage and COPD disease progression73,74, the mouse model is most suitable for 

investigating the cellular and molecular mechanisms underlying cigarette smoke-

induced inflammation.  

 
1.3.2. Mechanisms of cigarette smoke-induced inflammation 

The role of various signalling pathways in cigarette smoke-induced inflammation, 

including toll-like receptor (TLR) -4, IL-17A, IL-18, and IL-1, have been examined75–77. 

The focus of this thesis is on IL-1 signalling pathway-dependent cigarette smoke-

induced inflammation. Activation of the IL-1 receptor 1 (IL-1R1) leads to myeloid 

differentiation primary response gene 88 (MyD88)-dependent signalling and promotes 

pro-inflammatory gene transcription through NF-кB and mitogen-activated protein 
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kinase (MAPK) activation78. Two cytokines can activate the IL-1R1, including IL-1α and 

IL-1β79. Precursor IL-1α is biologically active as a 31kDa protein80. In contrast, IL-1β is 

initially synthesized as pro-IL-1β (also 31kDa), which is biologically inactive and requires 

proteolytic cleavage by the cysteine protease caspase-1 for its activation81. Caspase-1 

is in turn activated by the inflammasome, a multi-protein complex consisting of a 

member of the Nod-like receptor (NLR) family and the adaptor protein apoptosis-

associated speck-like protein (ASC)82,83. Inflammasome activation is triggered by 

diverse stimuli including microbial components and dying cells84. 

 Treatment with an anti-IL-1β antibody in low dose cigarette smoke-exposed mice 

was sufficient to attenuate macrophage accumulation in the BAL85. Cigarette smoke-

induced neutrophilia was also shown to be both TLR-4 and IL-1R1 dependent. In 

addition, cigarette smoke condensate (CSC) stimulation of bone marrow-derived 

macrophages induced both IL-1α and IL-1β production75. Adding to these findings, 

Churg et al found that the cigarette smoke-induced markers of lung damage, desmosine 

and hydroxproline, were reduced in IL-1R1 knockout (KO) mice and that administration 

of a caspase-1 inhibitor attenuated both cigarette smoke-induced neutrophilia measured 

in the BAL and serum IL-1β levels86. These data suggest that the initiation of cigarette 

smoke-induced inflammation is dependent on IL-1 signalling, although it is unclear 

whether the process is IL-1α or IL-1β dependent. Using anti-IL-1α and anti-IL-1β 

antibodies, a role for both IL-1 cytokines was demonstrated in cigarette smoke-induced 

neutrophilia, although the process was unaffected in Nlrp3 KO or caspase-1 KO mice87. 

This suggested the possible role of IL-1α in cigarette smoke-induced inflammation. Our 

laboratory had shown that although both IL-1α and IL-1β were increased in COPD 
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patients and cigarette smoke-exposed mice, only anti-IL-1α, and not anti-IL-1β, antibody 

treatment attenuated cigarette smoke-induced neutrophilia in mice. This indicated, for 

the first time, that cigarette smoke-induced inflammation may be exclusively IL-1α 

dependent, although further confirmation studies are warranted. IL-1R1 chimeric mouse 

data from the same study also suggest that it is IL-1R1 activation within the structural 

cell compartment, likely the epithelium, that mostly contributes to cigarette smoke-

induced neutrophilia88. However, the cellular source of IL-1α acting on the epithelium 

remains to be elucidated. 

 
1.4. COPD and bacterial infection 

 

1.4.1. Cigarette smoke and lung bacterial colonization 

Cigarette smoke exposure is thought to alter bacterial-host interactions to facilitate lung 

bacterial colonization and inflammation in smokers and patients with COPD. 42% of 

healthy smokers were found to be culture positive for potentially pathogenic bacteria 

from either the BAL or bronchial brushings, while non-smokers were culture negative. 

Moreover, the presence of these pathogens was associated with increased levels of 

TNF-α, IL-8, and increased percentages of neutrophils in the BAL89. Similar to smokers, 

40% of COPD patients were found to be colonized with potentially pathogenic bacteria 

in their lungs by culturing methods, most frequently with Haemophilus influenzae, 

Streptococcus pneumoniae, and Moraxella catarrhalis90. Although lung microbiota 

analyses found no significant differences overall between smokers and non-

smokers91,92, the lung microbiota profile of COPD patients is altered, with an increase in 

bacteria from the phyla Firmicutes and Proteobacteria, which contain potential 
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pathogens92–94. Mechanistically, cigarette smoke-induced mucus hypersecretion and 

plugging may trap aspirated bacteria in the lungs, allowing more bacterial colonization in 

the lungs20,95. Bacterial persistence could also be due to a decreased ability of AMs to 

phagocytose and mount appropriate cytokine responses to bacterial pathogens96,97. It 

has been hypothesized that potential pathogenic bacteria such as H. influenzae induce 

a more robust overall inflammatory response than commensal organisms that may drive 

chronic inflammation in smokers and patients with COPD95,98. Indeed, the presence of 

these bacteria in stable COPD patients is associated with increased lung neutrophilic 

inflammation compared with COPD patients without bacterial colonization99. 

Furthermore, airway inflammation increased with higher bacterial load, attributable to H. 

influenzae presence100. 

 
1.4.2. Bacterial exacerbations of COPD 

The normal course of COPD is punctuated by periods of exacerbations, which 

accelerate disease progression as measured by the degree of airflow limitation101,102. 

Clinically, COPD exacerbations are defined as periods of worsened disease symptoms, 

such as dyspnea, cough, and sputum production, beyond day to day variation requiring 

a change in current medication. Exacerbations are characterized by increased 

neutrophilia, as well as sputum concentrations of the neutrophil recruiting inflammatory 

mediators IL-8 and LTB4, above levels of stable disease103,104. Exacerbations have been 

associated with environmental pollutants, as well as viral and bacterial infections105. 

Chronic lung bacterial colonization increases the frequency of acquiring exacerbations, 

and more frequent exacerbations correlated with faster lung function decline67,101. 

Bacterial infection accounts for 50% of exacerbation cases, with H. influenzae the most 
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frequently identified bacteria at 20-30% of exacerbations, followed by S. pneumoniae 

and M. catarrhalis106. However, the lung microbiota composition during stable COPD 

and exacerbations were comparable107. It is thought that the acquisition of new strains 

of H. influenzae, S. pneumoniae, and M. catarrhalis, rather than changes in the lung 

bacterial community, cause disease exacerbation95,108. Exacerbations associated with 

these new bacterial strains had higher levels of sputum inflammatory markers, including 

TNF-α and NE109. These observations highlight that bacterial lung infection can further 

amplify the inflammatory response already present, leading to increased lung damage 

that accelerate irreversible airflow limitation. 

 The evidence presented above suggests that amplified neutrophilia beyond 

levels observed during stable disease occur in bacterial exacerbations of COPD. 

Furthermore, the degree of the neutrophilic response often correlates with lung damage 

and disease severity in COPD. Our laboratory has previously established a mouse 

model where cigarette smoke exposure exacerbated the lung neutrophilic response to 

nontypeable Haemophilus influenzae (NTHi) infection110. In chapter 3.1 of this thesis, 

we investigated the specific mechanisms underlying this exacerbated inflammation. Of 

particular interest is the previously established role of IL-1α, which acts on IL-1R1 in the 

structural cell compartment, likely epithelial cells, to drive the neutrophilic inflammatory 

response induced by cigarette smoke exposure alone88. Given the important role of 

AMs as both lung resident immune cells and a crucial source of inflammatory mediators 

for COPD disease pathogenesis, we first hypothesize that the cellular source of IL-1α 

induced by cigarette smoke exposure is the AM. Previous studies from our laboratory 

also observed a skewed inflammatory mediator expression profile of AMs from cigarette 
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smoke-exposed mice upon bacterial ligand challenge111. We next hypothesize that AM 

IL-1α expression is further amplified in cigarette smoke-exposed mice following NTHi 

challenge, and that the observed exacerbated neutrophilia in response to both stimuli is 

IL-1α dependent. Data included in chapter 3.1 increase our understanding of an 

important process that drive COPD disease progression, and may contribute to the 

development of novel intervention strategies.   

 
1.5. Cigarette smoking and risk of bacterial infection 

Established lung bacterial infections contribute to COPD exacerbations and accelerate 

disease progression. However, COPD patients are additionally at increased risk of 

acquiring bacterial infection. The epidemiological evidence for cigarette smoking as a 

risk factor for various bacterial infections is overwhelming. Cigarette smoking has long 

been associated with community acquired pneumonia (CAP), with an increase in the 

odds ratio for developing CAP dependent on the number of cigarettes smoked per 

day112. Smokers are also at increased risk of Legionnaires disease and 

tuberculosis113,114. Moreover, the increased risk for bacterial infection extends beyond 

the respiratory tract as cigarette smoking is also found to be associated with 

meningococcal disease, otitis media, periodontal disease, bacterial vaginosis, and 

invasive pneumococcal disease (IPD)115–119. Cigarette smoking may increase the 

incidence of bacterial infectious disease by altering the upper respiratory tract (URT) 

host defence, and colonization resistance provided by the nasal microbiome, although 

underlying mechanisms are complex and remain incompletely understood.  
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1.5.1. Bacterial colonization of the upper respiratory tract 

It has been established that the lungs are not sterile, even in healthy individuals. 

Moreover, bacterial populations found in the lungs resemble that of the URT, with a 

lower biomass, suggesting that microbes are constantly being introduced to the lungs 

from the URT120. The URT is colonized by a commensal bacterial microbiome that 

frequently includes opportunistic pathogens, such as H. influenzae and S. pneumoniae, 

even in healthy individuals121,122. Not surprisingly, the increased incidence of lung 

colonization by potentially pathogenic bacteria found in smokers is mirrored by higher 

recovery rates of the same bacteria colonizing their nasopharynx123. Nasal colonization 

by some opportunistic pathogens, such as S. pneumoniae, are clinically asymptomatic, 

but disease is established when bacterial invasion into other tissue sites, such as the 

lungs, occur124. Physical and mechanical barriers, as well as the pathogen-induced 

nasal inflammatory response are critical to the containment of pathogenic bacterial 

colonization at the URT. A compromised URT host response may therefore explain how 

smokers and COPD patients are at increased risk of acquiring lung bacterial infections, 

which cause exacerbations in COPD patients with detrimental consequences. Despite 

this, the impact of cigarette smoke exposure on the URT inflammatory response to 

bacteria remain largely unexplored, and further studies are warranted. 

 
1.5.2. Cigarette smoking and the upper respiratory tract host defence 

A critical first line of defence against bacterial infection from colonizing pathogens is the 

physical barrier of the respiratory tract, consisting of a mucus layer, the respiratory 

epithelium of columnar cells with and without cilia, goblet mucus cells and basal cells, 

and the basement membrane125. Aside from the nasal entrance, nasopharynx, pharynx, 
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and larynx that are covered by squamous epithelium, the rest of the upper airways 

surface is covered by ciliated epithelium. The specialized neuroepithelium of the 

olfactory area also lack cilia126. Epithelial cells are physically connected through tight 

and adherence junctions that prevent pathogen entry across the epithelium127. Cigarette 

smoke exposure decreases tight junction protein transcription and disrupts cell-cell 

contacts, compromising the epithelial barrier integrity which may facilitate paracellular 

pathogen invasion128,129. 

 Ciliated regions of the airways contain goblet cells and submucosal glands that 

secrete mucus, a viscous mixture composed of glycoproteins, proteoglycans, lipids, and 

other proteins126,130. Mucus forms a layer over the epithelium to trap noxious 

substances, particles and microbes, preventing contact of infectious microbes with the 

epithelium. Mucus trapping of pathogens also limits their access to the lower respiratory 

tract and allows for ciliary transport towards the nasopharynx, where microbes can be 

swallowed125,131. The synchronized beating of cilia and mucus production at the airway 

epithelium together contribute to mucociliary clearance, a critical aspect of the 

respiratory host defence against microbial infection132. The efficiency of mucociliary 

clearance is dependent on the amount and composition of mucus produced, cilia length 

and density, as well as ciliary beat frequency126. Therefore, any perturbation of mucus 

production and cilia function may increase the time period of contact between the nasal 

mucosa and potential infectious microbes, increasing the risk of pathogen colonization 

and subsequent infection. 

 There is evidence to suggest that cigarette smoke exposure alters many 

properties of respiratory mucociliary function that may lead to impaired nasal clearance 
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of pathogenic bacteria. Smokers develop goblet cell hyperplasia and are prone to 

developing chronic mucus hypersecretion133,134. In addition, mucus from smokers are 

more dehydrated compared to non smokers, possibly due to cigarette smoke's effects 

on airway ion channel function and mucin production, which modulate mucus 

rheology135–137. This increase in mucus viscosity makes it more difficult to transport by 

ciliary clearance and causes mucus stasis136. Exposure to cigarette smoke extract in 

vitro decreases both mouse nasal septal epithelium cell ciliogenesis and cilia length138. 

Not only is there a loss of ciliated epithelial cells, smokers also have significantly 

decreased nasal ciliary beat frequency139,140. Finally, functional tests show impaired 

mucociliary clearance in smokers as assessed by saccharin nasal transit time, defined 

as the amount of time it took for saccharin placed on the inferior nasal turbinate to be 

tasted following transport via nasal clearance141. Thus, mucus stasis induced by 

cigarette smoking is thought to facilitate bacterial colonization of the respiratory 

epithelium and increase the risk of bacterial infections. Indeed, a mouse model of 

mucus stasis show increased susceptibility to respiratory tract infection142. 

 In addition to increasing the time period of contact between potential bacterial 

pathogens and the epithelium by causing mucus stasis, cigarette smoke exposure also 

increases direct bacterial adherence to host cells, and may thus facilitate the 

establishment of pathogen colonization143,144. For example, S. pneumoniae is known to 

bind several host receptors including the platelet activating factor receptor (PAFR)145–

147, the expression of which is increased in the lungs of smokers and cigarette smoke-

exposed mice148. S. pneumoniae interacts with the PAFR via a phosphorycholine 

moiety (ChoP) that mimics the molecular structure of platelet activating factor, the 
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endogenous ligand to PAFR149. After adherence, S. pneumoniae has been shown to 

invade host cells through the PAFR following cell activation by several cytokines, 

including IL-1α. Moreover, IL-1 administration to rabbits increased lung pneumococcal 

burden in a PAFR-dependent manner147. Pre-treatment with a PAFR antagonist also 

attenuated lung infection with ChoP-containing strains of Pseudomonas aeruginosa in 

mice150.  

 
1.5.3. Cigarette smoking and pneumococcal infection 

Much interest has been placed in the nasally colonizing opportunistic pathogen S. 

pneumoniae, or the pneumococcus, which is the second most frequently isolated 

bacteria associated with COPD exacerbations106. S. pneumoniae is also a leading 

cause of CAP, and associated with invasive infections such as bacteraemia and 

meningitis, contributing significantly to morbidity and mortality worldwide 151–153. This 

Gram-positive bacteria behaves as a commensal in the URT, colonizing the nasal 

mucosa of up to 18% of adults154. The bacteria can persist for weeks before clearance 

but nasal colonization alone does not lead to disease155. However, nasal colonization is 

considered a requirement for bacterial dissemination into other tissue sites and the 

subsequent development of pneumonia and IPD124. Smokers are at increased risk of 

acquiring CAP and cigarette smoking is a strong, independent risk factor for the 

development of IPD112,119,156,157. Smokers are over-represented in a population of IPD 

patients at 58%, as compared to 24% of control healthy individuals119. Interestingly, 

there is a dose-dependent relationship between the number of cigarettes smoked per 

day and the odds ratio for acquiring both CAP and IPD112,119. The susceptibility of 
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smokers to pneumococcal infections may be explained by the impact of cigarette smoke 

exposure on the URT host defence. 

 S. pneumoniae activates TLR-2 signalling that is thought to initiate nasal 

inflammatory responses. TLR-2 deficiency significantly decreased survival following 

nasal pneumococcal colonization in mice158. Pneumococcal nasal colonization in mice 

induces rapid neutrophil recruitment to the nasal spaces. However, this neutrophilic 

response is not sufficient to clear the colonizing pneumococci, likely due to the 

presence of the pneumococcal capsule that resists neutrophil killing159,160. Following the 

resolution of neutrophilia, there is a consistent and prolonged macrophage recruitment 

which is critical for the control and clearance of pneumococci over the course of several 

weeks. Macrophage recruitment was found to be both TLR-2 and Th17-dependent161. 

Although the impact of cigarette smoke exposure on the bacterial host response has 

been studied extensively in the lungs, little is known about cigarette smoke's effects on 

the URT. It remains to be investigated whether cigarette smoke impacts nasal 

inflammatory responses against S. pneumoniae that may impair the control of 

pneumococcal colonization at the nasal mucosa, predisposing to bacterial 

dissemination into other tissue sites such as the lungs. 

 Despite the well-documented association between cigarette smoking and 

pneumococcal infections, underlying mechanisms remain elusive, partly due to a lack of 

animal models incorporating nasal pneumococcal colonization with cigarette smoke 

exposure. In chapter 3.2, we sought to establish a mouse model of cigarette smoke 

exposure over the course of nasal pneumococcal colonization. This model allowed us to 

investigate mechanisms predisposing smokers to pneumococcal infections by 
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examining the progression from an asymptomatic pneumococcal carrier state to the 

establishment of infectious disease. We hypothesize that cigarette smoke exposure 

attenuates nasal inflammatory responses normally induced by S. pneumoniae and 

predisposes mice to bacterial invasiveness into the lungs. Additionally, we postulate that 

the increased incidence of pneumococcal lung invasion in cigarette smoke-exposed 

mice to be dependent on increased PAFR expression and associated with decreased 

nasal mucociliary clearance. Data included in chapter 3.2 increase our understanding of 

cigarette smoke's effects on the bacterial host defence of the upper respiratory tract and 

will help guide future efforts to reduce pneumococcal disease burden.  

 
1.6. The nasal bacterial microbiome 

We are now increasingly aware of the importance of the human bacterial microbiota in 

health and disease. A variety of bacteria colonize the skin as well as mucosal surfaces 

of the body including the oral cavity, gut, vagina, upper respiratory tract, and lungs162–

165. These microbes react to and influence the microenvironment that they occupy as 

they interact with each other and the host, with some beneficial outcomes for the 

host166,167. The microbiota plays an important role in food metabolism, modulates the 

host immune system, and offers protection from pathogen invasion, termed 

"colonization resistance"168–170. Smokers have been observed to have increased 

pathogen acquisition in the URT123. Although this can be explained in part by cigarette 

smoke's impact on the respiratory host defence, another mechanism that may 

contribute to increased pathogen acquisition is perturbation of the nasal microbiota. Of 

note, bacteria are also exposed to cigarette smoke as they colonize the URT. The 
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impact of cigarette smoke exposure on nasal bacterial communities, and how this may 

be related to increased pathogen acquisition, remain unclear. 

 Microbes establish ecological relationships with each other and the specific 

environment of their tissue site, which is reflected in the composition of the specific 

microbial community. For example, although the URT of healthy individuals have been 

found to usually contain bacteria from the phyla Firmicutes, Proteobacteria, 

Actinobacteria, and sometimes Bacteroidetes, within-niche variation occurs from 

individual to individual as a result of microbe-microbe and microbe-host interactions164. 

In the human anterior nares, four distinct microbiota profiles have been observed, each 

with a predominance of bacteria from the genera Corynebacterium, Propionibacterium 

(both phylum Actinobacteria), Moraxella (phylum Proteobacteria), or Staphylococcus 

(phylum Firmicutes)171. Microbes that share similar physical and chemical growth 

conditions, or share cooperative relationships such as cross-feeding and co-

aggregation, may co-occur in the same niche. Others may exhibit exclusion interactions 

due to toxin production, an unfavourable environmental impact on other bacterial 

species, immuno-modulation, or a requirement for similar host adhesion receptors and 

nutrient resources147,166,167,172. An example of co-occurrence is the enrichment of 

Propionibacterium acnes in persistent carriers of Staphylococcal aureus173. An 

explanation for this is that Propionibacterium, which can hydrolyse sebum lipids from 

glands of the anterior naris keratinized squamous epithelium to generate short-chain 

free fatty acids, lowers the pH of the surrounding microenvironment, favouring 

Staphylococcus and Corynebacterium growth174,175. On the other hand, competitive 

interactions between bacteria, such as the production of bacteriocins (secreted bacterial 
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peptides that are active against other bacteria), are emerging as an area of interest as 

they can potentially be applied to prevent pathogen outgrowth176. E. coli H22 has been 

observed to produce several bacteriocins that inhibit Klebsiella pneumoniae and 

Salmonella in vitro, and may be responsible for the reduction of gut Shigella flexneri 

levels in germ free mice177. The URT is constantly exposed to new microbes with 

colonizing potential from both the environment, including airborne or food associated 

microbes, and other tissue sites, such as drainage from the middle ear, sputum from the 

lungs, and regurgitation from the stomach. It is thought that colonization resistance 

provided by competitive interactions of the local microbiota help contain both acquired 

and resident opportunistic pathogens at the URT175. 

 The diverse composition of the microbiota, encompassing both richness (species 

number) and evenness (species distribution), is a feature associated with ecological 

stability over time and health of the host121,175. This association may be related to the 

idea that more taxa add ecological function to the community and also increases the 

redundancy of specific functions. A highly diverse community may therefore be more 

resilient to environmental stress as it has a higher probability of containing a taxon 

resistant to that particular stress and thus more likely to retain that ecological 

function166. Along these lines, a highly diverse ecosystem was observed to be more 

stable over time178. Diversity may be important to the ability of the microbiota to resist 

pathogen acquisition121. Thus a perturbation of microbial diversity may compromise 

colonization resistance. Indeed, dysbiosis, an imbalance of the microbiota composition, 

is associated with many diseases. Children with mild URT infections and colonized with 

the potential pathogens S. pneumoniae, M. catarrhalis, and H. influenzae have 
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decreased nasal microbial diversity, with less abundance of the commensals 

Lactococcus, Anoxybacillus, Corynebacterium and Dolosigranulum, as compared to 

controls179. Similarly, both nasal microbial richness and evenness was decreased in 

children with acute otitis media when compared to healthy children180. Lastly, depletion 

of the resident sinus microbiome in mice was associated with more severe features of 

chronic rhinosinusitis upon administration of the disease associated bacterium 

Corynebacterium tuberculostearicum181. These data suggest that maintaining 

microbiota diversity may be part of the first line of defence to both resist new pathogen 

acquisition and contain resident pathogenic bacteria. 

 
1.7. Cigarette smoking and the nasal microbiome 

Cigarette smoke exposure is an environmental stress that may perturb the balanced 

ecological composition of the URT microbiota. Smokers are reported to have microbial 

dysbiosis that could compromise colonization resistance. In a study examining 

nasopharyngeal bacterial cultures from 20 smokers and 20 non-smokers, increased 

recovery of potential pathogens, including S. pneumoniae, H. influenzae, M. catarrhalis, 

and S. pyogenes, were observed in smokers. Additionally, less bacterial isolates 

(including α-hemolytic streptococci, nonhemolytic streptococci, Prevotella, and 

Peptostreptococcus) capable of competing with the growth of these potential pathogens 

in vitro were found in the resident microbial flora of smokers, with fewer instances of 

interference as compared to non-smoker microbiota123. Highly sensitive, global 

sequencing approaches also confirm an increase in the presence of potential pathogens 

such as S. aureus and Haemophilus in the URT of smokers. Other Firmicutes, including 

Streptococcus, have increased abundance in both the nasopharynx and the middle 
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meatus of smokers while a reduction in Actinobacteria, such as P. acnes and 

Corynebacterium was observed164,182. Of note, Corynebacterium presence may be 

protective for otitis media and was associated with decreased S. pneumoniae URT 

colonization183. In addition, smokers who underwent smoking cessation for 12-15 

months had reduced occurrences of nasopharyngeal pathogen isolation and restored 

presence of pathogen-interfering microbial flora bacterial isolates, further suggesting an 

effect of cigarette smoke on nasal microbiota composition184. It is plausible that cigarette 

smoke may facilitate pathogen colonization by introducing microbiota dysbiosis and 

compromising colonization resistance at the URT. Increased incidences and duration of 

nasal pathogen colonization, in turn, may contribute to the increased risk of bacterial 

infectious disease, such as IPD, observed in smokers. 

 There are multiple reports that cigarette smoke exposure increases the risk of 

pneumococcal nasal colonization in humans185–187. Although this may be attributable to 

the nasal microbiota dysbiosis observed in smokers, current studies (outlined above) 

are mostly descriptive and cross-sectional. For example, the URT microbiota analysis of 

smokers mostly assess microbial composition when the pathogen acquisition event has 

already taken place. Hence, it is unclear whether the microbial dysbiosis (as compared 

to non-smokers without pathogen acquisition) is present prior to pathogen exposure in 

smokers, therefore linking microbial dysbiosis with increased risk of  pathogen 

acquisition, or if changes in microbiota composition actually occurred as a consequence 

of the establishment of pathogen colonization. Thus the impact of cigarette smoke 

exposure on the URT microbiota composition is difficult to interpret without appropriate 

controls to assess the impact of pneumococcal exposure alone. Along these lines, a 
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human experimental nasal pneumococcal carriage model showed that pneumococcal 

challenge alone was sufficient to decrease Corynebacterium abundance in the nasal 

wash as compared to baseline microbial composition prior to pneumococcal 

exposure188. Furthermore, a loss of nasal microbiota diversity was observed in mice 

upon nasal pneumococcal colonization, with a transient dominance of pneumococci189. 

Although highly informative, other limitations of descriptive, cross-sectional studies 

include the inability to control for differences in environmental exposure and timing of 

pathogen acquisition between individuals. Therefore, experimental models to 

investigate nasal pneumococcal colonization and microbiota composition in the context 

of cigarette smoke exposure are warranted.  

 In chapter 3.2, we characterized a model of nasal pneumococcal colonization in 

cigarette smoke-exposed mice, which allows us to control the duration of cigarette 

smoke exposure and timing of colonization. This model provides us with a powerful tool 

to understand the relationship between nasal microbiota composition and 

pneumococcal colonization in the context of cigarette smoke exposure. In chapter 3.3, 

we hypothesize that cigarette smoke exposure causes nasal microbiome dysbiosis in 

mice associated with increased nasal pneumococcal colonization upon experimental 

nasal pneumococcal challenge. To our knowledge, this is the first study to investigate 

the link between nasal microbiome dysbiosis and nasal pathogen colonization in the 

context of cigarette smoke exposure. The studies presented in chapter 3.3 increase our 

understanding of the impact of cigarette smoke exposure on bacterial community 

interactions, and may contribute to the continued efforts to reduce infectious disease 

burden. 



Ph.D. Thesis - Pamela Shen  McMaster University - Medical Sciences 

25 
 

 
1.8. Central paradigm 

Cigarette smoke exposure is well documented to predispose to bacterial infections. 

Furthermore, once acquired, lung bacterial infections accelerate progression of the 

smoking-related respiratory disease COPD by further amplifying the pre-existing 

inflammatory response. Acquired lung infections in smokers may be related to an 

inability to control colonizing bacterial pathogens at the URT. Of note, smokers also 

have an increased incidence of pathogen acquisition that may be related to 

perturbations of the nasal microbiota. We postulate that cigarette smoke exposure alters 

bacterial-host interactions, as well as bacterial community interactions, to promote 

infection and disease. To address these ideas, we present the following specific 

hypotheses and studies. 

 
1.9. Specific hypotheses 

1. We hypothesize that cigarette smoke exposure exacerbates the neutrophilic 

response to NTHi lung infection by skewing the lungs towards amplified IL-1α 

expression. 

2. We hypothesize that cigarette smoke exposure attenuates nasal inflammatory 

responses normally induced by S. pneumoniae and predisposes mice to bacterial 

invasiveness into the lungs. Additionally, we postulate that the increased incidence of 

pneumococcal lung invasion in cigarette smoke-exposed mice to be dependent on 

increased PAFR expression and associated with decreased nasal mucociliary 

clearance. 
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3. We hypothesize that cigarette smoke exposure causes nasal microbiome dysbiosis 

associated with increased pneumococcal nasal colonization in mice.  

 
1.10. Study summaries 

Chapter 3.1: We confirmed that cigarette smoke-induced neutrophilia is IL-1α, and not 

IL-1β, dependent utilizing mice deficient in these specific cytokines. Utilizing IL-1α 

chimeric mice, we also showed that IL-1α from the hematopoietic cell compartment, 

likely the AM, is critical to cigarette smoke-induced neutrophilia. We observed AMs from 

cigarette smoke-exposed mice to have an altered inflammatory mediator expression 

profile with increased IL-1α expression in response to NTHi stimulation. Cigarette 

smoke exposure primed the lungs towards exacerbated neutrophilia upon NTHi 

infection. Repeated NTHi infection in cigarette smoke-exposed mice increased lung 

compliance and airspace size, suggesting the exacerbated neutrophilia to cause lung 

damage, consistent with COPD disease progression following an exacerbation. The 

amplified inflammatory response to bacteria was dependent on IL-1R1 and IL-1α, but 

not IL-1β. Downstream of IL-1 signalling, exacerbated neutrophilia correlated with levels 

of CXCL-5 and was CXCR2 dependent. We conclude that cigarette smoke-induced 

inflammation is driven by IL-1α likely expressed by AMs, and that cigarette smoke 

exposure primes the lungs towards amplified IL-1α expression upon NTHi infection, 

leading to an exacerbated neutrophilic response. Our study suggests IL-1α may be a 

relevant therapeutic target for controlling inflammation during bacterial exacerbations of 

COPD.  The study presented in chapter 3.1 has been published in the Journal of 

Immunology. 
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Chapter 3.2: Cigarette smoke exposure attenuated nasal inflammatory mediator 

expression induced by nasal pneumococcal colonization, including TNF-α, CXCL-1, and 

CXCL-2. Furthermore, while S. pneumoniae elicited a significant increase in nasal 

neutrophil levels in  room air-exposed mice, there was no significant increase in smoke-

exposed mice, suggesting that the ability to recruit additional neutrophils may be 

impaired by cigarette smoke exposure. Continuous cigarette smoke exposure over the 

course of nasal pneumococcal colonization predisposed mice to mortality associated 

with IPD. Bacteraemia associated with leukopenia, serum IL-6 presence, and 

inflammatory infiltrates at the meninges indicated mice developed sepsis and 

meningitis. Interestingly, we observed pneumococci in the spleen, but not BAL, in some 

mice. In addition, mice did not show overt signs of pulmonary inflammation, suggesting 

the absence of pneumonia. Imaging studies utilizing a radioactive ligand showed that 

short term cigarette smoke exposure did not compromise nasal clearance or epithelial 

barrier integrity. PAFR or IL-1α deficiency also did not rescue cigarette smoke-exposed 

mice from IPD associated mortality. Mice were completely rescued from IPD following 

smoking cessation during nasal pneumococcal colonization. This was associated with 

increased nasal CXCL-2 and neutrophil levels in the cessation group. Our data suggest 

that cigarette smoke exposure may increase the risk of not only pneumonia, but also 

occult pneumococcal bacteraemia. Mechanistically, we propose cigarette smoke to 

attenuate a pro-inflammatory environment at the nasopharynx normally induced by S. 

pneumoniae, which hinders recruitment of crucial cellular effectors required for the 

prevention of IPD. The study presented in chapter 3.2 has been published in Infection 

and Immunity. 
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Chapter 3.3: We observed that cigarette smoke exposure alone did not impact nasal 

microbiome composition in mice. Microbiome composition was also unchanged at an 

early time point (12 h) following low dose nasal pneumococcal inoculation in cigarette 

smoke-exposed mice, suggesting that cigarette smoke exposure did not impair the 

ability of the microbiome to resist initial nasal pneumococcal acquisition. However, 

established high dose nasal pneumococcal colonization in cigarette smoke-exposed 

mice was associated with nasal microbiome dysbiosis. Notably, we observed an 

enrichment in other potential pathogens including Fusobacterium, Gemella, and 

Neisseria. Our findings suggest that clinical observations of nasal microbiome dysbiosis 

in smokers may occur as a consequence of increased pathogen colonization. Thus, 

cigarette smoke exposure may increase nasal pneumococcal colonization by impacting 

other aspects of bacterial-host interactions independent of nasal microbiome 

composition. The study presented in chapter 3.3 is in preparation for submission to 

Infection and Immunity. 

  



Ph.D. Thesis - Pamela Shen  McMaster University - Medical Sciences 

29 
 

CHAPTER 2. MATERIALS AND METHODS 

2.1. Animals 

6-8 week old female BALB/c and C57BL/6 mice were purchased from Charles River 

Laboratories (Saint-Constant, PQ, Canada) and the Jackson Laboratory (Bar Harbor, 

ME) for experiments presented in Chapter 3.1. For all S. pneumoniae studies, 10-12 

week old female C57BL/6 mice were from The Jackson Laboratory only. CXCR2 

knockout (KO) mice on a BALB/c background and IL-1R1 KO mice on a C57BL/6 

background were acquired from the Jackson Laboratory. PAFR deficient mice on a 

C57BL/6 background were a kind gift from Dr. Elaine Tuomanen190. IL-1α KO mice and 

IL-1β KO mice on a C57BL/6 background were a kind gift from Dr. Yoichiro Iwakura 

(University of Tokyo)191 and were bred in house. Mice were housed under specific 

pathogen-free conditions with a light-dark cycle of 12 hours and ad libitum access to 

food and water. All experimental procedures were approved by the Animal Research 

Ethics Board of McMaster University. 

 
2.2. Cigarette smoke exposure 

Mice were exposed to the mainstream smoke from 12 3R4F reference cigarettes 

(Tobacco and Health Research Institute, University of Kentucky, Lexington, KY), with 

filters removed, for 50 minutes, twice daily, at 5 days per week using a whole body 

cigarette smoke exposure system (SIU-48, Promech Lab AB (Vintrie, Sweden)) as 

reported previously72.  Prior to cigarette smoke exposure, mice were acclimatized to the 

restrainers for 20 minutes on the first day, 30 minutes on the second day, and 50 

minutes on the third day. Control mice were exposed to room air only. 
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2.3. Bacterial preparation 

The nontypeable Haemophilus influenzae (NTHi) strain 11P6 is a clinical strain isolated 

from the sputum of a COPD patient experiencing an exacerbation and provided to us by 

Dr. Sanjay Sethi (VA Medical Research, Buffalo, NY). NTHi was streaked on chocolate 

agar plates containing 1% IsoVitaleX (BD Biosciences, Franklin Lakes, NJ).  Single 

colonies were picked and grown to log phase in brain-heart infusion (BHI) broth (Difco, 

Fisher Scientific, Ottawa, ON, Canada) supplemented with Hemin and nicotinamide 

adenine dinucleotide (NAD) (Sigma, Oakville, ON, Canada).  The inoculated BHI + 

Hemin+ NAD broth was maintained on a rotary shaker at 37⁰C until an OD value of 0.7-

0.8 was obtained at a 600nm wavelength.  Colony forming units (CFU) were predicted 

from the OD value based on a previously generated standard curve. NTHi was washed 

three times with PBS, re-suspended in RPMI and diluted to a ratio of 10 CFU/cell (for 

alveolar macrophage culture), or to 106 CFU in 35µl PBS (for intranasal challenge in 

mice). 

 Stocks of S. pneumoniae P1547, a serotype 6A virulent clinical isolate192,193, and 

S. pneumoniae TIGR4, a serotype 4 clinical isolate194,195, were streaked on tryptic soy 

agar (BD Biosciences, Franklin Lakes, NJ) supplemented with 5% sheep’s blood 

(Cedarlane, Burlington, ON, Canada) and neomycin (Sigma-Aldrich, Oakville, ON, 

Canada), at 10µg/ml for P1547 and 5µg/ml for TIGR4. Single colonies were picked and 

grown to log-phase in tryptic soy broth (BD Biosciences, Franklin Lakes, NJ) containing 

neomycin. CFU were predicted from the OD value at 600 nm based on a previously 

generated standard curve. The bacteria were washed three times with PBS, re-

suspended and diluted to the indicated dose in PBS for nasal inoculation into mice. 
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2.4. NTHi lung challenge in mice 

Following the final cigarette smoke exposure, mice were anesthetised with isoflurane 

and administered 106 CFU NTHi in 35µl PBS intranasally. Mice were sacrificed 12 hours 

post-infection for sample collection. 

 
2.5. Nasal pneumococcal colonization 

Mice were room air- or cigarette smoke-exposed for 1 week prior to nasal 

pneumococcal colonization. Following cigarette smoke exposure on day 1 of the second 

week, mice were intranasally inoculated, in the absence of anaesthesia, with 10µl 

containing the indicated strain and dose (CFU) of S. pneumoniae. Mice continued to be 

cigarette smoke-exposed post-nasal colonization without interruption. Mice were given 

HydroGel® and placed on heating pads following each cigarette smoke exposure for the 

first 3 days post bacterial inoculation to facilitate establishment of nasal colonization.  

 
2.6. Survival studies 

According to the Canadian Council on Animal Care Guidelines, the death of 

experimental animals is considered unethical. Therefore, mice were subjected to 

endpoint monitoring based on criteria predetermined in our Animal Utilization Protocol. 

Briefly, animals were scored based on appearance, behaviour, hydration status, and 

clinical signs, as reported in detail previously196. Mice were considered to be at endpoint 

when presenting with a score higher than 9 or greater than 20% weight loss at two 

consecutive readings 4 hours apart. Mice reaching endpoint were sacrificed for sample 

collection for the indicated duration of the survival study. Surviving mice were sacrificed 

on the indicated end date of the study. 
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2.7. Sample collection 

Mice were sacrificed for the collection of nasal wash, complete nasal turbinates (CNT), 

and bronchoalveolar lavage (BAL), as well as the generation of lung, brain and spleen 

homogenates. Briefly, the trachea was canulated and nasal wash collected from the 

nares by instilling 200µl PBS through the trachea. The multi-lobe right lung was tied off 

prior to BAL collection. To generate BAL, the left lung lobe was instilled with 250μl, then 

200μl of PBS. Lung homogenates were generated in 1ml of PBS from the unlavaged 

right lung lobes using a Polytron PT 2100 homogenizer (Kinematica, Switzerland) at 

21,000-25,000 rpm for 3-6 seconds. Similarly, brain and spleen homogenates were 

generated using the entire organ. 

 
2.8. Bacterial burden determination 

To assess NTHi burden, samples were plated on chocolate agar containing 1% 

IsoVitaleX. To assess S. pneumoniae burden, samples were plated on tryptic soy agar 

supplemented with sheep's blood (5%) and neomycin (10µg/ml for strain P1547, 5µg/ml 

for strain TIGR4). Bacterial CFU were counted following 24 hour incubation at 37⁰C. 

 
2.9. Determination of cellular inflammation 

Total cell numbers in the BAL and blood were determined using a haemocytometer. 

BAL cytospins and blood smears were generated and stained with Hema 3 

(Biochemical Sciences, Swedesboro, NJ). 500 and 200 cells were counted per slide to 

determine the relative proportion of mononuclear cells and neutrophils in the BAL and 

blood, respectively.  
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2.10. Cytokine measurement by ELISA 

Cytokine levels in the BAL fluid (CXCL-1 and CXCL-2), lung homogenates (IL-1α and 

IL-1β), AM cell supernatants (IL-1α, IL-1β, and TNF-α), and serum (TNF-α and IL-6) 

were determined by enzyme-linked immunosorbent assay (ELISA) (R&D Systems, 

Minneapolis, MN) as per the manufacturer’s instructions.  

 
2.11. Taqman real-time RT-qPCR 

Nasal wash was performed with RLT lysis buffer (Qiagen, Mississauga, ON, Canada) 

as previously described158. Lung tissue and precision cut lung slices were homogenized 

in RLT lysis buffer. AM cell lysates were also generated with RLT lysis buffer. RNA was 

isolated from samples using the RNeasy Mini Kit with optional DNase step (Qiagen). 

cDNA was synthesized with Superscript II Reverse Transcriptase (Invitrogen, Grand 

Island, NY) and TaqMan real-time RT-quantitative PCR (qPCR) was performed with the 

StepOnePlusTM Real-Time PCR System (Life Technologies Inc., Burlington, ON, 

Canada). Tnfa, Cxcl1, Cxcl2, Cxcl5, Ptafr, and Il1a expression were determined using 

the ∆∆Ct method. Target gene expression was first normalized to the housekeeping 

gene Gapdh of the same sample and subsequently expressed as fold change over the 

indicated control group. 

 
2.12. Macrophage isolation and culture 

BAL fluid was collected after instilling the whole lung with 1 ml PBS.  This process was 

repeated 5 times to maximize cell recovery.  BAL cells were re-suspended in 500μl 

fresh PBS.  AMs were identified and counted using a haemocytometer.  BAL cells were 

re-suspended in RPMI supplemented with 10% FBS (Sigma-Aldrich, Oakville, ON, 
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Canada), 1% L-glutamine, 1% penicillin/streptomycin (Invitrogen, Grand Island, NY), 

and 0.1% β-mercaptoethanol (Invitrogen) and cultured in polystyrene flat-bottomed 96 

well plates at 50,000 AMs per well.  AMs were incubated at 37⁰C and 5% CO2 for 1 hour 

to facilitate adherence.  Non-adherent cells were removed by washing three times with 

warm PBS.  AMs were cultured for 24 hours with RPMI alone, in the presence of 1μg/ml 

Pam3CSK4, 1μg/ml LPS (Invivogen, San Diego, CA), or 10CFU/AM of NTHi.  AM 

supernatants were collected for cytokine measurement by ELISA. To determine IL-1α 

mRNA expression, AMs were cultured with LPS for 4 hours, and cells were collected in 

RLT lysis buffer for subsequent RNA isolation and Taqman real-time RT-qPCR. 

 
2.13. Immunohistochemistry 

Lungs were fixed at 30 cm H2O pressure in 10% formalin after BAL collection. Samples 

were further fixed with formalin for at least 24 hours. The lungs were paraffin embedded 

and 4-µm slices were generated. Tissues were treated in 0.01 M citrate buffer for 45 

minutes to retrieve antigen and incubated for 1 hour with either anti–IL-1α polyclonal 

goat Ab or anti-CXCL5 polyclonal rabbit Ab (R&D Systems) diluted in UltrAb diluent 

(Thermo Scientific, Rockford, IL) at 7 mg/ml. Immunohistochemistry was developed with 

goat on rodent HRP probe (Biocare, Concord, CA) or anti-rabbit Dakocytomation HRP 

(Dako Canada, Burlington, ON, Canada) and counterstained with Meyer’s solution. 

 
2.14. Precision cut lung slice culture 

Lung slices were generated as previously described88. Lungs were inflated with warmed 

(37⁰C) 2% agarose (Sigma-Aldrich) in HBSS supplemented with HEPES (Sigma-

Aldrich). After cooling, the lungs were dissected and maintained in an ice-cold HBSS 
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solution prior to and during slicing. Slices at 120 µm were generated using a vibratome 

(Leica Microsystems, Concord, ON, Canada). We were able to generate approximately 

40 slices from each mouse lung, which were then cultured in Dulbecco’s Modified 

Eagles Medium (DMEM)/F12 (Gibco, Burlington, Canada) supplemented with 35 mg/ml 

L-ascorbic Acid (Sigma-Aldrich), 5 mg/ml transferin (Gibco), 2.85 mg/ml Insulin (Sigma-

Aldrich), and 3.25 ng/ml selenium (atomic absorption standard solution; Sigma-Aldrich). 

Following 0.22 mm filter-sterilization, the DMEM/F12 solution was additionally 

supplemented with 250 ng/ml amphotericin B (Sigma-Aldrich) and 1% 

penicillin/streptomycin. To wash the lung slice culture, media was replaced every hour 

for 3 hours. Lung slices were cultured overnight and stimulated the following day with 

NTHi for 6 hours. Samples were collected in RNA later (Ambion, Austin, TX) and stored 

at -80⁰C for RNA isolation.  

 
2.15. Lung function measurement and assessment of pathology 

Forced oscillation measurements were performed using the FlexiVent ventilator system 

(SCIREQ, Montreal, QC, Canada). Mice were anesthetised with 10mg/kg xylazine 

(BayerHealthcare, Berlin, Germany) and 30 mg/kg sodium pentobarbital (Ceva, Lenexa, 

KS) by intraperitoneal injection. Mice were then immobilized by intraperitoneal injection 

of 10 mg/kg rocuronium bromide (V Laboratories, Montreal, QC, Canada). 

Tracheostomy was performed using a blunted 18-gauge needle. Oxygen saturation and 

heart rate were continuously monitored using an infrared pulse oxymeter (Biox 3700; 

Ohmeda, Boulder, CO). The animal was connected to a computer-controlled Flexivent 

ventilator. All mice were ventilated with 150 breaths/minute, with an applied pressure 

limit of 30 cm H2O. A snapshot perturbation manoeuvre was performed with forced 
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oscillation perturbation consequently applied. Maximal pressure-regulated pressure-

volume loops were generated to obtain maximal vital (total) lung capacity and static 

compliance. Animals were removed from the ventilator and immediately euthanized 

following data collection.   

 Lungs were formalin fixed and paraffin embedded to generate H&E-stained 

slides. Three lung slices were generated for each sample. Each lung section was 

imaged in its entirety, and the airspace size was quantified by Pneumometrics Software 

(version 1) as described197. 

 
2.16. Pathology 

Mice reaching endpoint were anesthetised by intraperitoneal injection with an overdose 

of pentobarbital. The chest cavity was opened to expose the heart and 50 U of heparin 

was injected into the heart apex. Mice were perfused through the heart with lactated 

ringer’s solution first, then with 10% formalin to fix all organs. The heart and brain were 

collected and fixed in formalin for at least 24 hours. In a separate experiment, the single 

lobe lung was fixed at 30cm H2O pressure in 10% formalin following the collection of 

BAL. After fixation in formalin for at least 24 hours, tissues were paraffin embedded, 

sectioned, stained with H&E, and examined by a trained pathologist.  

 
2.17. Gram stain 

Gram stain was performed on heart microlesions based on the Brown and Hopps 

method. Briefly, sections were treated with crystal violet, decolourized so that the blue-

violet stain from Gram-negative bacteria was removed, and counterstained with Fuchsin 

to dye Gram-negative bacteria red.   



Ph.D. Thesis - Pamela Shen  McMaster University - Medical Sciences 

37 
 

 
2.18. Flow cytometry 

Nasal wash samples were stained with fluorescent antibodies by incubation at 4⁰C and 

assayed with a BD LSRII flow cytometer on the same day. Data were gathered with 

FACSDiva software (BD) and analyzed with FlowJo software (TreeStar). 

 
2.19. Imaging  

Room air or cigarette smoke-exposed mice were anesthetised by intraperitoneal 

injection with ketamine/xylazine and nasally inoculated with 99mTechnetium-diethylene 

triaminepentaacetic acid (99mTc-DTPA) (Lantheus Medical Imaging, North Billerica, MA) 

at a time point corresponding to day 3 post-nasal colonization. Dynamic images of mice 

were obtained by SPECT every 30 seconds for 20 minutes to observe distribution of the 

radioligand (X-SPECT system, GammaMedica-Ideas, Northridge, CA). The mean count 

from the nasal region of interest was converted to percent of the highest count (obtained 

in the first frame) for each mouse and expressed as percent maximal activity. A whole 

body scan was performed 30 minutes post-nasal inoculation followed by a whole body 

CT. The upper airway dose of 99mTC-DTPA as a percentage of the whole body 

distribution was compared between room air and cigarette smoke-exposed mice.  

 
2.20. Bacterial genomic DNA extraction and nested PCR amplification 

Mouse CNT was added to 800µl of 200mM monobasic Sodium Phosphate and 100µl of 

guanidine thiocyanate-ethylenediaminetetraacetic acid-Sarkosyl and homogenized with 

0.2 g of 0.1mm glass beads (Mo Bio, Carlsbad, CA) for 3 minutes at 300rpm. DNA was 

extracted using MagMAXTM Express technology and the MagMAXTM DNA Multi-Sample 

Kit according to the manufacturer's instructions (ThermoFisher Scientific, Waltham, 
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MA). Briefly, homogenized samples were mixed with DNA binding beads in 96 well 

plates. Bound DNA was washed, treated with RNAse A, washed again and eluted from 

the beads with elution buffer. 

 Prior to 16S rRNA gene sequencing, nested PCR was performed with Taq 

polymerase (Life Technologies, Carlsbad, CA) to amplify the variable 3 (v3) region of 

the 16S rRNA gene. The first PCR amplification (15 cycles: 94◦C - 30 seconds, 56◦C- 30 

seconds, 72◦C - 60 seconds) targeted the v1-v5 region of the 16S rRNA gene using 

specific primers 8F (AGAGTTTGATCCTGGCTCAG) and 926R 

(CCGTCAATTCCTTTRAGTTT). Product from the first PCR was amplified again in a 

second PCR run (30 cycles: 94◦C - 30 seconds, 47◦C - 30 seconds, 72◦C - 40 seconds) 

to amplify the v3 region, which is the region examined for Illumina MiSeq sequencing. 

The V3R primer used is identical across samples while V3F primers contained 

individual barcodes unique to each CNT sample to allow for multiplex amplification. 

Primer sequences were adapted from Bartram et al198. The PCR reaction was 

performed in triplicate to avoid PCR bias.  

 
2.21. 16S rRNA gene sequencing, processing, and data analysis  

Products from the nested PCR reactions were sequenced with the Illumina MiSeq 

platform according to the manufacturer's instructions at the McMaster University DNA 

Sequencing Facility. Sequencing data were processed as previously described199,200. 

Briefly, reads greater than the length of the 16S rRNA gene v3 region were trimmed 

using Cutadapt201. PANDASeq202 was used to align paired-end reads and 

AbundantOTU+203 was used to cluster reads into Operational Taxonomic Units (OTUs) 

based on 97% similarity. The Ribosomal Database Project classifer204 was used against 
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the Greengenes205 (February 4, 2011 release) reference database to assign taxonomy. 

Single sequence OTUs (i.e. singletons) were removed using Quantitative Insights into 

Microbial Ecology (QIIME)206. On average, there were 11,010 reads per sample (range 

1,201-90,900) and 250 OTUs (range 94-582). 

 Data were analysed with various software. β-diversity between samples were 

assessed with Phyloseq207 using the Bray Curtis distance metric and visualized by 

Principal Coordinates Analysis (PCoA) ordination. Differences between whole bacterial 

communities were tested for significance with vegan's208 implementation of 

permutational multivariate analysis of variance (PERMANOVA) in the adonis command. 

R was used to generate taxonomic summaries. Differences in specific bacterial genera 

were computed with DESeq2209. A p-value of less than 0.01 was considered significant 

following DESeq2's implementation of the Benjamini-Hochberg multiple testing 

adjustment procedure. 

 
2.22. LytA measurement by real-time RT-qPCR 

Real-time RT-qPCR was performed with GoTaq qPCR Master Mix (Promega, Madison, 

WI) and the StepOnePlusTM Real-Time PCR System (Life Technologies Inc., Burlington, 

ON, Canada) following isolation of CNT genomic DNA to assess levels of the S. 

pneumoniae specific gene LytA as previously described210. LytA abundance was 

normalized to levels of the host housekeeping gene Gapdh. Forward and reverse 

primers used for LytA were: forward, 5'-AGTACCAGTTGCCGTCTGTG-3'; reverse, 5'-

AAATGGGGCATTAGCCGTGA-3'. Forward and reverse primers used for mouse Gapdh 

were: forward 5'-GCACAGTCAAGGCCGAGAAT-3'; reverse 5'-

GCCTTCTCCATGGTGGTGAA-3'. 
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2.23. Statistical analysis 

Data are expressed as mean ± SEM. GraphPad Prism 5 (GraphPad Software Inc., San 

Diego, CA) and SPSS Software (IBM, Armonk, NY) were utilized for statistical analysis. 

Levene's test for equality of variances was used to account for differences in data 

variability between groups. Independent t tests were used for comparisons between two 

groups. As indicated, the Univariate General Linear Model was used prior to 

independent t tests for some experiments. Log-rank test was used for comparison of 

Kaplan-Meier survival curves. Differences of p < 0.05 were considered statistically 

significant. Inflammatory cell count data for key experiments in chapter 3.1 were pooled 

from 2 independent experiments. 
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CHAPTER 3. RESULTS 

 
3.1. Cigarette smoke exposure primes the lungs towards exacerbated neutrophilia 

in response to NTHi challenge dependent on IL-1α 

The study presented in chapter 3.1 (published in the Journal of Immunology) increased 

our understanding of the role of IL-1 signalling in bacterial exacerbations of cigarette 

smoke-induced inflammation. These data contributed to the decision process to pursue 

a phase 2 clinical trial investigating anti-IL-1R1 antibody therapy as a potential 

intervention strategy in COPD patients211. 

 
3.1.1. Cigarette smoke-induced neutrophilia is dependent on IL-1α from the 

hematopoietic cell compartment 

To determine whether cigarette smoke-induced neutrophilia is IL-1α or IL-1β dependent, 

we cigarette smoke-exposed IL-1α KO and IL-1β KO mice for 4 days. Cigarette smoke 

exposure significantly increased IL-1α protein levels in the lung homogenate (Figure 

1A). Cigarette smoke-induced neutrophilia in the BAL fluid was almost completely 

abolished in IL-1α KO mice, which was associated with a significant decrease in the 

neutrophil recruiting chemokines CXCL-1 and CXCL-5. IL-1β was also increased in the 

lung homogenate following cigarette smoke exposure, although cigarette smoke-

induced neutrophilia was not decreased in IL-1β KO mice (Figure 1B). Additionally, 

although CXCL-1 levels in the BAL fluid were decreased in response to smoke by IL-1β 

deficiency, CXCL-5 levels remained unchanged. These data suggest cigarette smoke-

induced neutrophilia is dependent on IL-1α, not IL-1β. We further investigated the 

cellular source of IL-1α contributing to cigarette smoke-induced inflammation. Chimeric 
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mice with IL-1α deficiency in either the structural (wild type donor bone marrow cells 

given to IL-1α KO recipients) or the hematopoietic (IL-1α KO donor bone marrow cells 

given to wild type recipients) cell compartments were generated and cigarette smoke-

exposed for 4 days. We observed decreased neutrophilia only in the KO to wild type 

group, suggesting that cigarette smoke-induced neutrophilia was dependent on IL-1α 

derived from hematopoietic cells (Figure 1C). As our lab has previously observed 

intense IL-1α staining by immunohistochemistry on AMs from cigarette smoke-exposed 

mice88, our findings suggest that cigarette smoke-induced neutrophilia is dependent on 

IL-1α derived from this cell type. 

 
3.1.2. Cigarette smoke exposure primes AMs to produce IL-1α in response to 

bacteria 

As AMs are involved in cigarette smoke-induced neutrophilia, we further investigated 

this cell type. Cigarette smoke exposure significantly increased mononuclear cell 

accumulation in the BAL fluid (Figure 2A). This was accompanied by an altered 

macrophage phenotype. As previously observed, macrophages from the BAL fluid of 

cigarette smoke-exposed mice had increased size, irregular shape and contained 

vesicle structures (Figure 2B)110. Furthermore, we showed that AMs cultured from 

cigarette smoke-exposed mice to produce increased IL-1α at baseline. IL-1α production 

by AMs cultured from cigarette smoke-exposed mice was further amplified following 

stimulation with Pam3CSK4, LPS, and NTHi (Figure 2C). A corresponding increase in IL-

1α mRNA expression in AMs isolated from cigarette smoke-exposed mice was also 

observed following LPS stimulation (Figure 2D). On the other hand, TNF-α levels were 

significantly decreased in response to Pam3CSK4, LPS, and NTHi stimulation in AMs 
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isolated from cigarette smoke-exposed mice (Figure 2E). Lastly, IL-1β levels, although 

induced by bacterial stimulation in AMs isolated from cigarette smoke-exposed mice, 

were barely detectable and below the limit of quantification by ELISA (Figure 2F). These 

observations indicate that cigarette smoke exposure increased macrophage 

accumulation in the lungs and altered the AM towards a skewed inflammatory mediator 

expression profile, with exaggerated IL-1α expression in response to bacterial 

stimulation. 

 
3.1.3. Cigarette smoke exposure primes the lungs towards exacerbated 

neutrophilia associated with increased CXCL-5 expression 

To investigate the impact of cigarette smoke exposure on the pulmonary inflammatory 

response to bacteria, we challenged 8 week cigarette smoke-exposed mice intranasally 

with NTHi. Cigarette smoke exposure significantly increased BAL fluid mononuclear and 

neutrophil cell number as compared to room air control in response to NTHi challenge 

(Figure 3A). Neutrophilia induced by the combination of cigarette smoke exposure and 

NTHi infection was severely attenuated in CXCR2 KO mice (Figure 3B), confirming a 

role for this receptor in cigarette smoke-induced neutrophil recruitment212. We further 

observed that exacerbated neutrophilia in response to NTHi in cigarette smoke-exposed 

mice was associated with increased CXCL-5, but not CXCL-1 levels in the BAL fluid 

(Figure 3C). Immunohistochemistry show staining for CXCL-5 at the lung epithelium in 

NTHi-infected, cigarette smoke-exposed mice (Figure 3D). AMs cultured from 8 week 

cigarette smoke-exposed mice did not produce CXCL-5 in response to NTHi challenge 

(data not shown). However, precision cut lung slices generated from 8-week cigarette 

smoke-exposed mice, which contain epithelial cells, had increased CXCL-5 mRNA 
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expression as compared to room air control in response to NTHi stimulation in culture 

(Figure 3E). Overall, these findings show that cigarette smoke exposure exacerbates 

the lung neutrophilic response to NTHi infection dependent on CXCR2 and that the 

most important CXCR2 ligand may be CXCL-5.  

 
3.1.4. Cigarette smoke exposure primes the lungs towards exacerbated 

neutrophilia dependent on IL-1R1 

Given the importance of IL-1 signalling in cigarette smoke-induced inflammation, and 

our previous observations that cigarette smoke exposure primed AMs towards higher 

IL-1α expression in response to bacteria, we further investigated the role of IL-1R1 in 

the exacerbated neutrophilic response to NTHi in cigarette smoke-exposed mice. The 

increase in BAL fluid mononuclear and neutrophil cell numbers induced by NTHi in 

cigarette smoke-exposed mice was significantly attenuated with IL-1R1 deficiency 

(Figure 4A). Corresponding to decreased NTHI-induced neutrophilia in cigarette smoke-

exposed IL-1R1 KO mice, CXCL-5 levels were also attenuated. Interestingly, we 

observed an increase in CXCL-1 levels in the same mice (Figure 4B). These data show 

that cigarette smoke exposure primes the lungs towards exacerbated neutrophilia 

dependent on IL-1 signalling, with a possible role for CXCL-5. 

 
3.1.5. Cigarette smoke exposure primes the lungs towards exacerbated 

neutrophilia dependent on IL-1α 

To further elucidate underlying mechanisms of the exacerbated neutrophilic response to 

NTHi in cigarette smoke-exposed mice, we assessed the relative contributions of IL-1α 

and IL-1β. We found significantly increased levels of IL-1α, but not IL-1β in the lung 
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homogenates of cigarette smoke-exposed mice following NTHi infection as compared to 

levels induced by NTHi infection alone (Figure 5A). Moreover, immunohistochemistry 

showed IL-1α staining to be mainly localized to the AM (Figure 5B), which is in 

agreement with our previous observations in Figure 2 that cigarette smoke exposure 

primes the AM towards amplified IL-1α expression in response to NTHi stimulation. To 

determine whether exacerbated neutrophilia in response to NTHi was IL-1α or IL-1β 

dependent in cigarette smoke-exposed mice, we repeated our bacterial infection model 

utilizing IL-1α KO and IL-1β KO mice. 8 week cigarette smoke-exposed IL-1α KO 

(Figure 5C), but not IL-1β KO mice (Figure 5D), showed significantly attenuated BAL 

fluid mononuclear and neutrophil cell numbers as compared to wild type control in 

response to NTHi challenge. These data provide strong evidence that cigarette smoke 

exposure primes the lungs towards exacerbated neutrophilia dependent on IL-1α, not 

IL-1β. 

 
3.1.6. Targeting exacerbated neutrophilia may compromise bacterial clearance in 

cigarette smoke-exposed mice 

To investigate the consequences of attenuating the excessive inflammatory response 

on bacterial clearance, we assessed bacterial burden in the lung homogenates of 8-

week cigarette smoke-exposed IL-1R1 KO, CXCR2 KO, and IL-1α KO mice following 

NTHi infection (Figure 6). Both IL-1R1 and CXCR2 deficiency significantly increased the 

amount of NTHi cultured from lung homogenates of cigarette smoke-exposed mice, as 

compared to their wild type counterparts. In contrast, IL-1α deficiency did not increase 

NTHi burden in cigarette smoke-exposed mice. These data suggest that targeting IL-1α 
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during bacterial exacerbations may attenuate excessive neutrophilia without 

compromising lung bacterial clearance. 

 
3.1.7. Repeated NTHi infections increases lung compliance and airspace 

enlargement in cigarette smoke-exposed mice   

To investigate whether the exacerbated response to bacteria in cigarette smoke-

exposed mice is associated with lung function decline, we assessed the effect of 

repeated NTHi infection over the course of long term cigarette smoke exposure on lung 

physiology and pathology in mice (Figure 7A). Using FlexiVent technology, pressure 

volume curves were generated. We observed a greater volume at lower pressures in 

the lungs of cigarette smoke-exposed mice as compared to room air control. This 

increase was even greater in the lungs of cigarette smoke-exposed mice that received 

repeated NTHi infections (Figure7B). For quantification, compliance of the lungs (Figure 

7C) was calculated utilizing the data from Figure 7B. Airspace size was also quantified 

in lung histology slides generated from the same experiment. Airspace enlargement 

was significantly increased by cigarette smoke exposure and repeated NTHi infection as 

compared to cigarette smoke exposure alone, suggesting that increased lung damage 

is associated with the exacerbated inflammatory response to bacteria (Figure 7D). 

These data suggest that exacerbated neutrophilia in response to repeated bacterial 

infection and prolonged cigarette smoke exposure may contribute to lung function 

decline, consistent with COPD patients experiencing exacerbations. 

 In summary, data presented in chapter 3.1 suggest that cigarette smoke induces 

AMs to express IL-1α, which leads to neutrophil recruitment associated with increased 

CXCL-1 and CXCL-5 production. Cigarette smoke exposure also alters the AM 
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phenotype, priming them towards excessive IL-1α production in response to NTHi 

stimulation. IL-1α plays a critical role in the subsequent exacerbated neutrophilic 

response to NTHi associated with a further increase in CXCL-5 production (Figure 8). In 

association with this exacerbated neutrophilic response, repeated NTHi challenge in 

cigarette smoke-exposed mice led to increased lung damage. Thus, repeated exposure 

to bacteria over time in smokers may contribute to decline in lung function. 

 
3.2. Cigarette smoke exposure attenuates the nasal host response to S. 

pneumoniae and predisposes mice to IPD 

The study presented in chapter 3.2 (published in Infection and Immunity) investigated 

how cigarette smoke exposure impacts nasal pneumococcal colonization. This study is, 

to our knowledge, the first to document the progression from asymptomatic 

pneumococcal colonization to IPD in the context of cigarette smoke exposure. We 

showed that cigarette smoke exposure was associated with an attenuation of the nasal 

inflammatory response to S. pneumoniae and these data suggest that smokers may be 

at increased risk of occult bacteraemia. These findings have contributed to our 

understanding of the impact of cigarette smoke exposure on nasal pneumococcal 

colonization and may help future efforts to reduce the incidence of IPD. 

 
3.2.1. Cigarette smoke exposure compromises the nasal host response following 

pneumococcal colonization 

We investigated the effect of cigarette smoke exposure on nasal pneumococcal 

colonization. 1-week cigarette smoke-exposed mice were nasally colonized with S. 

pneumoniae and sacrificed on day 2 post-colonization. While the nasal pneumococcal 
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burden was comparable to room air control (Figure 9A), we observed an attenuation of 

nasal TNF-α, CXCL-1, and CXCL-2 expression in cigarette smoke-exposed mice 

(Figure 9B). Correspondingly, room air control mice had a significant increase in nasal 

neutrophils following pneumococcal colonization as assessed by flow cytometry (Figure 

9C). However, there was no significant increase in response to pneumococcal 

colonization in cigarette smoke-exposed mice, suggesting that the ability to recruit 

additional neutrophils may be impaired. Lastly, cigarette smoke exposure did not impact 

nasal CCL2 expression (Figure 9B) or the proportion of macrophages (Figure 9C). Our 

findings suggest that cigarette smoke exposure may impair the host response to S. 

pneumoniae at the nasal mucosa. 

 
3.2.2. Cigarette smoke exposure predisposes mice to IPD and mortality following 

nasal pneumococcal colonization  

To investigate the consequences of a compromised nasal host response, the health 

status of mice was monitored for 16 days post-nasal colonization over the course of 

continuous cigarette smoke exposure. Mice assessed to be at endpoint, as determined 

by appearance and behaviour, were euthanized over the course of the study. Cigarette 

smoke exposure increased the frequency of mice reaching endpoint (60%), compared 

to room air control (10%) (Figure 10A). Rapid weight loss was observed in endpoint 

mice (Figure 10A). To determine if mortality was associated with IPD, we cultured for 

pneumococci in the lungs, spleen, and brain. Nasal wash cultures indicated successful 

colonization (Figure 10B and C). In addition, we detected pneumococci in the BAL, 

lungs, spleen, and brain of endpoint mice (Figure 10B). Interestingly, two endpoint mice 

had pneumococci in the lung homogenate, but not BAL. While surviving room air control 
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mice remained nasally colonized, no bacteria were cultured from other tissues (Figure 

10C). Cigarette smoke-exposed mice surviving to day 16 had higher nasal bacterial 

burden than control mice. Of note, some surviving cigarette smoke-exposed mice also 

had pneumococci in the brain, and IPD may have developed if the study had continued 

longer (Figure 10C).  

 Mortality following cigarette smoke exposure occurred over a range of initial 

bacterial inoculation doses (Figure 11). At the low (105 CFU) and intermediate (106 

CFU) bacterial doses, cigarette smoke-exposed mice reached endpoint at a rate that 

was significantly higher than room air-exposed mice. Mortality was delayed and 

occurred over a longer span of time in mice inoculated with the low bacterial dose. At 

the high bacterial dose (107 CFU), both room air and cigarette smoke-exposed mice 

reached endpoint. Although the low bacterial dose group appeared to have higher 

mortality rates compared to the intermediate and high dose groups, the survival curves 

of cigarette smoke-exposed mice at these three doses were not significantly different 

from each other as assessed by log rank test (p=0.7294). Our results show mortality in 

cigarette smoke-exposed mice over a range of initial pneumococcal inoculum doses. 

Overall, these data provide strong evidence that cigarette smoke exposure following 

nasal pneumococcal colonization increases the incidence of IPD and mortality in mice. 

 
3.2.3. Endpoint mice show characteristics of sepsis and meningitis  

Given the presence of pneumococcal bacteraemia in endpoint mice, we looked for 

abnormalities characteristic of sepsis. Total blood leukocyte number was lower in all 

endpoint mice compared to both vehicle control and surviving mice. Differential cell 

counting showed reduced mononuclear cells, but not neutrophils (Figure 12A). 
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Moreover, we detected IL-6 in the serum of endpoint mice (Figure 12B). The presence 

of serum cytokines, combined with blood leukopenia and evidence of bacteraemia 

(Figure 10B), indicate that endpoint mice developed sepsis.  

We next assessed the histopathology of endpoint mice and observed neutrophilic 

inflammation at the meninges, characteristic of meningitis (Figure 12C and F). 

Endomyocarditis was also noted, with an area of intense neutrophil accumulation in one 

case (Figure 12D and G). Notably, microlesions were present within the myocardium 

(Figure 12E), which stained Gram positive (Figure 12H), likely due to pneumococcal 

presence. Strikingly, the lungs of cigarette smoke-exposed endpoint mice were without 

evidence of overt inflammation and tissue consolidation (Figure 13A), and comparable 

to those of cigarette smoke-exposed surviving mice (Figure 13B). The lack of 

inflammation was also reflected in the BAL cell counts of endpoint mice (Figure 13C). 

Our observations suggest that endpoint mice develop IPD in the absence of pneumonia, 

leading to meningitis, sepsis, endomyocarditis and cardiac damage. 

 
3.2.4. Invasive infection occurs rapidly into the blood and brain of cigarette 

smoke-exposed mice 

To characterize the pattern of bacterial dissemination from nasal colonization, we 

sacrificed cigarette smoke-exposed mice daily post-nasal colonization and assessed 

pneumococcal burden in the BAL, spleen, and brain. Mice reaching endpoint outside of 

the indicated time points were excluded from the study. Widespread bacterial 

dissemination occurred on days 3 and 4, as shown by the percentage of mice with 

pneumococci in various tissues (Figure 14A). Of note, the majority of mice showed no 

obvious change in health status (Figure 14A). In some mice, bacteria were detected in 
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the spleen only, the brain only, or simultaneously in the brain and spleen without 

presence in the BAL (Figure 14B). Interestingly, there was no case of pneumococcal 

detection in the BAL only, and we observed no increased BAL cellular inflammation in 

mice with detectable BAL bacteria, as compared to mice without bacterial dissemination 

(Figure 15A). In addition, nasal bacterial burden was not increased despite widespread 

bacterial dissemination (Figure 15B). Finally, we observed no bacterial dissemination in 

room air control mice except in one case (Figure 14C). Overall, these data suggest that 

more bacterial dissemination occurs in cigarette smoke-exposed mice compared to 

control, and that the point of dissemination may be the nasopharynx, rather than the 

lungs.  

 
3.2.5. Cigarette smoke exposure does not compromise nasal clearance or 

epithelial barrier integrity 

To investigate whether cigarette smoke exposure predisposed to IPD by compromising 

nasal clearance or epithelial barrier integrity, we administered 99mTc-DTPA intranasally 

to room air- and cigarette smoke-exposed mice at a time point corresponding to day 3 

post-nasal colonization, when bacterial dissemination is first observed. Dynamic images 

were obtained by SPECT to observe nasal clearance of the radioligand. The activity of 

99mTc-DTPA in the upper airways, measured every 30 seconds, was comparable 

between room air and cigarette smoke-exposed mice (Figure 16A). Representative 

images are shown (Figure 16B). To determine whether cigarette smoke exposure 

compromised nasal epithelial barrier function, we assessed the upper airway dose of 

99mTC-DTPA as a percentage of the whole body distribution (outlined in Figure 16C). At 

30 minutes post-nasal delivery, the 99mTc-DTPA was still mainly confined to the upper 
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respiratory tract (Figure 16D), and there was no significant difference in the upper 

airway dose of 99mTC-DTPA between room air (75.2 ± 1.3%) and cigarette smoke-

exposed animals (73.9 ± 0.34%) as a percentage of whole body distribution. These data 

suggest that short-term cigarette smoke exposure alone does not impact either nasal 

clearance or epithelial barrier integrity in the upper airways. 

 
3.2.6. PAFR or IL-1α deficiency does not rescue cigarette smoke-exposed mice 

from mortality following nasal pneumococcal colonization 

S. pneumoniae is known to bind several host receptors including the PAFR145–147, which 

may facilitate bacterial invasion independent of epithelial barrier function. Of particular 

interest, S. pneumoniae has been shown to adhere to and invade host cells activated by 

cytokines such as TNF-α and IL-1α, in a PAFR-dependent manner147. Moreover, both 

PAFR and IL-1α are increased in the lungs of smokers and COPD patients88,148,213. 

Therefore, cigarette smoke exposure may predispose to IPD by inducing PAFR 

expression in an IL-1α-dependent manner. In support of this hypothesis, we found that 

cigarette smoke exposure significantly up-regulated lung mRNA expression of both 

PAFR and IL-1α. Furthermore, the cigarette smoke-induced increase in lung PAFR 

mRNA expression was IL-1α dependent (Figure 17A). In contrast, cigarette smoke 

exposure attenuated PAFR and IL-1α expression at the nasopharynx (Figure 17B). 

Functionally, IL-1α or PAFR deficiency did not rescue cigarette smoke-exposed mice 

from mortality (Figure 17C). PAFR or IL-1α deficiency also did not significantly affect the 

survival of corresponding room air controls as compared to wild type mice (data not 

shown). Our findings show differential regulation of PAFR and IL-1α by cigarette smoke 

exposure between the upper and lower respiratory tract. Furthermore, the increased 
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susceptibility to IPD caused by cigarette smoke exposure occur independently of PAFR 

and IL-1α. 

 
3.2.7. Smoking cessation fully protects mice from mortality following nasal 

pneumococcal colonization 

Mice were completely rescued from IPD if cigarette smoke exposure was stopped 

following nasal pneumococcal colonization, suggesting that smoking cessation may be 

the most effective intervention strategy (Figure 18A). The increased survival rate was 

associated with an increase in nasal neutrophils in the cessation group (Figure 18B). 

Although smoking cessation did not impact the nasal expression of TNF-α as compared 

to cigarette smoke-exposed mice, we did observe an increase in CXCL-1 and CXCL-2 

expression (Figure 18C). These data suggest that the increased incidence of IPD 

following cigarette smoke exposure is reversible and smoking cessation may recover 

nasal CXCL-1 and CXCL-2 expression, as well as neutrophil recruitment.  

 In Chapter 3.2, we show a mouse model that closely reflect clinical observations 

of cigarette smoke exposure as a risk factor for the development of IPD. 

Mechanistically, we propose that cigarette smoke exposure attenuates nasal 

inflammation normally elicited by S. pneumoniae, which hinders recruitment of crucial 

cellular effectors required for the prevention of IPD. Our data also suggest that smoking 

cessation may be the most effective intervention strategy to reduce the incidence of 

IPD. However, given the high prevalence of cigarette smoking, understanding 

inflammatory processes at the nasal mucosa in the context of cigarette smoke exposure 

is also warranted. 
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3.3. Cigarette smoke exposure does not alter the nasal microbiome in the 

absence of nasal pneumococcal colonization in mice. 

The study presented in chapter 3.3 (manuscript in preparation, planned submission to 

Infection and Immunity) is, to our knowledge, the first to investigate the impact of 

cigarette smoke exposure on the nasal microbiome in mice. Utilizing a mouse model 

has allowed us to assess nasal microbiome composition in the absence and presence 

of nasal pneumococcal colonization. Importantly, we show that cigarette smoke 

exposure alone does not impact microbiome composition. However, we observed nasal 

microbiome dysbiosis as a consequence of established nasal pneumococcal 

colonization. These findings have advanced our understanding of bacterial community 

interactions in smokers. 

 
3.3.1. Cigarette smoke exposure increases nasal pneumococcal colonization 

To investigate how cigarette smoke exposure impacts the nasal microbiome during 

pneumococcal colonization, we established a non-invasive model of S. pneumoniae 

colonization using strain TIGR4 (a serotype 4 clinical isolate) to avoid survival 

bias194,195. Continuous cigarette smoke exposure of mice post-nasal inoculation with 107 

CFU of TIGR4 had minimal impact on survival compared to room air control (Figure 

19A). To assess whether cigarette smoke exposure increased nasal pneumococcal 

colonization, we cultured for S. pneumoniae presence in the nasal wash of cigarette 

smoke-exposed mice at 12 hours post-nasal colonization with a very low pneumococcal 

dose (103 CFU). Cigarette smoke exposure increased the incidence of pneumococcal 

detection in the nasal wash, although this difference was not statistically significant 

(Figure 19B). However, when the nasal pneumococcal inoculation dose was increased 
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to 104 CFU, we observed a significantly higher nasal wash bacterial burden in cigarette 

smoke-exposed mice as compared to room air control at 12 hours post-colonization. 

Nasal wash bacterial burden between room air and cigarette smoke-exposed mice was 

comparable by day 2 and day 3 post-nasal pneumococcal colonization (Figure 19C). 

The S. pneumoniae specific gene lytA was measured in genomic DNA isolated from 

complete nasal turbinates (CNTs) to assess nasal pneumococcal burden, as these were 

the same samples utilized subsequently to examine nasal microbiome composition. 

Some lytA expression was detectable at baseline, likely due to naturally occurring S. 

pneumoniae presence in the nasal microbiome, and was unaltered by cigarette smoke 

exposure. Surprisingly, we observed no difference in lytA levels between room air- and 

cigarette smoke-exposed mice at 12 hours following low dose (104 CFU) nasal 

pneumococcal colonization in CNT samples (Figure 19D). However, cigarette smoke 

exposure did increase lytA levels at day 3 following high dose (107 CFU) nasal 

pneumococcal colonization, although the increase was not statistically significant 

(Figure 19E). Overall, these data suggest that cigarette smoke exposure increases 

nasal pneumococcal colonization in mice. 

 
3.3.2. Cigarette smoke exposure alone does not significantly alter nasal 

microbiome composition 

To investigate the impact of cigarette smoke exposure on nasal bacterial composition, 

mice were cigarette smoke-exposed for 1 week and nasally inoculated with PBS (to 

control for nasal pneumococcal colonization). Mice continued to be cigarette smoke-

exposed and were sacrificed 1 day (1 week + 1 day smoke exposure) and 3 days (1 

week + 3 days smoke exposure) later. Microbiome composition was analyzed in CNT 
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samples by 16S rRNA gene sequencing. We observed no significant differences in the 

composition of nasal bacterial communities between room air- and cigarette smoke-

exposed mice as assessed by the Bray-Curtis distance and visualized with the principal 

coordinate analysis (PCoA) plot (Figure 20). Cigarette smoke exposure (1 week + 1 

day) also did not impact relative abundances of major bacterial phyla present in the 

CNTs (Figure 21A) and taxonomic summary plots were similar between room air and 

cigarette smoke-exposed mice (Figure 21B). Nasal bacterial community composition 

was also unchanged between room air- and cigarette smoke-exposed mice at 12 hours 

following low dose nasal pneumococcal inoculation (104 CFU), as visualized with the 

PCoA plot (Figure 22A). Additionally, relative abundances of major bacterial phyla 

(Figure 22B) and taxonomic summary plots (Figure 22C) were similar between room air 

and cigarette smoke-exposed mice. These data suggest that cigarette smoke exposure 

did not compromise the ability of the nasal microbiome to resist initial pneumococcal 

acquisition. Overall, our findings suggest that cigarette smoke exposure does not alter 

the nasal bacterial community composition. 

 
3.3.3. The nasal microbiome is altered following established nasal pneumococcal 

colonization in cigarette smoke-exposed mice 

To investigate the impact of cigarette smoke exposure on nasal bacterial composition in 

the presence of established nasal pneumococcal colonization, mice were cigarette 

smoke-exposed for 1 week and nasally inoculated with high dose (107 CFU) S. 

pneumoniae. Mice were sacrificed at day 3 post-nasal pneumococcal colonization. 

Microbiome composition was analyzed in CNT samples by 16S rRNA gene sequencing. 

We observed significant differences in nasal bacterial community composition between 
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room air and cigarette smoke-exposed mice in the presence of established nasal 

pneumococcal colonization as visualized by the PCoA plot (Figure 23A). 3 out of the 5 

cigarette smoke-exposed mice had very high nasal pneumococcal burden as indicated. 

Relative abundances of the major bacterial phyla remained similar between room air 

and cigarette smoke-exposed mice (Figure 23B). Taxonomic summary plots show 

differences between room air and cigarette-smoke exposed mice (Figure 23C). As 

indicated, 3 out of the 5 cigarette smoke-exposed mice had very high nasal 

pneumococcal burden, which is reflected by the height of the Streptococcus bar in their 

taxonomic summary plot. Interestingly, the combination of cigarette smoke exposure 

and nasal pneumococcal colonization significantly increased the relative abundance of 

several genera containing potentially pathogenic bacteria, including Fusobacterium, 

Gemella, and Neisseria (Figure 24). Other bacterial genera with significant differences 

between room air and cigarette smoke-exposed mice following day 3 nasal 

pneumococcal colonization are presented in Table 1. These findings suggest that 

changes in the nasal microbiome observed in smokers may occur as a consequence of 

established nasal pathogen colonization. 

 
3.3.4. The impact of cigarette smoke exposure and nasal pneumococcal 

colonization on specific bacterial genera     

Corynebacterium and Lactococcus were both reported to negatively associate with URT 

pneumococcal colonization, and smokers were observed to have less abundant 

Corynebacterium164,179,182. Thus we further investigated the abundance of these specific 

bacterial genera. Cigarette smoke exposure did not significantly alter the levels of 

Corynebacterium and Lactococcus in the presence of nasal pneumococcal colonization 
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(Figure 25). These data suggest that commensal bacteria may not be impacted 

differently by S. pneumoniae in the context of cigarette smoke exposure as compared to 

pneumococcal colonization alone. 

 We also investigated the abundance of specific genera, including Haemophilus 

and Staphylococcus, known to interact with S. pneumoniae214,215. Cigarette smoke 

exposure significantly increased Streptococcus abundance at the genus level following 

nasal pneumococcal colonization (Figure 26A). However, we did not observe significant 

differences in Haemophilus and Staphylococcus between room air and cigarette smoke-

exposed mice following nasal pneumococcal colonization (Figure 26B and C). Of note, 

there was a significant increase in one Haemophilus OTU in cigarette smoke-exposed 

mice following day 3 post-nasal pneumococcal colonization (data not shown).  

 Overall, data presented in chapter 3.3 suggest that cigarette smoke exposure 

alone does not alter the nasal microbiome and that clinical observations of nasal 

microbiome dysbiosis in smokers may occur as a consequence of nasal pathogen 

colonization. 
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CHAPTER 4. DISCUSSION 

The focus of this thesis is to elucidate the impact of cigarette smoke exposure on 

bacterial-host interactions. Data generated show that cigarette smoke exposure alters 

bacterial-host interactions to promote infection and disease. 

 
4.1. Summary of results 

COPD patients are at increased risk of acquiring lung bacterial infections that lead to 

COPD exacerbations, increasing inflammation and accelerating disease progression. 

We investigated, in chapter 3.1, mechanisms underlying exacerbated lung inflammatory 

responses to bacteria in cigarette smoke-exposed mice. We first confirmed our previous 

observations that cigarette smoke-induced inflammation in the lungs is IL-1α dependent 

and that the critical cellular source of IL-1α is likely the AM. Importantly, we observed 

cigarette smoke exposure to skew the AM inflammatory mediator expression profile 

towards amplified IL-1α expression in response to NTHi. NTHi infection also amplified 

lung levels of IL-1α, but not IL-1β, in cigarette smoke-exposed mice. Ultimately, 

cigarette smoke exposure exacerbated the neutrophilic response to NTHi in an IL-1α 

dependent manner that correlated with CXCL-5 expression. Repeated NTHi infection 

was also associated with increased lung damage in cigarette smoke-exposed mice. The 

study presented in chapter 3.1 suggests that cigarette smoke exposure primes the lung 

environment towards an exacerbated IL-1α response to NTHi, leading to amplified 

neutrophilia and lung damage upon bacterial infection. 

 COPD patients and smokers may have increased lung bacterial infection due to 

a failure to control pathogen colonization at the URT. We next investigated in chapter 

3.2 how cigarette smoke exposure affected the course of nasal pneumococcal 
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colonization in mice. Cigarette smoke exposure attenuated the nasal inflammatory 

response normally induced by nasal pneumococcal colonization, with decreased CXCL-

1, CXCL-2, and TNF-α expression. This was associated with an increased incidence of 

IPD and mortality in cigarette smoke-exposed mice. We observed evidence of sepsis 

and meningitis in mice reaching endpoint such as leukopenia and inflammatory 

infiltrates at the meninges. Surprisingly, contrary to our hypothesis, there were no overt 

signs of lung inflammation or consolidation that would suggest endpoint mice developed 

pneumonia. Furthermore, time course experiments showed bacteraemia in all mice with 

detectable BAL bacterial burden whereas we have detected cases of pneumococcal 

cultures in the spleen only. It is possible that mice developed bacteraemia without a 

requirement for prior lung infection in our mouse model. Mechanistically, cigarette 

smoke-exposed mice did not have impaired nasal clearance or compromised epithelial 

barrier integrity. Deficiency in PAFR or IL-1α also did not rescue cigarette smoke-

exposed mice from IPD. However, smoking cessation completely rescued mice from 

IPD following nasal pneumococcal colonization, and was associated with an increase in 

CXCL-2 and neutrophil levels as compared to mice that continued to be cigarette 

smoke-exposed. We conclude that cigarette smoke exposure impairs the URT host 

defence and predisposes mice to IPD following nasal pneumococcal colonization. 

 In addition to compromising the control of colonizing pathogenic bacteria at the 

URT mucosa, cigarette smoke exposure may also increase pathogen acquisition and 

colonization by perturbing the nasal microbiome. The last study in chapter 3.3 

investigated the link between increased nasal pneumococcal colonization and nasal 

microbiota dysbiosis in cigarette smoke-exposed mice. We observed that cigarette 
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smoke exposure alone did not alter the composition of the nasal microbiome in mice. 

However, nasal microbiome dysbiosis occurred as a consequence of established nasal 

pneumococcal colonization in cigarette smoke-exposed mice as compared to room air 

control. Of note, similar to clinical reports in human smokers, we observed an 

enrichment of potentially pathogenic bacteria such as Fusobacterium, Gemella, and 

Neisseria during nasal pneumococcal colonization in cigarette smoke-exposed mice. 

Our findings in chapter 3.3 indicate cigarette smoke exposure may predispose to 

pathogen colonization independent of nasal microbiome dysbiosis, and changes in 

microbiota composition observed in smokers may occur after pathogen colonization.  

 
4.2. General discussion of the experimental approach 

Mice were cigarette smoke-exposed using an established whole body smoke exposure 

system as previously described72. Cigarette smoke exposure was well-tolerated in mice, 

with no change in corticosterone levels between room air and cigarette smoke-exposed 

mice, and carboxyhemoglobin and cotinine levels in mice were comparable to that of 

human smokers72,216. Cigarette smoke exposure in our mouse model induced lung 

neutrophilia that is thought to contribute to lung damage and COPD disease 

progression73,74. To study the impact of cigarette smoke exposure on the bacterial host 

response, we utilized a clinical isolate of NTHi acquired from a COPD patient during 

exacerbation108. Of note, we showed repeated NTHi infection and prolonged cigarette 

smoke exposure to induce airspace enlargement and increase lung compliance, 

suggesting lung dysfunction in association with exacerbated neutrophilia in our mouse 

model. Thus, our mouse model is ideal for investigating the impact of cigarette smoke 

exposure on bacterial-host interactions. 
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 Responses to experimental conditions may vary dependent on the mouse strain 

utilized. The experimental mouse strain was chosen according to the availability of 

transgenic mouse strains. The majority of transgenic mice utilized, including IL-1R1 KO, 

IL-1α KO, IL-1β KO, and PAFR KO mice were on a C57BL/6 background while CXCR2 

KO mice were on a BALB/c background. Therefore the models presented in this thesis 

were often investigated in C57BL/6 mice, with BALB/c mice utilized as the appropriate 

controls for studies pursued in CXCR2 KO mice.  

 The pneumococcal nasal colonization method was adapted from the laboratories 

of Dr. Jeffrey Weiser and Dr. Dawn Bowdish194,217. Both the volume and anaesthesia 

type used may influence nasal inoculum distribution following intranasal delivery218,219. 

By using a small inoculation volume in the absence of anaesthesia, we are confident 

that lung bacterial delivery was minimized in our mouse model and that the bacteria was 

contained in the URT. Our imaging data using 99mTc-DTPA validated that nasal delivery 

of the bacteria was contained to the upper respiratory tract. Similar to nasopharyngeal 

carriage in humans, nasal colonization with several pneumococcal strains in adult mice 

was largely asymptomatic, and lasted several weeks with few cases of bacteraemia and 

other invasive infections155,220. The S. pneumoniae strain P1547 in our study was 

derived from a clinical blood isolate of a patient with IPD192,193. Therefore, we believe 

our experimental approach is well-suited for investigating the impact of cigarette smoke 

exposure on the natural progression of invasive bacterial infection from the 

nasopharynx. Our model holds clinical significance in that smokers continue smoking 

during asymptomatic nasal pneumococcal colonization. 
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 We investigated the impact of cigarette smoke exposure on the nasal 

microbiome utilizing a mouse model. The major bacterial phyla present in our model 

were consistent with those found in the human nasal microbiome and other reports in 

mice, with a negative association between Firmicutes and Actinobacteria210,221. In order 

to investigate the impact of cigarette smoke exposure on nasal microbiome composition 

during nasal pneumococcal colonization, we utilized S. pneumoniae strain TIGR4 (a 

serotype 4 clinical isolate)194,195. In contrast to the pneumococcal strain P1547 utilized in 

chapter 3.2, TIGR4 did not significantly increase mortality in cigarette smoke-exposed 

mice, permitting the study of nasal colonization with minimal IPD and survivor bias. 

Analysis was carried out in complete nasal turbinates (CNTs), rather than in nasal wash 

samples, to maximize the collection of bacterial DNA for sequencing. We also assessed 

nasal pneumococcal burden by PCR measurement of the S. pneumoniae specific lytA 

gene, rather than CNT homogenization and culturing on blood agar, to minimize 

bacterial DNA contamination. Due to the presence of large amounts of host DNA in the 

CNT samples, nested PCR was utilized to increase the sensitivity of bacterial 16s 

amplification prior to sequencing. To evaluate the impact of pneumococcal acquisition 

on the nasal microbiota, we utilized a low pneumococcal inoculation dose (104 CFU) 

and assessed the nasal microbiome at an early time point (12 hours) post-

pneumococcal colonization. A low pneumococcal inoculation dose allowed for sub-

maximal colonization levels and the detection of nasal pneumococcal burden 

differences between room air and cigarette smoke-exposed mice. To investigate nasal 

microbiome changes following established nasal pneumococcal colonization, we 

inoculated mice with a high dose of S. pneumoniae (107 CFU) and assessed nasal 
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microbiome changes on day 3 post-pneumococcal colonization. As before, mice 

continued to be cigarette smoke-exposed post-nasal pneumococcal colonization without 

interruption to mimic that smokers continue smoking during asymptomatic nasal 

colonization.  

 
4.3. Cigarette smoke-induced inflammation in the lungs 

We and others have previously established a critical role for IL-1R1 signalling in 

cigarette smoke-induced lung inflammation75,88. However, the specific impact of the two 

IL-1 cytokines, IL-1α and IL-1β, as well as their cellular source, remain unclear. Reports 

by others of a role for the IL-1β-activating protease caspase-1 in cigarette smoke-

induced inflammation has been contradictory, although these findings generally agree 

on a role for IL-1β, or both IL-1α and IL-1β, in cigarette smoke-induced 

inflammation86,87,222. In addition to observing a caspase-1 independent effect in our 

mouse model, anti-IL-1 antibody studies in our laboratory showed IL-1α, not IL-1β, to be 

critical to cigarette smoke-induced inflammation88. In this thesis, we confirmed our 

previous observations that cigarette smoke-induced inflammation was IL-1α dependent 

using IL-1α and IL-1β gene deficient mice. The disagreement with other studies 

regarding the impact of IL-1β may be explained by differences in mouse models of 

cigarette smoke exposure. Of note, smoke exposure systems, as well as the number of 

cigarettes and daily duration of exposure varied between studies86–88,222. Our laboratory 

recently completed a study analyzing the gene expression profiles of different mouse 

models of cigarette smoke exposure showing total particular matter (TPM) to influence 

gene expression, with higher TPM correlating with the activation of more inflammatory 

genes (unpublished manuscript). It is possible that the differences in cigarette smoke 
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exposure protocols may have contributed to different amounts of TPM, resulting in the 

discrepancy between our findings and those of the other studies. These differences in 

experimental approach highlight the need to translate findings from animal models to 

human studies. A clinical trial in 2013 showed that the anti-IL-1β antibody canakinumab 

was not effective in improving FEV1 in stable COPD223,224, underscoring the need to 

investigate IL-1α as a clinical therapeutic target. 

 Our findings suggest cigarette smoke-induced inflammation to be IL-1α-, rather 

than IL-β- dependent even though both cytokines act through the IL-1R1. Differential 

roles for IL-1α and IL-1β have also been described in other mouse models of 

disease225,226. A potential explanation for their differential roles may be the differences in 

their localization, cellular source, and cellular compartmentalization.  While IL-1β activity 

is tightly regulated by processing and secretion mechanisms, IL-1α is biologically active 

in the precursor form and localized both intracellularly and in association with the cell 

membrane227–231. In addition, IL-1α can be cleaved into the more biologically active 

mature form by proteases such as calpain, and secreted232,233. Our data indicate that 

while AMs isolated from cigarette smoke-exposed mice secreted IL-1α ex vivo, they 

produced little IL-1β, even following bacterial stimulation. Furthermore, only CXCL-5 

expression correlated with cigarette smoke-induced neutrophilia, and CXCL-5 levels 

only decreased in the absence of IL-1α, suggesting CXCL-5 expression to be IL-1α-, but 

not IL-1β- dependent. CXCL-5 is also known as epithelial-derived neutrophil-activating 

peptide (ENA)-78 and is typically expressed by epithelial cells234,235. As AMs 

communicate and associate closely with the lung epithelium236, it may be that the 

proximity of epithelial cells to the source of IL-1α, including AM cell membrane-
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associated IL-1α, is required for CXCL-5 expression and subsequent neutrophil 

recruitment. IL-1 signalling-dependent communication between AMs and the epithelium 

is consistent with our previous observation of a requirement for IL-1R1 activation on 

structural cells for cigarette smoke-induced neutrophilia88. However, we did not pursue 

CXCL-5 neutralization studies and further research is needed to confirm the extent to 

which cigarette smoke-induced inflammation is dependent on this chemokine. The role 

of AM cell membrane-associated IL-1α in contact-dependent epithelial cell activation 

also remains to be investigated. Lastly, it is notable that anti-IL-1α antibody treated mice 

and IL-1α KO mice have decreased IL-1β expression88,237. Conversely, IL-1α 

expression is unaffected in IL-1β KO mice237. Anti-IL-1α interventions may thus further 

attenuate IL-1R1 signalling by reducing IL-1β expression as well.  

 Our data suggest the cellular source of cigarette smoke-elicited IL-1α expression 

is from the hematopoietic cell compartment, and likely the AM, adding support to the 

prevalent hypothesis that AMs are critical to COPD disease pathogenesis238. 

Macrophage depletion in mice is shown to be protective against cigarette smoke-elicited 

lung damage and decline in lung function239. However, how cigarette smoke exposure 

elicits the AM to produce IL-1α remain unclear. Cigarette smoke may induce lung injury, 

leading to an inflammatory response to dying cells as observed in sterile inflammation. 

Sterile inflammation is also characterized by macrophage-derived, IL-1α-dependent 

neutrophilia240. Experimentally, cigarette smoke extract induces apoptosis and necrosis 

of human epithelial cells in vitro241,242. There is also evidence of lung epithelial 

necroptosis in COPD patients243. Necroptosis is a regulated form of necrosis leading to 

plasma membrane permeabilization and the release of cellular contents244. Notably, cell 
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death produce damage-associated molecular patterns (DAMPs) that activate pattern 

recognition receptors (PRRs), and may elicit cigarette smoke-induced neutrophilia245. 

Indeed, a recent study in mice showed the administration of an inhibitor of necroptosis, 

necrostatin-1, attenuated cigarette smoke-induced BAL neutrophilia246. Even apoptotic 

cells that are considered to be non-inflammatory will release DAMPS upon secondary 

necrosis in COPD due to impaired macrophage phagocytosis247–249.   

 Interestingly, IL-1α, as a constitutively expressed, intracellular cytokine 

expressed in epithelial cells, keratinocytes, and fibroblasts, is considered to be a DAMP, 

and it has been suggested that IL-1α released by dying cells may be sensed by other 

host cells to induce the release of more IL-1α225,250,251. A plausible explanation in our 

model is that cigarette smoke exposure induces epithelial cell injury, leading to the 

release of IL-1α. AMs respond by further amplifying IL-1α production, resulting in 

neutrophilia. However, neutrophilia has been shown to occur independent of IL-1α 

expressed by necrotic cells in the context of sterile inflammation240. Similarly, our 

chimeric data indicate that cigarette smoke-induced neutrophilia was not affected by IL-

1α deficiency in the structural cell compartment, suggesting other DAMPs contribute to 

cigarette smoke-induced IL-1α production by AMs. In fact, numerous DAMPs, including 

high-mobility group box (HMGB)1, heat shock proteins (HSPs), and S100A8, have been 

documented to be elevated in cigarette smoke-exposed mice, as well as in the BAL and 

serum of COPD patients252–255. Of note, our laboratory also recently reported a potential 

role for damaged lipids, such as oxidized low-density lipoprotein (OxLDL), in IL-1α 

production from AMs and subsequent cigarette smoke-induced neutrophilia256. Some 

DAMPs activate TLR-4, which is known to contribute to cigarette smoke-induced 
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inflammation and may potentially be involved upstream of IL-1α75,256. Further research 

is needed to determine the mechanism of IL-1α induction and evaluate the potential role 

of lung injury and DAMPs in the context of cigarette smoke exposure, which may 

contribute to novel therapeutic treatment strategies. 

 The current study provides strong evidence of the critical requirement for IL-α in 

the initiation of cigarette smoke-induced neutrophilia. However, the experimental 

approach was prophylactic and the role of IL-1α in maintaining cigarette smoke-induced 

inflammation remains to be elucidated. It is plausible that once an inflammatory 

response is initiated, further lung damage result in the release of more DAMPs. Some 

DAMPs have chemotactic activity, such as the ECM degradation product Pro-Gly-Pro 

(PGP), and may continue to propagate the neutrophilic response independent of IL-

1α257. Moreover, although innate immune mechanisms are sufficient to drive cigarette 

smoke-induced neutrophilia72, adaptive immunity, as indicated by the formation of 

tertiary lymphoid tissue, is involved with chronic cigarette smoke exposure in mice, and 

in later stages of COPD in humans60,258. Further studies are needed to investigate the 

impact of anti-IL-1α interventions on established cigarette smoke-induced inflammation 

to evaluate the potential of this cytokine as a therapeutic target.  

 
4.4. Cigarette smoke and lung bacterial infection 

We observed that IL-1α expression by AMs isolated from cigarette smoke-exposed mice 

was further increased following NTHi stimulation. Moreover, cigarette smoke exposure 

exacerbated the neutrophilic response to NTHi lung infection dependent on IL-1α. 

Again, CXCL-5 expression correlated with the extent of neutrophilia and was reduced in 

cigarette smoke-exposed, NTHi-infected IL-1R1KO mice, suggesting exacerbated 
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neutrophilia may be a consequence of increased AM IL-1α expression in response to 

bacteria. It has been suggested that cigarette smoke exposure impairs the ability of 

AMs to respond to bacteria, leading to increased bacterial infections and COPD 

exacerbations. AMs isolated from smokers express attenuated levels of cytokines, 

including TNF-α and IL-6, following TLR-2 and TLR-4 stimulation259. Our findings 

disagree with an impairment in AM inflammatory mediator expression. Instead, we 

propose that cigarette smoke exposure skews the inflammatory mediator expression 

profile of AMs in response to bacteria. While the expression of some cytokines, such as 

TNF-α, were attenuated in the context of cigarette smoke exposure, IL-1α levels were 

increased above that observed in room air control following bacterial challenge. We 

speculate that cigarette smoke exposure may prime AMs towards an exacerbated IL-1α 

response during bacterial infection to alleviate impaired lung bacterial clearance. AMs 

are compromised in bacterial phagocytosis following cigarette smoke exposure260, 

which in combination with the observed attenuation in pro-inflammatory cytokine 

expression, such as TNF-α, may contribute to decreased lung bacterial clearance. AMs 

may respond to the higher lung bacterial burden by increasing the existing IL-1α 

response to cigarette smoke in order to recruit additional effector cells, in this case 

neutrophils, to help clear the bacteria. Although the exacerbated neutrophilic response 

is associated with control of lung bacterial burden in cigarette smoke-exposed mice, 

lung damage is also observed and may be a consequence of excessive inflammation. 

 One major concern in targeting the inflammatory response during COPD 

exacerbations is the impact on lung bacterial clearance. Our data show cigarette smoke 

exposure did not impair lung bacterial clearance in wild type mice. This may be due to 
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the exacerbated inflammatory response to bacteria. In fact, we have previously 

published that cigarette smoke exposure accelerates lung NTHi clearance dependent 

on increased titres of NTHi-specific immunoglobulin A in the BAL261. In the current 

study, however, we observed a mouse strain-dependent difference in that BALB/c mice, 

but not C57BL/6 mice, had higher bacterial clearance following cigarette smoke 

exposure. The fact that we did not observe accelerated NTHi clearance in C57BL/6 

mice, as we previously reported, may be explained by differences in the supplier of 

mice. We also examined the consequences on lung bacterial burden following cigarette 

smoke exposure in each KO mouse strain. In cigarette smoke-exposed CXCR-2 KO 

mice, we observed a dramatic increase in lung bacterial burden that may be attributable 

to the severe decrease in neutrophil recruitment below neutrophil levels elicited by NTHi 

in wild type room air control mice. A less severe reduction was observed in both IL-1R1 

KO and IL-1α KO mice, and NTHi-elicited neutrophil levels in these KO mice were 

comparable to that of wild type room air control. However, while bacterial clearance was 

still impaired in IL-1R1 KO mice, IL-1α KO mice had similar lung NTHi levels to wild type 

smoke-exposed mice. The ability of IL-1α KO mice to both attenuate neutrophilia and 

control bacterial burden suggest a beneficial effect of preserving IL-1β function, which 

may have pro-inflammatory effects that target bacterial clearance independent of 

neutrophil recruitment. Our findings further support specific anti-IL-1α intervention 

strategies, rather than targeting IL-1β or IL-1R1, in the control of COPD exacerbations.  

 One major challenge to the development of novel therapeutic intervention 

strategies is the heterogeneous nature of COPD. The relative contributions of 

bronchiolitis and emphysema to the disease phenotype, as well as disease severity, 
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may differ between patients13. Additionally, lung biomarkers of disease, including IL-1α, 

may vary widely between patients88. These reasons may explain why a recent clinical 

trial using a fully human immunoglobulin G2 monoclonal IL-1R1 binding antibody, 

designed to inhibit receptor binding of IL-1α and IL-1β, was unsuccessful in reducing the 

rate of acute exacerbations of COPD and improving FEV1211. It is possible that our 

findings with IL-1α-dependent inflammation did not translate into humans from the 

animal model. Notably, the therapeutic potential of anti-IL-1α interventions to reduce an 

established exacerbated inflammatory response to bacteria has not been investigated in 

mice. It could be that once initiated in an IL-1α-dependent manner, other factors drive 

exacerbated neutrophilia upon bacterial challenge independent of IL-1α. However, we 

note that in the IL-1R1 antibody clinical trial, it was not investigated whether all patients 

expressed IL-1α, and the rate of exacerbations measurement was not specific to 

bacterial-associated exacerbations211. Indeed, different therapeutic intervention 

strategies may be required for specific populations of COPD patients with distinct 

biomarker expression characteristics262. Additionally, it may be more difficult to inhibit a 

ubiquitously expressed receptor, such as IL-1R1, than an actively secreted cytokine. In 

light of a potential beneficial effect of IL-1β in controlling bacterial burden observed in 

the current study, it is important to investigate the effect of specific anti-IL-1α 

intervention on patients that express IL-1α and are undergoing bacterial exacerbations.   

 The study in chapter 3.1 suggests that cigarette smoke exposure primes the 

lungs towards an IL-1α-dependent exacerbated neutrophilic response to NTHi infection, 

leading to lung damage and decline in lung function. In support of this hypothesis, we 

showed that repeated NTHi lung infection in the context of continuous cigarette smoke 
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exposure led to an increase in lung compliance and airspace enlargement. Clinically, 

smokers and COPD patients are not only at increased risk of lung exposure to 

pathogenic bacteria from the URT, but chronic bacterial colonization characterized by 

the presence of non-commensal, immunogenic bacteria such as NTHi can also 

occur89,90,123. We speculate that a decline in lung function results from chronic, repeated 

exposure to these pathogenic bacteria, as cigarette smoke exposure skews the lungs 

towards an amplified inflammatory response in an attempt to clear bacteria, at the cost 

of lung damage. Importantly, chronic cigarette smoke exposure and bacterial 

colonization may also prevent the lungs from resolving inflammation and implementing 

repair mechanisms. Overall, the study presented in chapter 3.1 suggests that cigarette 

smoke exposure induces AMs to express IL-1α that activates the epithelium to produce 

CXCL-5, contributing to neutrophil recruitment to the lungs. NTHi lung challenge further 

amplifies the AM IL-1α response, leading to exacerbated CXCR-2-dependent lung 

neutrophilia that correlates with augmented CXCL-5 expression (Figure 8).  

 
4.5. Impact of cigarette smoke exposure on the URT host defence  

Smokers and COPD patients may be at a higher risk of acquiring lung bacterial 

infections, resulting in bacterial exacerbations for COPD patients, due to a failure to 

control colonizing pathogens at the URT. In chapter 3.2, we investigated the impact of 

cigarette smoke exposure on the nasal bacterial host defence to S. pneumoniae and the 

consequences for subsequent pneumococcal infection development. Cigarette smoke 

exposure had profound effects on nasal pneumococcal colonization; we observed 

increased mortality in mice associated with pneumococcal sepsis and meningitis. This 

mirrors clinical observations of cigarette smoking as a risk factor for IPD119. To our 
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knowledge, this is the first animal model to describe, in the context of cigarette smoke 

exposure, the progression from an asymptomatic carrier state to IPD.  

 There is evidence to suggest that the cause of mortality in cigarette smoke-

exposed mice following nasal pneumococcal colonization was meningitis and sepsis in 

our model. Pneumococci were cultured from brain tissue, and neutrophilic inflammation 

was observed at the meninges. In addition, the presence of pneumococcal bacteraemia 

in mice was associated with leukopenia. This observation is consistent with the 

lymphopenia and splenic lymphocyte apoptosis described in mouse models of sepsis 

and septic patients263–265. Moreover, all endpoint mice had detectable serum IL-6, which 

is considered a reliable marker of sepsis and to predict organ dysfunction and 

mortality266,267. Based on our findings, we conclude that cigarette smoke exposure 

predisposes mice to invasive pneumococcal infections, leading to meningitis and 

sepsis. We also described pneumococcal invasion into the heart as a consequence of 

pneumococcal bacteraemia. Inflammatory cell infiltrates in the heart tissue of endpoint 

mice suggest bacterial endocarditis that has been described in association with S. 

pneumoniae, with 15% of all clinical cases accounted for by pneumococcal infection in 

the pre-antibiotic era268. In addition, we found microlesions in the heart as described 

recently by Brown et al filled with gram-positive bacteria, likely pneumococci269. These 

microlesions were reported to correlate with markers of cardiac damage and collagen 

deposition and may lead to cardiac scarring over time269. Clinically, cardiac 

complications occur during 18% of hospitalizations with CAP270. In addition, cardiac 

scarring from these microlesions may contribute to a greater risk of sudden death in 

patients for up to one year following invasive disease271. Taken altogether, our model 
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presents with multiple aspects of invasive pneumococcal infections reflective of clinical 

causes of mortality and disease complications. These observations confirm that 

cigarette smoke exposure predisposed mice to mortality due to IPD and validates the 

use of our animal model as a tool to investigate mechanisms leading to compromised 

control of pneumococcal colonization at the nasal mucosa.  

 Cigarette smoke exposure may increase the incidence of invasive pneumococcal 

infection for as long as stable nasal colonization is established. Consistent nasal 

bacterial numbers, indicating a stable state of colonization, can be recovered from mice 

inoculated with various initial bacterial doses ranging from 105 to 107 CFU, and we 

found cigarette smoke exposure to increase mortality at several doses within this 

range220. In addition, pneumococci were detected at a late time point (day 16) during 

colonization in the brain homogenates of cigarette smoke-exposed mice, indicating IPD. 

Interestingly, room air, but not cigarette smoke-exposed mice, were beginning to clear 

the bacteria from the nasopharynx at this time point (day 16). This delay in nasal 

clearance observed in cigarette smoke-exposed mice is consistent with reports of 

increased incidences of pneumococcal nasal colonization in adolescents exposed to 

passive smoke and has been observed in another mouse model185,272. Therefore, it is 

possible that not only are smokers at increased risk for IPD as long as they remain 

stably colonized, delayed nasal bacterial clearance due to cigarette smoke exposure 

may result in a prolonged time period in which individuals are at risk of IPD. 

 Mechanistically, cigarette smoke exposure predisposed mice to IPD in 

association with attenuated nasal pro-inflammatory mediator expression at early time 

points, including TNF-α, CXCL-1 and CXCL-2. In naive mice, pneumococcal 
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colonization is reported to induce an initial influx of neutrophils, followed by a more 

gradual and sustained recruitment of monocytes/macrophages important in resolving 

colonization over the course of several weeks159,161,273. It is thought that although 

neutrophils do not directly impact bacterial numbers, they play a role in antigen priming 

of adaptive immunity that impacts later Th17 dependent macrophage-mediated 

clearance of colonizing pneumococci159,161. Although the baseline proportion of nasal 

neutrophils was high in cigarette smoke-exposed mice, we did not see a significant 

increase in neutrophils in response to pneumococcal colonization, as compared to room 

air control mice. Hence, we postulate that the impaired ability to recruit additional 

neutrophils in response to S. pneumoniae may predispose mice to IPD in cigarette 

smoke-exposed mice. In support of this, the effect of cigarette smoke is similar to 

previous observations of targeted neutrophil depletion in the context of nasal 

pneumococcal colonization, which had no immediate impact on nasal bacterial burden, 

but predisposed mice to IPD159. Furthermore, we show that increased survival in nasally 

colonized mice following smoking cessation was associated with an increase in 

neutrophils in the URT. Cigarette smoke may thus predispose to IPD by impairing the 

neutrophilic response induced by nasal pneumococcal colonization.  

 Mucociliary flow and epithelial barrier integrity at the nasopharynx are critical for 

the prevention of invasive microbial infections, and cigarette smoke exposure has been 

documented to impair both of these aspects of respiratory host defence274. Increased 

clearance rates of 99mTC-DTPA, a marker commonly used to assess epithelial barrier 

integrity in the respiratory tract, have been observed in smokers following delivery to the 

lungs. Faster clearance through the blood to the urinary bladder is indicative of 
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compromised epithelial barrier function275,276. Contrary to these reports, we found no 

significant impact of cigarette smoke exposure on either the nasal clearance or 

bloodstream uptake of 99mTC-DTPA following delivery to the upper airways. This implies 

that acute cigarette smoke exposure did not compromise either nasal clearance or the 

upper respiratory tract epithelial barrier integrity at a time point corresponding to 

widespread pneumococcal dissemination in our model. Along these lines, cigarette 

smoke-exposed mice are reported to have no significant decrease in ciliary beat 

frequency until after 6 months of cigarette smoke exposure139. However, S. pneumoniae 

has been observed to both decrease ciliary beat frequency and to cause damage at the 

human respiratory mucosa, in addition to down-regulating nasal tight junction protein 

expression in mice277,278. Therefore we should not rule out synergistic effects of 

cigarette smoke exposure and pneumococcal colonization on both nasal clearance and 

epithelial barrier integrity of the upper airways.  

 S. pneumoniae has been shown to adhere to and enter host cells through the 

PAFR in an IL-1α dependent manner that may facilitate bacterial invasion even if 

epithelial barrier function remain intact147. Moreover, both PAFR and IL-1α are 

increased in the lungs of smokers and COPD patients88,148,213. But we show that 

deficiency in PAFR or IL-1α did not rescue cigarette smoke-exposed mice from higher 

rates of IPD-associated mortality. This may be due to differential regulation of PAFR 

and IL-1α in the upper and lower respiratory tracts as expression of both factors was 

attenuated in the nasopharynx while we confirmed an increase in lung PAFR by 

cigarette smoke exposure. Thus although PAFR may potentially be involved in 

pneumococcal dissemination from the lungs following cigarette smoke exposure, it 
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played no significant role in promoting invasive disease directly from nasal colonization. 

It is possible that the same pathway may differentially affect the upper and lower 

respiratory tracts. For example, while TLR-2 was essential for controlling pneumococcal 

nasal colonization, it had little effect during pneumococcal lung infection in mice279,280. 

Of note, both heart microlesion formation and translocation across the blood-brain 

barrier by S. pneumonia is PAFR dependent269,281, and may explain the small delay in 

mortality we observed in cigarette smoke-exposed PAFR KO mice. Ultimately however, 

PAFR did not contribute to the increased mortality rate in cigarette smoke-exposed mice 

following nasal pneumococcal colonization.  

 We showed accumulation of pneumococci in the spleen and brain of some 

cigarette smoke-exposed mice without bacterial presence in the BAL. This observation, 

combined with the absence of pathological features of pneumonia in endpoint mice, 

suggest systemic dissemination of S. pneumoniae from the nasopharynx in our model 

may not require prior lung infection. This is surprising given that smoking is associated 

with an increased risk of CAP112, that mortality due to pneumococcal pneumonia is 

increased in smokers282, and that S. pneumoniae is frequently isolated during bacterial 

exacerbations of COPD108. Since invasive infection had already progressed to the 

lungs, blood, and brain in the majority of cigarette smoke-exposed mice examined in our 

time course, we cannot rule out that we might have missed the very early phase of 

disease and that bacterial dissemination did occur from the lungs. On the other hand, 

occult pneumococcal bacteremia, the direct spread of S. pneumoniae from the 

nasopharynx into the blood is a well-known phenomenon283. We also observed S. 

pneumoniae invasion into the brain of cigarette smoke-exposed mice without bacterial 
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detection in either the BAL or spleen, consistent with a report of direct S. pneumoniae 

translocation to the brain from the nasopharynx284. These phenomena are particularly 

alarming due to the asymptomatic nature of nasal colonization and the rapidness of 

disease progression. Much focus has been placed on cigarette smoke's effects on 

pneumococcal invasiveness into the lungs, but our data suggest smokers may also be 

at increased risk of occult bacteraemia, which warrants further attention.    

 There are approximately 90 different pneumococcal serotypes and invasive 

potential, as well as bacterial dissemination pattern, are highly dependent on both the 

serotype and clonal type285–287. Therefore, cigarette smoke exposure may predispose to 

IPD in a manner dependent on the virulence potential and organ specific tropism of the 

S. pneumoniae strain acquired in the URT. The current study used a clinical blood 

isolate of serotype 6A that has been associated with a higher risk of acquiring 

meningitis192,193,288. This may explain the observed predisposition towards bacteraemia 

and meningitis, rather than pneumonia in our model. Similarly, Basilico et al recently 

reported that cigarette smoke exposure predisposed mice to ear infection following 

pulmonary delivery of a clinical isolate of S. pneumoniae isolated from a patient with 

otitis media289.  

 Importantly, we found mortality in cigarette smoke-exposed mice was fully 

rescued upon smoking cessation post-nasal colonization. This observation likely 

explains why nasal colonization with a clinical isolate of the same serotype (6A) was not 

reported to cause invasive disease in a recent study by Voss et al 272, as mice were not 

exposed to cigarette smoke post-nasal pneumococcal colonization. These differences in 

experimental approach should be taken into consideration when investigating 
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mechanisms of pneumococcal colonization and IPD in the context of cigarette smoke 

exposure, especially given how quickly nasal CXCL-1 and CXCL-2 expression, as well 

as neutrophil recruitment increased following smoking cessation in colonized mice. Our 

data suggest that smoke's immunosuppressive effects at the nasopharynx are highly 

reversible upon smoking cessation. Epidemiological studies also support a reversible 

effect of cigarette smoke exposure on pneumococcal disease in that the odds ratio of 

acquiring infection is lower in former smokers compared to current smokers112,119. 

Smoking cessation may thus be the most effective intervention strategy to reduce the 

incidence of IPD.  

 We propose that cigarette smoke exposure predisposes to IPD by suppressing 

nasal inflammatory mediator expression. The suppressive effect of cigarette smoke 

exposure on nasal inflammatory processes has also been observed in humans where 

nasal IL-6 expression was decreased in young healthy smokers following nasal 

inoculation with live attenuated influenza virus290. The suppressive effect of cigarette 

smoke exposure in the URT is in contrast to our previous study in Chapter 3.1 showing 

cigarette smoke exposure to prime the lungs towards excessive neutrophilia in 

response to bacterial infection. This could be attributed to differential regulation of 

inflammatory processes by cigarette smoke at the upper and lower respiratory tracts, as 

suggested by Huvenne et al291. Cigarette smoke is a complex stimulus containing over 

4500 compounds and it is yet unclear how smoke exposure may be attenuating nasal 

inflammatory responses to S. pneumoniae292. Innate sensing of bacterial constituents 

through pattern recognition receptors is critical to initiate appropriate inflammatory 

responses293. We have previously shown TLR-4 expression to be unaffected in AMs 
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from cigarette smoke-exposed mice111. Others have reported decreased AM TLR-2 

expression in smokers and COPD patients294. Additionally, nasal TLR-4 expression was 

attenuated in smokers and patients with severe COPD295. However, the impact of 

cigarette smoke exposure on nasal TLR expression and function, especially that of 

TLR-2 for S pneumoniae, remains to be investigated158. In addition, as cigarette smoke 

contains bioactive LPS, some of its suppressive effects have been thought to resemble 

LPS tolerance, with repeated TLR-4 stimulation inducing a transient state of immune 

hyporesponsiveness259,296. Lastly, oxidative stress induced by cigarette smoke exposure 

causes protein carbonylation that has been associated with impaired immunity in 

macrophages297. Further research is required to elucidate mechanisms underlying 

suppression of nasal bacterial responses by cigarette smoke as restoring these 

processes may lower the risk of IPD in smokers. 

 We present a novel mouse model that closely resemble clinical observations of 

cigarette smoke-associated IPD. Our data suggest that cigarette smoke exposure may 

increase the risk of not only pneumonia, as reported in the literature, but also occult 

pneumococcal bacteraemia. Contrary to findings in the lungs, nasal expression of PAFR 

and IL-1α were down-regulated and contributed little to mortality associated with 

bacterial invasiveness from the nasopharynx. Mechanistically, we propose that cigarette 

smoke exposure attenuates a pro-inflammatory environment at the nasopharynx 

normally induced by S. pneumoniae, which hinders recruitment of crucial cellular 

effectors required for the prevention of IPD. Smoking cessation may be the most 

effective intervention strategy to reduce the incidence of IPD, emphasizing the need for 

more supportive smoking prevention and cessation programs. However, given the 
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addictive nature and high prevalence of cigarette smoking, future studies are also 

warranted to understand and restore inflammatory processes at the nasal mucosa. 

 
4.6. Impact of cigarette smoke exposure on the nasal microbiome 

Nasal microbiome dysbiosis has been described in human smokers, with increased 

pathogen colonization123. Cigarette smoke exposure may promote pathogen 

colonization by perturbing the nasal microbiota and decreasing colonization resistance. 

To our knowledge, the study in chapter 3.3 is the first to assess the effect of cigarette 

smoke exposure on the nasal microbiome in an experimental mouse model, where 

conditions such as the extent of cigarette smoke exposure and nasal pathogen 

acquisition can be carefully controlled. This allowed us to advance our understanding of 

the link between cigarette smoke exposure, pathogen colonization, and nasal 

microbiome dysbiosis. We observed that cigarette smoke exposure alone did not cause 

nasal microbiome dysbiosis. Cigarette smoke exposure also did not impact the 

abundance of natural S. pneumoniae present in mice at baseline as indicated by lytA 

measurements in the CNT of vehicle control mice. In addition, microbial composition 

remained similar between room air and cigarette smoke-exposed mice immediately 

(12h) after low dose nasal pneumococcal inoculation, suggesting cigarette smoke 

exposure did not compromise the ability of the microbiome to resist initial nasal 

pneumococcal acquisition. Our data clearly demonstrate that cigarette smoke exposure 

alone was not sufficient to alter the nasal microbiota. We conclude that cigarette smoke 

exposure increases nasal pneumococcal colonization independent of changes to nasal 

microbiota composition. It could be that cigarette smoke exposure impacts other 

aspects of bacterial-host interactions, such as increased S. pneumoniae adhesion to the 
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epithelium and an attenuated inflammatory response to S. pneumoniae, to promote 

pneumococcal colonization. 

 Interestingly, our findings showed significant differences in microbial composition 

between room air and cigarette smoke-exposed mice at day 3 following high dose nasal 

pneumococcal colonization reflective of clinical observations164,182. However, we did not 

observe a significant decrease in any bacterial genera in cigarette smoke-exposed mice 

as compared to room air-exposed mice at day 3 post-nasal pneumococcal colonization. 

This observation suggests that the observed decrease in commensal bacteria in 

smokers may be attributed to nasal pneumococcal colonization alone, rather than an 

effect of cigarette smoke exposure. We further investigated the impact of cigarette 

smoke exposure on some specific bacteria, such as Corynebacterium and Lactococcus, 

that may contribute to colonization resistance against S. pneumoniae. A decrease in 

Corynebacterium and Lactococcus was reported to correlate with URT pneumococcal 

colonization in children, and smokers had less abundant Corynebacterium164,179,182. We 

show that nasal pneumococcal colonization over the background of cigarette smoke 

exposure did not impact the levels of Corynebacterium and Lactococcus compared to 

nasal pneumococcal colonization alone. The decrease in commensal bacteria, such as 

Corynebacterium, found in smokers may thus be a consequence of nasal 

pneumococcal colonization alone, rather than cigarette smoke exposure, which should 

be taken into account while interpreting clinical observations. 

 On the other hand, we observed in cigarette smoke-exposed mice compared to 

room air-exposed mice at day 3 post-nasal pneumococcal colonization significant 

increases in the abundance of several genera, including Fusobacterium and Tannerella, 
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that contain bacterial species associated with periodontal disease298,299. Notably, 

smokers are at increased risk of periodontitis, and oral microbiome dysbiosis was 

recently reported in current smokers117,300. Gemella, Neisseria, and Kingella, which 

contain species with pathogenic potential, were also enriched with the combination of 

pneumococcal colonization and cigarette smoke exposure301–303. Our data suggest that 

the expansion of S. pneumoniae during cigarette smoke exposure provides an 

advantage for other potential pathogens present in the URT. Cigarette smoke 

condensate has been shown to directly increase pneumococcal biofilm formation in 

vitro304. It is plausible that other bacteria may benefit from increased pneumococcal 

biofilm formation as different bacterial species have been shown to synergize in 

multispecies biofilms305. A biofilm is a sessile microbial community consisting of cells 

that irreversibly attach to a substratum to form a matrix, providing a stable protective 

environment and a shorter bacterial replication time306,307. Alternatively, cigarette smoke 

exposure may promote other synergistic interactions between S. pneumoniae and 

Fusobacterium, Gemella, as well as Neisseria, to promote their growth. 

 We cannot rule out that changes in the nasal microbiome observed during nasal 

pneumococcal colonization may simply be a consequence of higher pneumococcal 

burden independent of cigarette smoke exposure. Although the difference was not 

statistically significant, we observed higher levels of CNT lytA in cigarette smoke-

exposed mice compared to room air-exposed mice following nasal pneumococcal 

colonization, suggesting higher pneumococcal burden that may account for the 

corresponding nasal microbiome changes observed. For example, cigarette smoke-

exposed mice may have increased pneumococcal biofilm formation as a result of higher 
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nasal pneumococcal burden, leading to the enrichment of Fusobacterium, Gemella, and 

Neisseria. Overall, our experimental model of nasal pneumococcal colonization and 

cigarette smoke exposure showed changes in the nasal microbiome reflective of 

observations in human smokers, with the enrichment of several potential pathogens. 

However, our findings suggest that nasal microbiome dysbiosis occur not in response to 

cigarette smoke exposure, but rather as a consequence following the establishment of 

nasal colonization by S. pneumoniae. Whether the microbial dysbiosis observed in 

smokers is simply a consequence of higher pathogenic bacterial burden, and occur 

independent of cigarette smoking, warrants further investigation. 

 We further investigated whether cigarette smoke exposure altered bacterial-

bacterial interactions by assessing the abundance of specific genera, including 

Haemophilus and Staphylococcus, known to interact with S. pneumoniae. Haemophilus 

influenzae has been observed to induce nasal pneumococcal clearance, possibly by 

eliciting a neutrophilic response that drives S. pneumoniae killing308. However, this 

effect may be strain dependent as other studies have reported H. influenza enrichment 

in the presence of pneumococci without competitive interactions214. Nasal colonization 

of Staphylococcus aureus, on the other hand, is reported to inversely correlate with 

nasal pneumococcal colonization215. The competitive interaction between these two 

bacteria may be attributed to hydrogen peroxide production by S. pneumoniae309. 

Surprisingly, we did not detect significant differences in Haemophilus and 

Staphylococcus abundance between room air and cigarette-exposed mice despite 

significantly higher Streptococcus abundance at the genus level in cigarette smoke-

exposed mice 3 days post-colonization. It could be that bacterial species within the 
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same genus are differentially impacted. Thus, changes in the abundance of individual 

bacterial species, such as H. influenza and S. aureus, may be masked when overall 

abundance is assessed as a whole on the genus level. Of note, we observed a 

significant increase in one Haemophilus OTU (data not shown), suggesting there may 

be changes at the species level consistent with previous studies214,215. Alternatively, 

cigarette smoke exposure may alter bacterial interactions during pneumococcal 

colonization. For example, cigarette smoke extract in vitro has been found to directly 

increase S. aureus biofilm formation and up-regulate the expression of oxidoreductase 

enzymes dependent on oxidative stress310. Cigarette smoke exposure may thus 

increase S. aureus competitiveness by inducing tolerance to pneumococcal hydrogen 

peroxide production. Further research is required to elucidate how cigarette smoke 

exposure may impact specific bacterial-bacterial interactions at the species level during 

nasal pneumococcal colonization.   

 We observed that cigarette smoke exposure increased nasal pneumococcal 

colonization, consistent with clinical observations123,185–187. Although the increase in the 

incidence of nasal wash pneumococcal recovery from cigarette smoke-exposed mice 

following very low dose pneumococcal colonization (103 CFU) was not significant 

relative to room air-exposed controls at 12 hours post-colonization, we observed a 

significant increase in nasal pneumococcal burden following inoculation of 104 CFU S. 

pneumoniae. We also assessed nasal pneumococcal burden in the same CNT samples 

utilized for nasal microbiome analysis. Surprisingly, we did not observe similar 

increases in lytA levels from CNT samples at 12 hours post-nasal pneumococcal 

colonization. Instead, when we inoculated mice with a high pneumococcal dose to 
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ensure maximal colonization (107 CFU), the amount of lytA was increased at day 3 post-

colonization in the CNT of cigarette smoke-exposed mice, a time point when 

pneumococcal burden was previously observed to be similar between room air-exposed 

and cigarette smoke-exposed mice in the nasal wash. These differences in 

pneumococcal colonization levels between nasal wash and CNT samples may be 

explained by the presence of different subpopulations of S. pneumoniae during 

colonization. Surface and invasive subpopulations of nasally colonizing S. pneumoniae 

have been previously described. While the surface population of S. pneumoniae can be 

recovered by nasal wash, the invasive population was only recoverable following 

homogenization of the nasal tissue311. Hence we may be examining different 

pneumococcal populations in the CNT and the nasal wash. The variability of lytA 

assessment was also high in CNT samples, compared to culturing data that is usually 

presented on a log scale. This variability may explain why the difference in CNT lytA 

levels between room air and cigarette smoke-exposed mice did not reach statistical 

significance. Nevertheless, we confirmed the establishment of nasal pneumococcal 

colonization, which allowed us to evaluate corresponding nasal microbiome changes in 

the same CNT samples. 

 We took advantage of an established experimental mouse model to evaluate the 

effect of cigarette smoke exposure on the nasal microbiome in the absence and 

presence of nasal colonization by an opportunistic pathogen, in this case S. 

pneumoniae. We confirmed clinical observations that cigarette smoke exposure 

increases nasal pneumococcal colonization123,185–187. However, our findings suggest 

that cigarette smoke exposure alone was not sufficient to alter nasal microbiome 
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composition, and that clinical observations of nasal microbiome dysbiosis in smokers 

are likely a consequence of established pathogen colonization. We propose that 

cigarette smoke exposure predisposes to nasal pneumococcal colonization by 

impacting other aspects of bacterial-host interactions, such as the URT host defence, 

rather than altering the nasal microbiome to compromise pathogen colonization 

resistance. Observations of dysbiosis in the context of cigarette smoke exposure and 

confirmed pneumococcal colonization may thus be attributed to subsequent disturbance 

of URT microbial communities by colonizing pneumococci. Interestingly, we report here 

a synergy between S. pneumoniae and several other potential pathogens during 

cigarette smoke exposure post-nasal pneumococcal colonization, consistent with 

previous observations of increased pathogen isolation from current smokers123. 

Whether cigarette smoke directly drives synergistic interactions between pathogens 

during nasal pneumococcal colonization remains to be determined. 

 
4.7. Final thoughts and future directions 

The work presented in this thesis investigated the impact of cigarette smoke exposure 

on multiple aspects of bacterial colonization and infection, leaving some fascinating 

avenues for future research. Our findings suggest cigarette smoke exposure 

differentially impacts the inflammatory response to bacteria at the upper and lower 

respiratory tract. While cigarette smoke exposure primed the lungs towards an 

exacerbated neutrophilic response to NTHi infection, the nasal inflammatory response 

to S. pneumoniae colonization was attenuated. We hypothesize that an impaired ability 

to contain colonizing bacteria at the URT contributes to the increased risk of acquiring 

bacterial infection in smokers and COPD patients. At the same time, an established 
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infection in the lungs promotes excessive inflammation, leading to exacerbations of 

COPD and lung damage. However, we note that different bacteria were used to study 

the URT and lungs in this thesis. Whether S. pneumoniae elicits similar inflammatory 

responses in the lungs as NTHi following cigarette smoke exposure warrants further 

attention as S. pneumoniae is also frequently associated with COPD exacerbations106. 

Additionally, in light of the failure of the recent anti-IL-1R1 antibody clinical trial to 

reduce COPD exacerbation frequency211, it is critical to evaluate whether mechanisms 

underlying COPD exacerbations differ dependent on the bacteria. 

 We show that cigarette smoke exposure predisposes to IPD in mice associated 

with an attenuated nasal inflammatory response to S. pneumoniae. However, the 

impact of cigarette smoke exposure on nasally colonizing microbial pathogens may also 

be an important contributing factor. Several in vitro studies have shown cigarette smoke 

to up-regulate bacterial virulence gene expression and increase biofilm formation in 

Porphyromonas gingivalis, Staphylococcus aureus, and Pseudomonas 

aeruginosa310,312,313. Although it has been shown that S. pneumoniae biofilm formation 

is increased in response to cigarette smoke condensate in vitro304,314, how cigarette 

smoke directly impacts pneumococcal virulence during nasal colonization in vivo 

remains an area of future research that may lead to novel therapeutic intervention 

strategies.  

 Our study showed that microbiome dysbiosis occur as a consequence of nasal 

pneumococcal colonization in cigarette smoke-exposed mice, characterized by an 

enrichment of other potential pathogens residing in the URT. In addition to targeting 

aspects of the URT host defence altered by cigarette smoke exposure, future efforts to 
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reduce pathogen colonization in smokers can also take advantage of bacterial 

community interactions to restore balance to the nasal microbiome. For example, nasal 

re-colonization with alpha-hemolytic streptococci that competitively interact with several 

pathogens in patients prone to tonsillitis decreased the recurrence of infection315. 

Similarly, alpha-hemolytic streptococci re-colonization reduced the rate of recurrence of 

acute otitis media in susceptible children316. Further research is required to evaluate the 

potential of nasal microbiome modulation as an intervention strategy to decrease nasal 

pathogen colonization and reduce the risk of bacterial infection in smokers.  

 
4.8. Overall conclusions 

The work presented in this thesis has advanced our knowledge of the impact of 

cigarette smoke exposure on bacterial-host, as well as bacterial community interactions. 

The first study presented in chapter 3.1 (published in the Journal of Immunology) 

elucidated mechanisms underlying an exacerbated lung inflammatory response to 

bacteria in cigarette smoke-exposed mice that contributed to the decision process to 

pursue a clinical trial of anti-IL-1R1 antibody therapy in COPD patients. The second 

study presented in chapter 3.2 (published in Infection and Immunity) is, to our 

knowledge, the first to investigate the progression to IPD from an asymptomatic nasal 

pneumococcal carrier state in the context of cigarette smoke exposure. Importantly, we 

showed that the increased risk of IPD in cigarette smoke-exposed mice is associated 

with an attenuated nasal inflammatory response to S. pneumoniae, and that smokers 

may be at increased risk of not only pneumonia, as reported in the literature, but occult 

pneumococcal bacteraemia as well. The third study presented in chapter 3.3 

(manuscript in preparation, planned submission to Infection and Immunity) tested the 
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prevalent hypothesis that cigarette smoke exposure increases pathogen colonization 

associated with perturbation of the resident nasal microbiome that may decrease 

colonization resistance. Our study suggests that cigarette smoke exposure alone was 

not sufficient to alter nasal microbiota composition and that clinical observations of 

microbiome dysbiosis in smokers likely occur as a consequence of nasal pathogen 

colonization. These findings raise the question of whether focus should be shifted 

towards targeting other aspects of bacterial-host interactions that contribute to 

increased pathogen colonization in smokers. Overall, work presented in this thesis has 

increased our understanding of how cigarette smoking alters bacterial-host interactions 

to promote bacterial infection and COPD pathogenesis. 
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CHAPTER 6. FIGURE LEGENDS, FIGURES, AND TABLES  

Figure 1: Cigarette smoke-induced neutrophilia is dependent on IL-1α produced by the 

hematopoietic cell compartment. C57BL/6, IL-1α KO and IL-1β KO mice were cigarette 

smoke-exposed for 4 days and sacrificed 18 h following the final cigarette smoke exposure. IL-

1α and IL-1β protein levels were determined in lung homogenates. CXCL-1 and CXCL-2 protein 

levels were assessed in the BAL fluid. Neutrophils (NEU) were counted in the BAL fluid. Room 

air (open bars), smoke (solid bars). (A) IL-1α expression in C57BL/6 mice following cigarette 

smoke exposure. Neutrophil cell number, and chemokine levels in the BAL fluid of IL-1α KO 

mice. (B) IL-1β expression in C57BL/6 mice following cigarette smoke exposure. Neutrophil cell 

number, and chemokine levels in the BAL fluid of IL-1β KO mice. (C) IL-1α chimeric mice were 

generated as shown and cigarette smoke-exposed for 4 days to assess neutrophil levels in the 

BAL fluid. Data are shown as mean ± SEM. n=4-10 mice per group. Statistical analysis was 

performed using General Linear Model, followed by individual t-test.*p<0.05. NS, not significant. 

Figure 2: Cigarette smoke exposure primes alveolar macrophages to produce IL-1α in 

response to bacteria. (A) Mononuclear cells (MNC) were quantified in the BAL fluid of 4 day 

and 8 week cigarette smoke-exposed C57BL/6 mice. Room air (open bars), smoke (solid bars) 

(B) Alveolar macrophages on cytospins generated from 8 week cigarette smoke-exposed mice 

and stained with H&E. (C, E, and F) Alveolar macrophages were isolated by adherence from 8 

week cigarette smoke-exposed C57BL/6 mice, cultured in media (RPMI 1640), and stimulated 

with Pam3CSK4, LPS, or NTHi for 24 h. TNF-α, IL-1α, and IL-1β levels in culture supernatants 

were determined by ELISA. (D) IL-1α mRNA expression was determined by RT-qPCR in 

alveolar macrophages isolated from 8 week cigarette smoke-exposed C57BL/6 mice after 4 h 

stimulation with LPS. Gene expression was normalized to that of the room air un-stimulated 

control group. Room air (open bars), smoke (solid bars). Data are shown as mean ± SEM. n=5 

mice per group. Statistical analysis was performed using General Linear Model, followed by 

individual t-test.*p<0.05. 

Figure 3: Cigarette smoke exposure exacerbates NTHi-elicited neutrophilia and CXCL-5 

expression. BALB/c or CXCR2 KO mice were cigarette smoke-exposed for 8 weeks and 

challenged intranasally with 106 CFU NTHi. Mice were sacrificed 12 h post-infection. (A) Total 

cell number (TCN), mononuclear cells (MNC), and neutrophils (NEU) in the BAL fluid of BALB/c 

mice. Room air (open bars), smoke (solid bars). (B) Neutrophil levels in the BAL fluid of smoke-

exposed CXCR2 KO mice on a BALB/c background (gray shaded background). (C) CXCL-1 

and CXCL-5 levels in the BAL fluid of BALB/c mice were assessed by ELISA. (D) 

Immunohistochemistry was carried out to assess CXCL-5 expression in lung tissue. Scale bar, 

50µm. (E) Precision cut lung slices were generated from 8 week cigarette smoke-exposed 

C57BL/6 mice and stimulated with NTHi for 6 h. CXCL-5 mRNA expression was assessed by 

RT-qPCR. Gene expression was normalized to that of the room air un-stimulated control group. 

Data are shown as mean ± SEM. n=5-10 mice per group (n=3 for lung slice experiments). 

Statistical analysis was performed using General Linear Model, followed by individual t-

test.*p<0.05. 

Figure 4: Exacerbated neutrophilia induced by NTHi in cigarette smoke-exposed mice is 

dependent on IL-1R1. C57BL/6 and IL-1R1 KO mice were cigarette smoke-exposed for 8 

weeks and challenged intranasally with 106 CFU NTHi. Mice were sacrificed 12 h post-infection 

for the assessment of (A) cellular inflammation in the BAL fluid. Total cell number (TCN), 
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mononuclear cells (MNC), neutrophils (NEU). (B) BAL fluid CXCL-1 and CXCL-5 protein levels 

by ELISA. Room air (open bars), smoke (solid bars). Data are shown as mean ± SEM. n=5-10 

mice per group. Statistical analysis was performed using General Linear Model, followed by 

individual t-test.*p<0.05. 

Figure 5: Exacerbated neutrophilia induced by NTHi in cigarette smoke-exposed mice is 

dependent on IL-1α, but not IL-1-β. C57BL/6, IL-1α KO, and IL-1β KO mice were cigarette 

smoke-exposed for 8 weeks and challenged intranasally with 106 CFU NTHi. Mice were 

sacrificed 12 h post-infection. (A) IL-1α and IL-1β levels in lung homogenates of C57BL/6 mice 

were assessed by ELISA. Room air (open bars), smoke (solid bars). (B) Immunohistochemistry 

was carried out to assess IL-1α expression in lung tissue from C57BL/6 mice. Scale bar, 25µm. 

(C) Cellular inflammation in the BAL fluid of IL-1α KO mice. (D) Cellular inflammation in the BAL 

fluid of IL-1β KO mice. Total cell number (TCN), mononuclear cells (MNC), neutrophils (NEU). 

Room air (open bars), smoke (solid bars). Data are shown as mean ± SEM. n=5-10 mice per 

group. Statistical analysis was performed using General Linear Model, followed by individual t-

test.*p<0.05. 

Figure 6: Targeting exacerbated neutrophilia may compromise bacterial clearance in 

cigarette smoke-exposed mice. IL-1R1 KO, CXCR2 KO, and IL-1α KO mice were cigarette 

smoke-exposed for 8 weeks and challenged intranasally with 106 CFU NTHi. Mice were 

sacrificed 12 h post-infection and lung bacterial  burden was determined by plating lung 

homogenates onto chocolate agar plates. Room air (open bars), smoke (solid bars). Data are 

shown as mean ± SEM. n=5-10 mice per group. Statistical analysis was performed using 

General Linear Model, followed by individual t-test.*p<0.05. 

Figure 7: Repeated NTHi infection increases lung compliance in cigarette smoke-

exposed mice. (A) C57BL/6 mice were cigarette smoke-exposed for 10 weeks and 

administered 106 CFU NTHi intranasally every 2 weeks for a total of 4 administrations. (B) 

Pressure volume curves. (C) Compliance data. (D) Airspace size was quantified by 

pneumometric software in H&E-stained lung sections. Data are shown as mean ± SEM. n=5-10 

mice per group. Statistical analysis was performed using General Linear Model, followed by 

individual t-test.*p<0.05. 

Figure 8: Cigarette smoke induces IL-1α-dependent inflammatory responses. Cigarette 

smoke induces alveolar macrophages to produce IL-1α, which recruits neutrophils to the lungs 

associated with increased CXCR2 chemokines. Cigarette smoke exposure alters alveolar 

macrophage phenotype and primes them for an exacerbated IL-1α response to bacterial 

infection, leading to increased neutrophilia associated with higher CXCL-5 expression.  

Figure 9: Cigarette smoke exposure compromises the nasal host response following 
nasal S. pneumoniae colonization. Room air control or 1 week cigarette smoke-exposed mice 
were nasally colonized with approximately 106 CFU S. pneumoniae. Mice continued to be 
cigarette smoke-exposed and were euthanized on day 2 post-colonization. (A) Nasal wash 
bacterial burden. n=4-5 mice per group. Data are representative of 3 independent experiments. 
(B) mRNA was isolated from lysis Buffer RLT nasal washes. Gene expression was determined 
by RT-qPCR and normalized to that of the room air vehicle control group. n=3-5 mice per group. 
Tnfa, Cxcl1, Cxcl2 data: representative of 3 independent experiments, Ccl2 data: representative 
of 2 independent experiments (C) Neutrophil and macrophage proportions in the nasal wash 
were determined using flow cytometry. Room air (open bars), smoke (solid bars), S.p. (S. 
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pneumoniae). Data are shown as mean ± SEM. n=4-5 mice per group.*p<0.05 when compared 
to corresponding control as assessed by independent t-test. 
 
Figure 10: Cigarette smoke exposure predisposes mice to IPD and mortality following 
nasal pneumococcal colonization. Room air control or 1 week cigarette smoke-exposed mice 
were nasally colonized with approximately 106 CFU S. pneumoniae. Mice continued to be 
cigarette smoke-exposed for 16 days post-nasal colonization and were euthanized as they 
reached endpoint. (A) Survival curve showing room air control mice (solid line), and smoke-
exposed mice (dotted line). Individual weights of surviving and endpoint mice are shown as 
percentages of initial weights on day of bacterial colonization (day 0). Control (open circles), 
smoke (closed circles). (B) Bacterial burden in various tissues of mice at endpoint. (C) Bacterial 
burden in various tissues of mice surviving to day 16. Control (open circles), smoke (closed 
circles). n=10 per group of control or cigarette smoke-exposed mice. Survival curves were 
compared by log-rank test; p<0.05 was considered significant. *p<0.05 when compared to 
corresponding control as assessed by independent t-test. 
 
Figure 11: Cigarette smoke exposure predisposes to mortality in mice following nasal 
pneumococcal colonization over a range of initial bacterial inoculation doses. Room air 
control or 1 week cigarette smoke-exposed mice were nasally colonized with the indicated dose 
of S. pneumoniae. Mice continued to be cigarette smoke-exposed for 25 days post-nasal 
colonization and were euthanized as they reached endpoint. Survival curves are shown. Control 
(solid line), smoke (dotted line), n=5 mice per group. Survival curves were compared by log-
rank test, p<0.05 was considered significant.  
 
Figure 12: Endpoint mice show features of sepsis and meningitis. Room air control or 1 
week cigarette smoke-exposed mice were nasally colonized with approximately 106 CFU S. 
pneumoniae. Mice continued to be cigarette smoke-exposed post-nasal colonization and were 
euthanized as they reached endpoint. (A) Blood leukocyte cell counts were determined in mice 
surviving to day 16, in endpoint mice, and in vehicle control mice. (B) IL-6 was measured by 
ELISA in the serum of surviving and endpoint mice. Room air (open circles), smoke (closed 
circles). (C-H) Mice reaching endpoint were perfused with 10% formalin. Tissues were fixed in 
formalin, sectioned, and stained with H&E. Representative images are shown: (C) inflammatory 
cell infiltrate at the meninges (arrow), (F) higher magnification of (C), (D) endomyocarditis 
(arrow), (G) higher magnification of (D), (E) cardiac microlesion (arrow), (H) Gram-positive stain 
of cardiac microlesion (arrow). n=5-10 per group of control or smoke-exposed mice.  
 
Figure 13: Cigarette smoke-exposed mice at endpoint have no increased lung 
inflammation. Room air control or 1 week cigarette smoke-exposed mice were nasally 
colonized with approximately 106 CFU S. pneumoniae. Mice continued to be cigarette smoke-
exposed for 16 days post-nasal colonization and were euthanized as they reached endpoint. 
The single lung lobe of (A) cigarette smoke-exposed mouse at endpoint and (B) cigarette 
smoke-exposed mouse surviving to day 16, were fixed with formalin, sectioned, and stained 
with H&E. Representative images are shown. (C) Differential cell counts of the BAL fluid from 
surviving and endpoint mice are shown with that of vehicle control. n=5-10 per group of room air 
or cigarette smoke-exposed mice. 
 
Figure 14: Invasive infection occurs rapidly into the blood and brain of cigarette smoke-
exposed mice. Room air control or 1 week cigarette smoke-exposed mice were nasally 
colonized with approximately 106 CFU S. pneumoniae. Mice continued to be cigarette smoke-
exposed and bacterial burden was assessed daily for 4 days in the indicated tissue samples. (A) 
Percentage of cigarette smoke-exposed mice with detectable S. pneumoniae in each tissue 



Ph.D. Thesis - Pamela Shen  McMaster University - Medical Sciences 

113 
 

sample over 4 days. Health status of mice was also assessed prior to euthanization each day. 
(B) Breakdown of bacterial dissemination patterns in cigarette smoke-exposed mice by day. (C) 
Breakdown of bacterial dissemination patterns in room air-exposed mice by day. n=8 mice per 
time point. 
 
Figure 15: Cigarette smoke-exposed mice show no changes in BAL inflammation or 
nasal bacterial burden over the course of 4 days despite widespread bacterial 
dissemination. 1 week cigarette smoke-exposed mice were nasally colonized with 
approximately 106 CFU S. pneumoniae. Mice continued to be cigarette smoke-exposed and 
were sacrificed daily for 4 days for the determination of (A) BAL cellular inflammation and (B) 
nasal wash bacterial burden. Gray circles in (A) indicate cigarette smoke-exposed mice with 
bacterial burden detected in the BAL, while black circles represent mice with no BAL bacteria. 
Data are shown as mean ± SEM. n=8 cigarette smoke-exposed mice per time point. 
 
Figure 16: Cigarette smoke exposure does not compromise nasal clearance of 99mTc-
DTPA. Room air control or 1 week cigarette smoke-exposed mice were anesthetised and 
nasally inoculated with 99mTc-DTPA at a time point corresponding to day 3 post-nasal 
colonization. Dynamic images were acquired every 30 seconds using SPECT to observe 
distribution of the radioligand. A standard region of interest was positioned at the nasal region 
and the activity of 99mTc-DTPA every 30 seconds was measured and expressed as percent 
maximal activity (obtained in the first frame). Control (open circles), smoke (closed circles). n=5-
6 mice per group. (B) Representative images of 99mTC-DTPA activity in the nasal region 
immediately after inoculation and 20 minutes later. (C-D) A whole body scan was performed at 
30 minutes post-99mTC-DTPA administration, followed by a whole body CT scan. (C) CT scan of 
mouse outlining the regions of interest in the upper airways and whole body. (D) Observed 
radioactive signal in the whole body 30 minutes following nasal delivery of 99mTC-DTPA. Mouse 
is in the same orientation as shown in (C). 
 
Figure 17: PAFR or IL-1α deficiency does not rescue cigarette smoke-exposed mice from 
mortality following nasal pneumococcal colonization. Room air control or 1 week cigarette 
smoke-exposed mice were nasally colonized with approximately 106 CFU S. pneumoniae. Mice 
continued to be cigarette smoke-exposed post-nasal colonization. (A) Lung mRNA expression 
of PAFR (Ptafr) and IL-1α at day 3 post-nasal colonization. Lung PAFR mRNA expression was 
also assessed in IL-1α KO mice following 4 days of cigarette smoke exposure. Gene expression 
was determined by RT-qPCR and normalized to that of the room air vehicle control group of the 
appropriate mouse strain. n=5 mice per group. (B) Lysis Buffer RLT nasal wash mRNA 
expression of PAFR and IL-1α at day 2 post-nasal colonization. Gene expression was 
determined by RT-qPCR and normalized to that of the room air vehicle control group. Room air 
(open bars), smoke (solid bars). Data are shown as mean ± SEM. n=3-5 mice per group. Data 
are representative of 2 independent experiments.*p<0.05 when compared to corresponding 
control as assessed by independent t-test. (C) Survival curves of cigarette smoke-exposed IL-
1α KO and PAFR KO mice post-nasal pneumococcal colonization. Wild type mice (solid line), 
KO mice (dotted line). n=9-10 mice per group. Data are representative of 2 independent 
experiments. Survival curves were compared by log-rank test, p<0.05 was considered 
significant. 
 
Figure 18: Smoking cessation fully protects mice from mortality following nasal 
pneumococcal colonization. 1 week cigarette smoke-exposed mice were nasally colonized 
with approximately 106 CFU S. pneumoniae and either continued or stopped cigarette smoke 
exposure following colonization. (A) Survival curve of mice that continued to be cigarette smoke-
exposed (solid line) or underwent smoking cessation (dotted line). n=10 mice per group. 
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Survival curves were compared by log-rank test, p<0.05 was considered significant. (B) 
Neutrophil proportions in the nasal wash from the smoking and cessation groups were 
determined at day 2 post-nasal colonization using flow cytometry. n=5 mice per group. (C) 
mRNA was isolated from lysis Buffer RLT nasal washes from the smoke-exposed and cessation 
groups at day 2 post-nasal colonization. Gene expression was determined by RT-qPCR and 
normalized to that of the cigarette smoke-exposed group. Smoke (black bars), cessation (gray 
bars). Data are shown as mean ± SEM. n=8-10 mice per group. *p<0.05 when compared to 
corresponding control as assessed by independent t-test. 
 
Figure 19: Cigarette smoke exposure increases nasal pneumococcal colonization in 
mice. Room air control or 1 week cigarette smoke-exposed mice were nasally colonized with 
the indicated dose of S. pneumoniae strain TIGR4 and sacrificed at the specified time points. 
Mice continued to be cigarette smoke-exposed post-nasal colonization. (A) Survival following 
nasal pneumococcal colonization (107 CFU). Room air control mice (solid line), cigarette smoke-
exposed mice (dotted line). n=10 mice per group. Survival curves were compared by log-rank 
test; p<0.05 was considered significant. (B) S. pneumoniae presence as determined by culturing 
on blood agar in the nasal wash at 12 h following low dose nasal pneumococcal colonization 
(103 CFU). n=7 mice per group. Fisher's exact test was utilized to assess whether increased 
association between cigarette smoke exposure and pneumococcal presence was significant. 
p<0.05 was considered significant. (C) Nasal pneumococcal burden was determined in the 
nasal wash by plating on blood agar at the indicated time points post-nasal pneumococcal 
colonization (104 CFU). n=5-6 mice per group. *p<0.05 when compared to corresponding control 
as assessed by independent t-test. (D-E) Complete nasal turbinates were isolated at the 
indicated S. pneumoniae nasal inoculation doses and time points post-nasal pneumococcal 
colonization. DNA was extracted and levels of the S. pneumoniae specific gene lytA relative to 
host Gapdh were determined by RT-qPCR. n=5 mice per group. Room air (open circles), smoke 
(closed circles). Differences between groups were assessed by independent t-test. p<0.05 was 
considered significant. 
 
Figure 20: Cigarette smoke exposure alone does not alter the nasal microbiome. Room air 
or 1 week cigarette smoke-exposed mice were administered PBS (vehicle control) and smoke-
exposed for an additional (A) 1 day and (B) 3 days. 16S rRNA sequencing was carried out on 
complete nasal turbinates. Principal coordinate analyses (PCoA) of the Bray-Curtis distance 
indicate that bacterial communities do not cluster together dependent on cigarette smoke 
exposure. Plots indicate β-diversity between samples, with each point representing one mouse. 
Distances between points represent how similar bacterial communities are between mice; the 
closer the samples, the more similar their microbiomes. n=5 mice per group. Statistical analyses 
were carried out with PERMANOVA.  
 
Figure 21: Relative abundances of major bacterial phyla and taxonomic summaries are 
similar between room air and cigarette smoke-exposed mice. Room air or 1 week cigarette 
smoke-exposed mice were administered PBS (vehicle control) and smoke-exposed for an 
additional day. 16S rRNA sequencing was carried out on complete nasal turbinates. (A) Relative 
abundances of the major bacterial phyla present are shown. Room air (open circles), smoke 
(closed circles). (B) Taxonomic summary plots are shown for individual mice. The relative 
abundance of each taxon is represented by the height of the bar. P: phylum, F: family, G: 
genus. n=5 mice per group.  
 
Figure 22: Pneumococcal acquisition does not perturb the nasal microbiome in cigarette 
smoke-exposed mice as compared to room air control. Room air or 1 week cigarette 
smoke-exposed mice were nasally inoculated with 104 CFU S. pneumoniae and sacrificed 12 h 
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post-nasal pneumococcal colonization. 16S rRNA sequencing was carried out on complete 
nasal turbinates. (A) Principal coordinate analysis (PCoA) of the Bray-Curtis distance indicate 
that bacterial communities do not cluster together dependent on cigarette smoke exposure. 
Plots indicate β-diversity between samples, with each point representing one mouse. Distances 
between points represent how similar bacterial communities are between mice; the closer the 
samples, the more similar their microbiomes. Statistical analyses were carried out with 
PERMANOVA. (B) Relative abundances of the major bacterial phyla present are shown. Room 
air (open circles), smoke (closed circles). (C) Taxonomic summary plots are shown for individual 
mice. The relative abundance of each taxon is represented by the height of the bar. P: phylum, 
F: family, G: genus. n=5 mice per group. 
 
Figure 23: Established nasal pneumococcal colonization is associated with significant 
differences in nasal microbiome composition between room air and cigarette smoke-
exposed mice. Room air or 1 week cigarette smoke-exposed mice were nasally inoculated with 
107 CFU S. pneumoniae and sacrificed 3 days post-nasal pneumococcal colonization. 16S 
rRNA sequencing was carried out on complete nasal turbinates. (A) Principal coordinate 
analysis (PCoA) of the Bray-Curtis distance indicate that bacterial communities cluster together 
dependent on cigarette smoke exposure. Plots indicate β-diversity between samples, with each 
point representing one mouse. Distances between points represent how similar bacterial 
communities are between mice; the closer the samples, the more similar their microbiomes. 
Differences between room air and cigarette smoke-exposed mice were determined to be 
statistically significant by PERMANOVA. Cigarette smoke-exposed mice with high nasal 
pneumococcal burden as determined by lytA measurement are indicated. (B) Relative 
abundances of the major bacterial phyla present are shown. Room air (open circles), smoke 
(closed circles). (C) Taxonomic summary plots are shown for individual mice. The relative 
abundance of each taxon is represented by the height of the bar. P: phylum, F: family, G: 
genus. n=5 mice per group. *Samples with lytA levels greater than a fold change of 0.5 relative 
to host Gapdh. 
 
Figure 24: Most abundant bacterial genera which are significantly increased in cigarette 
smoke-exposed mice at day 3 following established nasal pneumococcal colonization. 
Room air or 1 week cigarette smoke-exposed mice were either nasally inoculated with 104 CFU 
S. pneumoniae and sacrificed 12h post-nasal pneumococcal colonization or nasally inoculated 
with 107 CFU S. pneumoniae and sacrificed 3 days post-nasal pneumococcal colonization. 16S 
rRNA sequencing was carried out on complete nasal turbinates. Relative abundances of (A) 
Fusobacterium (B) Gemella and (C) Neisseria. Room air (open circles), smoke (closed circles). 
n=5 mice per group. Statistical analysis was carried out using DESeq2. *p<0.01 as compared to 
S. pneumoniae colonized room air control. All bacterial genera found to be significantly different 
are listed in Table 1. 
 
Figure 25: Corynebacterium and Lactococcus abundances are not impacted by cigarette 
smoke exposure in the presence of nasal pneumococcal colonization.  Room air or 1 week 
cigarette smoke-exposed mice were nasally inoculated with 107 CFU S. pneumoniae and 
sacrificed 3 days post-nasal pneumococcal colonization. 16S rRNA sequencing was carried out 
on complete nasal turbinates. Relative abundances of (A) Corynebacterium and (B) 
Lactococcus. Room air (open circles), smoke (closed circles). n=5 mice per group. Statistical 
analysis was carried out using DESeq2. p<0.01 was considered significant. 
 
Figure 26: Haemophilus and Staphylococcus abundances are not impacted by cigarette 
smoke exposure in the presence of nasal pneumococcal colonization. Room air or 1 week 
cigarette smoke-exposed mice were either nasally inoculated with 104 CFU S. pneumoniae and 
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sacrificed 12h post-nasal pneumococcal colonization or nasally inoculated with 107 CFU S. 
pneumoniae and sacrificed 3 days post-nasal pneumococcal colonization. 16S rRNA 
sequencing was carried out on complete nasal turbinates. Relative abundances of (A) 
Streptococcus (B) Haemophilus and (C) Staphylococcus. Room air (open circles), smoke 
(closed circles). n=5 mice per group. Statistical analysis was carried out using DESeq2. p<0.01 
was considered significant. 
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Figure 18

Smoking cessation
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Figure 20

A 1 week + 1 day smoke exposure
PCoA, Bray Curtis

B 1 week + 3 days smoke exposure
PCoA, Bray Curtis
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Figure 21

B

A

Room air (n=5) Smoke (n=5)

G: Streptococcus

P: Proteobacteria

F: Lachnospiraceae

P: Fusobacteria

P: Bacteroidetes

G: Fusobacterium

G: Bacteroides

G: Escherichia
G: Faecalibacterium

G: Prevotella

G: Staphylococcus

G: Haemophilus

Taxa < 1%

G: Corynebacterium

G: Lactococcus
P: Actinobacteria

137



Figure 22
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Figure 23
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Figure 25
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Phylum Family *Genus Log2 fold change

Firmicutes Streptococcaceae Streptococcus 4253

Fusobacteria Fusobacteriaceae Fusobacterium 470.7

Firmicutes Gemellaceae Gemella 93.77

Proteobacteria Neisseriaceae Neisseria 105.9

Firmicutes Peptostreptococcaceae Peptostreptococcus 67.69

Bacteroidetes Porphyromonadaceae Porphyromonas 53.27

Bacteroidetes Porphyromonadaceae Tannerella 40.58

Bacteroidetes Chitinophagaceae Sediminibacterium 6.18

Proteobacteria Neisseriaceae Simonsiella 13.10

Actinobacteria Coriobacteriaceae Atopobium 11.04

Proteobacteria Pasteurellaceae Aggregatibacter 11.95

Proteobacteria Neisseriaceae Kingella 8.07

Firmicutes Veillonellaceae Anaeroglobus 8.33

Spirochaetes Spirochaetaceae Treponema 8.87

Proteobacteria Moraxellaceae Acinetobacter 7.33

Table 1: Bacterial genera significantly different in cigarette smoke-exposed mice as 
compared to room air-exposed mice at day 3 post-nasal pneumococcal colonization

*Bacteria are listed in order of highest relative abundance
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