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activity of chemical compounds towards adherence of nontypeable H. influenzae to
cigarette smoke exposed bronchial epithelial cells. This chapter is formatted in a
manuscript format that will be submitted to a peer-reviewed journal for publication.

> Chapter 4 is a results chapter that addresses the third aim of the study; To compare in
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Abstract

Chronic obstructive pulmonary disease (COPD) is a severe and progressive condition
characterised by persistent respiratory symptoms and airflow limitation. Around 300 million
people in the world have COPD. It has emerged as the third leading cause of mortality, claiming
3.2 million lives worldwide in 2017. An acute exacerbation of COPD, a sudden worsening of
respiratory symptoms, is a major cause of morbidity and mortality in COPD patients. Various
factors, including biomass smoke exposure and infection with bacteria trigger COPD
exacerbations. Nearly half of the world’s population uses biomass fuel for cooking and heating
and is therefore at risk of exposure to noxious particles released from the combustion of
biomass fuel. Among respiratory bacteria, nontypeable Haemophilus influenzae (NTHI) is a

key pathogen implicated in colonisation and damage of airways in COPD patients.

In this thesis, | assessed the impact of biomass smoke exposure on inflammation and adherence
of NTHi to human bronchial epithelial cells. Due to the lack of a standard and easily accessible
procedure for the preparation of biomass smoke, | first devised a simple, cost-effective, and
reproducible method for the generation of biomass smoke extracts, in particular, cow dung and
wood smoke extracts. Using this method, | generated quantifiable batches of biomass smoke
extracts that were utilised for the assessment of cellular responses to different types of biomass
smoke. | investigated the effect of biomass smoke extracts on human airway epithelial cells
with respect to expression of a known receptor of NTHi, platelet-activating factor receptor
(PAFR), and the pro-inflammatory cytokines interleukin 6 (IL-6) and IL-8, using quantitative
polymerase chain reaction. In addition, | examined the response of bronchial epithelial cells to
adherence of NTHi using immunofluorescence microscopy. | observed an increased
inflammatory response in cells exposed to biomass smoke, characterised by induction of

significant levels of IL-6 and IL-8 mRNA, in comparison to mock exposed cells. |

XXV



demonstrated a dose-dependent increase in NTHi adhesion to epithelial cells following

exposure to biomass smoke extracts.

I further established an association between PAFR expression and the adhesion of NTHi in
biomass smoke-exposed cells. Pre-treatment with a known PAFR antagonist, WEB-2086
inhibited biomass smoke-induced adherence of NTHi in airway cells in a dose dependent
manner. In addition, pre-treatment of biomass smoke-exposed airway epithelial cells with a

novel WEB-2086 analogue, C17 reduced NTHi adhesion in a dose-dependent manner.

I next assessed the genomes of 568 NTHi isolates, including 40 newly sequenced clinical
isolates collected from patients with different diseases, including COPD. Phylogenetic analysis
based on polymorphic sites on the core genome did not provide sufficient resolution to separate
COPD strains from other clinical phenotypes, suggesting a similar set of core genes are present
in all clinical NTHi isolates. | applied discriminant analysis based on the presence or absence
profiles of accessory genes and found a clear distinction between COPD and other disease
strains. | then applied a pan genome-wide association study approach to identify the accessory
genes associated with COPD, which identified a set of accessory genes that regulate metabolic
functions, such as the metabolism of organic acids and oxidation-reduction reactions that
regulate cellular respiration to be significantly associated with COPD strains. This result
suggests that NTHi associated with COPD may exhibit genetically encoded functional

variances to isolates collected from other clinical illnesses.

In conclusion, this work advances our understanding of how biomass smoke could contribute
to the development and progression of COPD and highlights the potential of PAFR as a
therapeutic target for reducing the impact of hazardous biomass smoke exposure on respiratory
health. Further, this thesis increases our understanding of gene sets shared by NTHi strains that

survive and causes disease in the COPD lung.
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1 Chapter 1: Introduction

A modified version of this chapter has been accepted for publication in peer-reviewed journals.
This chapter includes the literature review, aims and hypotheses and an outline of the study
approach utilised to address each specific aim. It includes a large portion of text that appears
in the review articles published in the journals, Microbiology and Clinical and Translational

Medicine.

KC R, Shukla SD, Walters EH, O’Toole RF. Temporal upregulation of host surface receptors
provides a window of opportunity for bacterial adhesion and disease. Microbiology.
2017;163(4):421-30 (see Appendix). Reused by permission from Microbiology Society

Microbiology, © 2017.

KC R, Shukla SD, Gautam SS, Hansbro PM, O’Toole RF. The role of environmental exposure
to non-cigarette smoke in lung disease. Clinical and Translational Medicine. 2018; 5;7(1):39
(see Appendix). Reused under the terms of the Creative Commons CC BY license, which

permits unrestricted use, distribution, and reproduction in any medium.



1.1 COPD Definition

Global Initiative for Chronic Obstructive Lung Disease (GOLD) defined Chronic Obstructive
Pulmonary Disease (COPD) as “a common, preventable and treatable disease that is
characterised by persistent respiratory symptoms and airflow limitation that is due to airway
and/or alveolar abnormalities usually caused by significant exposure to noxious particles or
gases.” The chronic airflow limitation, a characteristic of COPD, is caused by a mixture of
small airway disease (chronic bronchitis) and parenchymal destruction (emphysema). The
relative contribution of these vary from person to person, and also depends on the type of
aetiology, for example tobacco smokers are found have more emphysema whereas biomass
smoke exposed individuals exhibit more lung fibrosis and bronchiolitis, and less emphysema
(Rivera et al., 2008, Camp et al., 2014). However, the mechanism underlying this differential

effect of smoke exposure is yet to be elucidated.

1.2 Burden of the disease

COPD is a major public health problem. According to the Global Burden of Diseases, Injuries
and Risk Factors Study 2017, around 300 million people in the world have COPD with 18.5
million new cases reported in 2017 (James et al., 2018). The number of years lived with
disabilities (YLDs) from COPD increased from 19.8 to 30.6 million between 1990 and 2017,
representing a 54.5% increase. In terms of mortality, COPD is the third leading causes of deaths
globally that claimed approximately 3.2 million lives in 2017 (Roth et al., 2018). In Australia,
the number of COPD cases has increased by 70% in the last 20 years with about 1.2 million
people with COPD in 2017. In 2008, the total economic impact of COPD was estimated to be

$98.2 billion attributed to substantial direct and indirect costs (Harper, 2013).



However, COPD patients included in all these epidemiological studies are diagnosed based on
the presence of airflow obstruction alone, which is not sufficient to diagnose COPD. Symptoms
of patients are not collected and considered in the diagnosis of COPD, which is one of the
major limitations of these epidemiological studies. Spirometry-defined COPD may not
represent the true COPD population as many patients with airflow obstruction in
epidemiological studies have asthma or cannot be necessarily diagnosed with a disease as they
have no symptoms. Therefore, global epidemiological data on COPD prevalence, incidence

and mortalities should be cautiously interpreted.

1.3 Diagnosis and assessment

COPD is characterised by the presence of dyspnoea, chronic cough or sputum production,
and/or a history of exposure to risk factors (Pauwels et al., 2001). The presence of respiratory
symptoms and exposure to noxious stimuli along with the presence of persistent airflow
limitation confirms the diagnosis of COPD. The airflow limitation is measured using
spirometry, which is characterised by the presence of a post-bronchodilator ratio of forced
expiratory volume in one second to forced vital capacity (FEV1/FVC) < 0.70 (GOLD, 2018).
COPD assessment is used to guide therapy and can be achieved by determining the level of
airflow limitation, it’s impact on patient’s health status and the risk of future events (such as
exacerbations, hospital admissions or death). Severity of airflow limitation is classified based
on post-bronchodilator FEV: (i.e., spirometric grade as shown in Figure 1.1) (Han et al., 2013).
Symptomatic assessment can be done by using either of the two measures; a simple measure
of breathlessness such as the Modified British Medical Research Council (mMMRC)
questionnaire (Fletcher, 1960) or a short patient-completed questionnaire, the COPD

Assessment Test (CAT), assessing the impact of COPD on health status (Jones et al., 2009).



Finally, the assessment of exacerbation risk defined as an acute worsening of respiratory
symptoms is best predicted by the history of earlier exacerbations, including prior
hospitalisations (GOLD, 2018). Thus, COPD patients are stratified into GOLD grades 1 to 4
based on severity of airflow limitation and groups A to D based on symptom burden and risk
of exacerbation for effective therapy and better management (Figure 1.1). In newly diagnosed
patients, decisions on the treatment and management of COPD are initially based on the ABCD

classification.
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Figure 1. 1 COPD assessment tool.

FEV1: forced expiratory volume in 1 s; FVC: forced vital capacity; GOLD: Global Initiative
for Chronic Obstructive Lung Disease; mMMRC: modified Medical Research Council; CAT:
COPD Assessment Test. Reproduced with permission from Global Initiative for Chronic

Obstructive Lung Disease (GOLD, 2018), © 2020.



1.4 Aetiology of development and progression of COPD

1.4.1 Exposure to tobacco smoke

Tobacco smoke is one of the biggest public health threats, according to the World Health
Organization (WHO) that kills more than 8 million people worldwide each year (WHO, 2019).
More than one million of those deaths are attributed to second-hand or passive smoke exposure
(WHO, 2019). Cigarette smoke contains more than 7300 chemicals, which have various toxic,
mutagenic and carcinogenic effects (Rodgman and Perfetti, 2016). The major components of
smoke that lead to many of the deleterious effects include nicotine, tar, ammonia, carbon
monoxide, carbon dioxide, formaldehyde, acrolein, acetone, benzopyrenes, hydroxyquinone,
nitrogen oxides and various pro-oxidative heavy metals (arsenic, cadmium, chromium, iron,
lead, mercury, nickel and vanadium) (Rennard, 2004, Rodgman and Perfetti, 2016). Chronic
exposure of the airways to this array of smoke-derived chemicals and particulates is the primary

cause of pulmonary and immune dysfunction (Feldman and Anderson, 2013).

Tobacco smoke is a well-established primary risk factor for the development of COPD. The
Surgeon General’s Reports on Smoking and Health released in 1964 was the first to report a
casual association of smoking with chronic bronchitis (Smoking, 1964). SmokeHaz, a
collaborative project between the UK Centre for Tobacco and Alcohol Studies, the European
Respiratory Society, and the European Lung Foundation conducted a systematic analysis that
assessed the effect of active tobacco smoking on the risk of developing respiratory diseases
(Jayes et al., 2016). Twenty-two studies included in this meta-analysis showed that active
smoking is strongly associated with a 4.01-fold increased risk of COPD compared with non-
smokers (RR, 4.01; 95% ClI, 3.18-5.05). Risk of COPD was similar in between men and women

(Jayes et al., 2016).



Besides active smoking, exposure to environmental tobacco smoke (ETS) has been associated
with an increased risk of COPD. The 1972 Surgeon General’s report showed the adverse effect
of second-hand or passive smoke on respiratory health (Samet, 2014). Compared with non-
smokers, exposure to environmental smoke for at least 1 h per day increases the risk of COPD
by 44% (RR, 1.44; 95% CI, 1.02-2.01) (Berglund et al., 1999); however, a 13-year follow-up
of the Cracow study did not find any consistent effect of passive smoking on the development
of COPD in non-smoking adult population (Krzyzanowski et al., 1986). Furthermore, a
prospective study conducted in the USA found that adults exposed to ETS during both
childhood and adult life were 1.72 times more likely to develop COPD in their adulthood (RR,
1.72; 95% CI, 1.31-2.23); however, no increased risk was seen in those only exposed during

childhood (RR, 1.09; 95% CI, 0.69-1.79) (Robbins et al., 1993).

1.4.2 Exposure to biomass smoke

The WHO estimates that nearly 4 million people die prematurely from illness attributable to
household biomass smoke exposure annually, of which 55% deaths are linked to respiratory
diseases, including pneumonia (lower respiratory tract infections), COPD and lung cancer
(WHO, 2018c). Nearly half of the world’s population rely on coal and biomass, such as wood,
animal dung, and crop residues as a primary fuel source for cooking and heating purposes
(WHO, 2018c). The proportion of households using clean fuels (liquid petroleum gas, biogas
and electricity) varies considerably across the globe (and even on the same continent) (WHO,
2014). Access to clean fuels is especially limited to a relatively small proportion of the
populations in low- and middle-income countries (Figure 1.2). Consequently, populations
residing in rural or remote areas of developing countries are heavily reliant on biomass fuel for

cooking or heating purposes (Figure 1.2) (Hall et al., 2013).



The particular concern with energy from biomass fuel is the use of inefficient stoves for
combustion, which generates toxic gases like carbon monoxide and nitrogen oxides; suspended
particulate matter containing volatile organic compounds (VOCs) such as methane, aldehydes,
benzene and its derivatives; and polycyclic aromatic hydrocarbons (PAHS) like benzo[a]pyrene
and anthracene (Leavey et al., 2017). Particulate matter (PM) with an aerodynamic diameter of
<2.5 microns (PM25) is light and can remain suspended in the air for longer periods (Xing et
al., 2016). PM2s can be inhaled deep into the lungs, and has been linked to oxidative stress and
inflammation induced damage to the respiratory system (Xing et al., 2016). Moreover, in
developing countries, the practice of indoor cooking in housing with poor air ventilation
potentially exposes women and children to PM2s up to the levels that are 1,000 times higher

than the threshold recommended by WHO (25 pug/m?®) (WHO, 2006, Saksena S, 2003).

Wood is the most common biomass fuel, however, use of animal dung, such as from cows,
sheep or horses, as a source of fuel is also widespread, especially in rural areas of low- and
middle-income countries, including India, Nepal, and sub-Saharan Africa due to its availability
in areas with limited vegetation and its lower cost (Pant, 2012). Animal dung is an inefficient
biofuel in terms of heat production and burns faster as compared to wood (Pahla et al., 2017).
As a result, relative to wood smoke, combustion of animal dung produces more particulate
matter (23% more PM2 s per kilogram), toxic byproducts, such as PAHs and endotoxins, and
oxidizing species such as redox active metals (copper and iron) and quinones (Mudway et al.,

2005, Sussan et al., 2014).

Nonetheless, exposure to biomass smoke is not exclusively an issue in low- and middle-income
countries. Use of indoor wood fires for heating purposes and for adding flavor during cooking
processes, such as barbecuing and wood-smoking of meats, are becoming more popular in

high-income countries, thus, increasing biomass smoke exposure (Naeher et al., 2007). In 2014,



in a survey carried out in Australia, approximately 10% of households used wood as the main
source of heating (Statistics, 2014). However, in developed countries, use of biomass fuel is
primarily seasonal and exposure is largely limited by better ventilation (Rogalsky et al., 2014).
Besides indoor biomass smoke exposure, people in developed countries such as Australia,
Canada and the USA are also exposed to outdoor biomass smoke from frequent bushfires
(Reisen and Brown, 2009). Importantly, individuals exposed to biomass smoke are reported to
have respiratory symptoms and are more likely to have reduced lung function (da Silva et al.,

2012, Mukherjee et al., 2014, Regalado et al., 2006).
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Figure 1.2 Global use of clean fuels in 2014, by the World Health Organization.

Countries with the lowest (<5%) and the highest (>95%) proportion of people using clean fuels
as the primary domestic source of energy are shaded dark and light blue, respectively.
Reproduced with permission from World Health Organization (WHO, 2014), Copyright
(2016).



Worldwide, more than 80% of deaths caused by COPD occurred in low- and middle-income
countries in 2016 (WHO, 2018b). As stated in Section 1.2 above, it is important to note that
global epidemiological data on COPD burden need to be carefully interpreted due to
differences in basis of diagnosis. More than 45% of COPD patients in this region are found to
have never smoked (Table 1.1). The existing literature provides strong evidence that smoke
from biomass fuels is an independent risk factor for the development of COPD, particularly in
low- and middle-income countries where the reliance on biomass fuel is still very high. The
noxious particles in the biomass smoke induce an inflammatory response through upregulation
of pro-inflammatory cytokines such as interleukin 6 (IL-6), tumour necrosis factor (TNF), and
granulocyte colony stimulatory factor (G-CSF), recruitment of immune cells, such as
macrophages and neutrophils and upregulate gelatinases (matrix metalloproteinase 2 and 9)
and epithelial-mesenchymal transition (EMT), thereby reducing the lung function and
contribute to the onset/progression of COPD (Zou et al., 2014, Olloguequi and Silva, 2016,
Ramos et al., 2017). Da Silva et al, in a case-control study in Brazil, evaluated the effect of
exposure to biomass combustion PM2s on lung function (da Silva et al., 2012). There was a
significant loss in pulmonary function in non-smoker biomass users compared to non-smoker
liquefied petroleum gas (LPG) users (forced expiratory volume in one second to forced vital
capacity ratio (FEV1/FVC) 0.79 versus 0.85, p <0.05, respectively). In addition, the pulmonary
function was negatively correlated with the duration and the concentration of PM..5 exposure
(FEVY/FVC: r = -0.63, p <0.05 and -0.52, p <0.05 respectively) (da Silva et al., 2012).
Furthermore, women living in rural Mexico exhibited a minor reduction in FEV1/FVC ratios
in those using biomass fuel compared to clean gas users (0.80 vs 0.83, p = 0.03, respectively)

(Regalado et al., 2006).



In a recent nationwide cross-sectional study conducted in 50,991 individuals from ten
provinces of China, more than half of the COPD patients were never smokers (Wang et al.,
2018). Importantly, the proportion of never smokers in female COPD patients was markedly
high (91.7%). Additionally, individuals exposed to indoor biomass smoke were 62% more
likely to develop COPD than the unexposed people using clean fuel sources (age and sex

adjusted OR=1.6, p = 0.003) (Wang et al., 2018).

A meta-analysis of 11 cross-sectional and four case-control studies covering a wide range of
countries identified household biomass smoke exposure as an independent risk factor for
developing COPD in both men (OR 4.30, 95% CI 1.85-10.01) and women (OR 2.73, 95% ClI
2.28-3.28), and in both the Asian population (OR 2.31, 95% CI 1.41-3.78) and the non-Asian
population (OR 2.56, 95% CI 1.71-3.83) (Hu et al., 2010). This finding is supported by another
recent cross-sectional study, the PUMA (Prevalence Study and Regular Practice, Diagnosis,
and Treatment Among General Practitioners in Populations at Risk of COPD in Latin
America), which assessed 1740 individuals from multiple nations in South America, who were
at greater risk for developing COPD (Montes de Oca et al., 2017). The PUMA study reported
that individuals exposed to household biomass smoke are twice as likely to develop COPD
than unexposed people (adjusted OR 2.28, 95% CI 1.18-4.41) (Montes de Oca et al., 2017).
Moreover, a recent systematic review of 24 epidemiological studies revealed that household
biomass smoke exposure was associated with COPD development in both urban (OR 1.6, 95%

Cl1 1.2-2.0) and rural women (OR 2.0, 95% CI 1.5-2.8) (Sana et al., 2018).

In terms of COPD phenotypes, biomass smoke exposed individuals were found to have more
lung fibrosis and bronchiolitis and less emphysema in contrast to significantly higher
proportion of emphysema in tobacco smokers (radiologist CT score- a measure of the extent

of emphysema based on computed tomography (CT) at inspiration and expiration) 0.7 versus
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2.3, p = 0.001; emphysema on CT 19% versus 27%, p = 0.046) (Camp et al., 2014, Rivera et
al., 2008). This finding is further supported by Fernandes et al., who reported significantly
fewer women with emphysema in biomass exposed women than in women who were tobacco
smokers (PRME™" (parametric response mapping, an image tool used to quantify emphysema
based on paired CT images at inspiration and expiration) 1.84% (0.69 + 3.72%) versus 9.85%

(2.40-16.34%); p = 0.001) (Fernandes et al., 2017).
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Table 1. 1 Distribution of never smokers with COPD and risk factors for the development of

COPD in never smokers.

Study center  Participants Age Proportion of never- Risk factors for References
& design (years)  smokers among COPD COPD in never-
patients (%) smokers
Overall Male Female

Multinational Occupational
(35 centres, i exposure to (Cerveri et
16 countries; 17,966 20-44 17.0 13.4 216 vapours, gas, dust, al., 2001)
ECRHS) or fumes
Malataya, Exposure to (Gunen et
Turkey (CS) 1,160 >18 225 biomass Smoke al., 2008)

Exposure to
China (CPH; biomass fuel smoke (Wang et
nationwide 50,991 >20 505 101 917  andPMgs parental 20918)
CS) history of N

respiratory disease

Biomass fuel,
South Africa occupational (Ehrlich et
(nationwide 13,826 >18 47-6 24.8 61.0 exposure, history of al., 2004)
survey) pulmonary N

tuberculosis
Maswa, .
Tanzania 869 >3 621 - i (Magitta et
(CS) al., 2018)
Vastra Occupational
Gotaland and 1,839 21-78 21 - - exposure to gas, (Hagstad et
Norrbotten, dust and fumes al., 2015)
Sweden (CS)
Copenhegen,
Denmark 68,501  20-100 223 189 255 (TTomse”
(CS) etal., 2013)
Multinational

. 36 (24 .

(12 countries; 45 20 540  USA-64 21 49 (Landis et
population- Mexico) al., 2014)

based survey)

ECRHS, European Community Respiratory Health Survey; CS, cross-sectional study; CPH,

China Pulmonary Health; COPD, chronic obstructive pulmonary disease
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1.4.3 Environmental exposure to noxious particles and gases

High levels of air pollution have also been implicated as a risk factor for the development of
COPD, although it is less potent than active smoking (Schikowski et al., 2014). Approximately
25-60% of COPD patients are never-smokers in developing countries (Salvi and Barnes, 2009,
Wang et al., 2018, Magitta et al., 2018). Increasing population, urbanization, economic profile
and pollution are several factors that contribute substantially to the COPD burden (Chan et al.,
2017). The role of outdoor air pollution (including traffic-related fine particulate matter) as a
causative factor for airflow limitation is gaining attention in recent times, due to increased
vehicular pollution, as well as industrialization of the two most populated countries, China and

India (Eisner et al., 2010).

Exposure to fine particulate matter (PM..s) is considered to be the most health-damaging, as
they can penetrate the deep lung tissue and initiate deleterious effects on the airway, including
but not limited to airway oxidative stress, pulmonary and systemic inflammation, ciliary
dysfunction, amplification of infections, and increases in bronchial reactivity (Donaldson et al.,
2002). The main components of PMyg are sulfate, nitrates, ammonia, sodium chloride, black

carbon, mineral dust and water (WHO, 2018a).

Several investigators have assessed the effect of air pollution as a potential risk factor for
COPD. In children and young adults, cross-sectional studies have shown a relationship between
higher outdoor pollutant levels (especially traffic related pollution) and lower lung function
(Holguin et al., 2007, Janssen et al., 2003). Kulkarni et al. reported a likely causative dose-
dependent inverse association between the carbon content (as a biomarker of particulate matter
exposure, PM1o) of airway macrophages with lung function in children (Kulkarni et al., 2006).

Furthermore, exposure to traffic-related pollution, characterised by the residential distance
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from a highway, was associated with impaired lung growth and lung function deficits at 18
years of age (Gauderman et al., 2007). Also, higher traffic density and proximity to highways
was significantly associated with lower lung function (FEV1) and FVC, but only in females
(Kan et al., 2007), who are also at a greater risk of developing COPD than for those living

farther away (Schikowski et al., 2005).

Long-term exposure to airborne particles and particulate matter is significantly associated with
the risk of premature death and acute care hospitalizations, especially in patients with severe
disease (Wordley et al., 1997, Zanobetti et al., 2008). Moreover, daily variation in exposure to
outdoor air pollution (mainly the particulate matter) significantly correlates with acute
exacerbations of COPD (Sunyer, 2001). The mechanisms that underlie obstruction due to air
pollution are likely to be the same or/and similar to those due to cigarette smoking, but we do

not yet have evidence for this, despite the detrimental effects of air pollution on lung health.

1.4.4 Occupational exposure to dusts and fumes

Several longitudinal studies have shown an association between certain dusty occupational
exposures and COPD, i.e., coal mining (Attfield, 1985), gold mining (Gantt and Lincoln, 1988),
work related to tunnel-construction (Ulvestad et al., 2001), low levels of concrete dust
containing crystalline silica exposure (concrete production industries) (Meijer et al., 2001),
exposure to cotton in textile industries (Niven et al., 1997), workers exposed to welding fumes
(Bradshaw et al., 1998), grain handlers and postal workers (exposure to endotoxins) (Schwartz
et al., 1995) and animal feed industry (Post et al., 1998). Moreover, chronic exposure to
metallic dust (primarily, cobalt and chromium) was found to be associated with deterioration

of lung function (Hamzah et al., 2016). In addition, exposures to chemical vapours, irritants
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and fumes can also contribute to accelerated loss of airflow (Boschetto et al., 2006). Another
study involving railroad workers reported a positive association between COPD mortality and
occupational exposure to diesel exhaust (Hart et al., 2006). A population-based study found
positive associations between several occupational exposure measures (mineral dusts, metal
dusts and fumes, organic dusts, irritant gases or vapours, sensitizers, organic solvents, diesel
exhaust, and environmental tobacco smoke) with COPD, among both ever-smokers and never-

smokers (Weinmann et al., 2008).

Experimental studies in animal models have demonstrated that exposures to several agents,
such as sulphur dioxide, mineral dusts, vanadium and endotoxin, are capable of inducing
chronic obstructive bronchitis (Boschetto et al., 2006). Intratracheally instilled silica (quartz)
produces airflow obstruction (functional change), which correlates with the presence of both
emphysema and small-airway lesions (Wright et al., 1988). Inorganic dusts containing silica
are also associated with neutrophil and macrophage accumulation and morphological changes
in the rat lung (Wright et al., 1988). These morphological changes in small airways and lung
parenchyma were similar to those in rats treated with elastase, which represents a well-

established model of experimental COPD (Churg et al., 1989).

1.4.5 Genetic risk factors

Besides cigarette smoking and environmental factors, there are additional genetic factors that
contribute to the development of COPD. Previous epidemiological and clinical data have
demonstrated a hereditary contribution to the development of COPD, as evidenced by an
aggregation of COPD in families (Tager et al., 1976, Tager et al., 1978, Higgins and Keller,

1975, Cohen et al., 1977). The most important and the first gene identified to be associated with
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COPD was SERPINAL, which encodes alpha-1 antitrypsin (AAT) (Demeo et al., 2006). Since
2006 when Dewan et al. performed a GWAS and identified a variant to be significantly
associated with macular degeneration. GWAS have become highly effective in identifying
genes/variants associated with lung function or COPD phenotype (Dewan et al., 2006). In 2010,
the Charge Consortium performed a meta-analysis of GWAS for lung function measures, FEV1
and FEV1/FVC, and identified nine loci associated with the lung function: HHIP, GPR126,
ADAM19, AGER-PPT2, FAM13A, PTCH1, PID1, HTR4 and INTS12-GSTCD-NPNT
(Hancock et al., 2010). In the same year, the SpiroMeta study, a meta-analysis of GWAS,
discovered an additional five loci associated with FEV1 or FEV1/FVC (Repapi et al., 2010).
A recent published large-scale GWAS on lung function identified 97 loci that were
significantly associated with lung function, of which 30 were found to be significantly
associated with COPD susceptibility (Wain et al., 2017). Many of these variants may act, at
least in part, via effects on lung development, elastic fibres and epigenetic regulation pathways

(Wain et al., 2017).

1.4.6 Bacterial infections

The progressive course of COPD is often aggravated by exacerbations, which is the major
cause of morbidity and mortality in COPD patients (Schmidt et al., 2014). The majority of
acute exacerbations of COPD are produced by microbial infections (Shimizu et al., 2015, Sethi,
2010). Respiratory bacteria, viruses and atypical bacteria are the most common pathogens
implicated in exacerbations of COPD (Hewitt et al., 2016, Sethi and Murphy, 2001). Bacteria
are isolated from sputum in 40-60% of exacerbations of COPD (Sethi, 1999). Of which,
nontypeable Haemophilus influenzae (NTHi), Moraxella catarrhalis, and Streptococcus
pneumoniae are the most common causes of exacerbations. These microbes are found in
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abundance, colonising the oropharynx and the upper respiratory tract, where they are harmless
and do not result in disease (Wilson and Hamilos, 2014). However, in chronic conditions such
as COPD when innate lung defence is impaired and upon exposure to risk factors such as
tobacco and biomass smokes, these pathobionts colonise and establish infection in the lower

airways (Herr et al., 2009, Lange, 2009).

Exposure to cigarette smoke increases risk of respiratory infection by these pathobionts
(Murphy, 2006, Nuorti et al., 2000, Fischer et al., 1997). Compared to non-smokers, smokers
are found to have more pathobionts in the nasopharyngeal microflora (Brook and Gober, 2005).
The same group, more recently, conducted a prospective study to determine the effect of
smoking cessation on the composition of nasopharyngeal microflora and concluded the
reversion of pathobiont load to normal levels after quitting of smoking (Brook and Gober,
2007). Active smoking in general doubles the risk of infection (Trosini-Desert et al., 2004).
The effect of smoking is higher in patients with COPD where it increases the risk of pulmonary
infection by 3.17-fold as compared to non-smoking COPD (OR, 3.17; 95% Cl, 2.5-8) (Zalacain
et al., 1999). Besides active smoking, exposure to ETS is an important modifiable risk factor
for lower respiratory tract infection (LRTI), particularly in children (Zar and Ferkol, 2014). An
updated systematic review reported smoking by both parents (OR, 1.62; 95% CI, 1.38-1.89),
father (OR, 1.22; 95% ClI, 1.10-1.35), or a household member (OR, 1.54; 95% CI, 1.40-1.69)
significantly increased the risk of LRTI (Jones et al., 2011). In addition, antenatal maternal
smoking has been found to an important risk factor associated with LRTI (incidence rate ratio,

1.62; 95% CI, 1.14-2.30) (Vanker et al., 2017).

In addition to tobacco smoke, exposure to biomass smoke is also an important risk factor for
respiratory infections. A recent systematic review of 77 studies from 39 low- and middle-

income countries evaluated the risk factors for mortality from acute lower respiratory infections
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in children under five years of age and found that biomass smoke exposure is significantly
associated with an increased risk of death from LRTI (OR 3.0, 95% CI 2.1-4.3) (Sonego et al.,
2015). However, few studies have evaluated an association between biomass smoke exposure
and risk of lower respiratory tract infection in the adult population. Ezzati et al. evaluated the
risk of LRTI in 229 individuals between 5 and 49 years of age in Central Kenya upon exposure
to biomass fuel derived PMzo (Ezzati and Kammen, 2001). The risk of LRTI was positively
correlated to the level of PM1o exposure, however, the odds ratio was significant only above
2000 pg/m3 (adjusted OR 3.3, 95% CI 1.1-9.9) (Ezzati and Kammen, 2001). In older adults
aged 65 and above, exposure to household biomass smoke was associated with risk of

hospitalisation due to pneumonia (adjusted OR 3.3, 95% CI 1.6-6.9) (Loeb et al., 2009).

1.5 Mechanism underlying the effects of biomass smoke exposure

Despite the overwhelming burden of the disease, only a handful of studies have explored
mechanisms in immunomodulatory effects of biomass smoke exposure. Sussan et al. (2014)
explored the mechanisms of pulmonary responses in mice after acute (6 and 24 h) or sub-
chronic (3 times a week for 8 weeks) exposure to wood or cow dung PM (Sussan et al., 2014).
Acute exposure to wood smoke elicited a stronger pro-inflammatory response, as indicated by
increased expression of G-CSF, keratinocyte chemoattractant (KC), C-X-C motif chemokine
10 (CXCL10), IL-6, TNF and interleukin 12 p70 subunit (IL12p70) (Sussan et al., 2014). The
induction of pro-inflammatory cytokine expression was higher with cow dung than wood
smoke PM (Sussan et al., 2014). On the other hand, sub-chronic exposures exhibited
differences in pulmonary response, where wood smoke elicited an eosinophilic response in
contrast to neutrophilic response induced by cow dung smoke (Sussan et al., 2014). The

inflammatory response elicited by both wood and cow dung smoke was mediated via nuclear
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factor kappa B (NF-xB) signaling (Sussan et al., 2014). In addition, in an in vitro study, c-Jun
N-terminal kinase-activator protein-1 (JNK-AP-1) signaling, and not NF-xB pathway, was
found to be involved in mediating inflammatory responses in primary human small airway

epithelial cells upon exposure to dung biomass smoke (McCarthy et al., 2016a).

Moreover, in a case-control study conducted in female Indians with 142 biomass users and 126
age-matched LPG users, a significant neutrophilic inflammatory response was observed in
biomass using group (Banerjee et al., 2012). Also, compared to LPG users, reactive oxygen
species (ROS) generation by leukocytes (in both blood and sputum) and the systemic level of
antioxidant enzyme superoxide dismutase (SOD) were higher and lower, respectively, in
women using biomass fuel (Banerjee et al., 2012). A similar increase in systemic oxidative
stress was reported in female rats exposed to biomass smoke, as indicated by increased plasma
level of malondialdehyde and reduced level of SOD (Hu et al., 2013). Several in vitro studies
reported depletion of antioxidants, such as ascorbate, urate and reduced glutathione in
respiratory tract lining fluid when incubated with wood and animal dung smoke extracts
(Mudway et al., 2005, Kurmi et al., 2013). Therefore, biomass smoke exposure induces
inflammation and oxidative stress mediated lung damage potentially contributing to the

development/progression of COPD.

Biomass smoke exposure is also implicated in increased susceptibility to bacterial infection
through several mechanisms, including alterations in alveolar macrophage phagocytosis and/or
upregulation of host surface receptors on the respiratory epithelium (Rylance et al., 2015,
O'Toole et al., 2016). In an in vitro study, the phagosomal function of wood smoke particles
exposed human alveolar macrophages was tested by uptake of fluorescently-labelled beads, S.
pneumoniae and Mycobacterium tuberculosis (Rylance et al., 2015). Wood smoke exposed

macrophages demonstrated reduced phagocytosis of fluorescent beads, S. pneumoniae and M.
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tuberculosis with a negative linear correlation between macrophage particulate content and
phagocytosis (Gordon et al., 2014). Furthermore, the oxidative stress is believed to upregulate
intercellular adhesion molecule-1 (ICAM-1), and platelet activating factor receptors (PAFR)
allowing attachment and invasion of respiratory bacteria, including S. pneumoniae, H.
influenzae and P. aeruginosa, which are also major bacterial pathogens in COPD (Roebuck et
al., 1995, Ishizuka et al., 2001, KC et al., 2017). Although airway ICAM-1 and PAFR
expression were markedly upregulated in tobacco smokers and COPD patients, further studies
are warranted to demonstrate the effect of biomass smoke exposure on inducing the expression
of these host surface receptors (Shukla et al., 2017, Lopez-Campos et al., 2012, Shukla et al.,
2016b). More mechanistic research is therefore needed to understand the cellular and molecular
responses to biomass smoke, including animal dung and wood smoke. However, the lack of
standardized experimental approaches for the preparation of re-usable biomass smoke extracts
has hindered research in this area. Therefore, in this study, we aimed to develop a method to
generate batches of biomass smoke extracts that could be preserved for longer periods and may
be utilised in multiple exposure experiments, thus minimizing inter-assay variations. In our
opinion, this will enable further research on mechanistic role of smoke extracts in the
inflammatory response and pathogenesis of respiratory diseases including airway infections

and COPD.

1.6 Temporal upregulation of host surface receptors provides a window of

opportunity for bacterial adhesion and disease

Bacteria utilise a wide variety of molecules on host surfaces as docking sites for tissue adhesion
and host colonisation (Figure 1.1). Of particular interest, are the extracellular matrix (ECM)

proteins, cell adhesion molecules (e.g. integrins, cadherins), and PAFR, which upon
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stimulation by certain environmental and/or immunogenic insults, undergo transient
upregulation (Figure 1.3). This enhances bacterial adherence and subsequent tissue invasion

(Singh et al., 2012, Hauck, 2002, Shukla et al., 2015).

ECM, the acellular proteinaceous part of animal connective tissue, constitutes an anchoring
platform for epithelia, designated the basement membrane (BM), and also surrounds blood
capillaries and neurons (Chagnot et al., 2012). It consists of collagen, elastin, fibrillin, laminin
(Ln), fibronectin (Fn), vitronectin, thrombospondin, proteoglycans and hyaluronic acid.
Besides its ubiquitous distribution, ECM biosynthesis is significantly enhanced following viral
infections (e.g. influenza A virus) and traumatic injury (e.g. ligament rupture) as a natural
response to tissue repair, and is therefore, an attractive target for adherence and invasion by
several bacterial pathogens, such as N. meningitidis, S. pneumoniae, and NTHi (Singh et al.,

2012, Su et al., 2016, Eberhard et al., 1998, Li et al., 2015, Pracht et al., 2005, Neurath, 1993).

In addition to ECM components, cell adhesion molecules, including integrins, cadherins,
selectins, and members of the immunoglobulin superfamily of cell adhesion molecules
(IgCAMs), are also involved in bacterial adhesion (Hauck, 2002, Grigg et al., 2012). Integrins
are heterodimeric (composed of two subunits, a and B) transmembrane glycoproteins that
attach cells to extracellular matrix proteins of the basement membrane or to ligands on other
cells (Barczyk et al., 2010, Plow et al., 2000). Several bacteria bind to integrins directly
whereas others engage them via ECM proteins, such as fibronectin and collagen. Bacterial-
integrin binding can trigger host intracellular signalling leading to actin cytoskeleton

remodelling and subsequent bacterial invasion (Hauck, 2002).

IgCAMs including, carcinoembryonic antigen-related cell adhesion molecule (CEACAM) and
ICAM-1, constitute the other major class of host cell receptors utilized by bacterial adhesion

systems (Hauck, 2002). The CEACAM family is a group of highly glycosylated intercellular
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adhesion molecules involved in signalling events that mediate key cellular processes that
include cell adhesion, proliferation, differentiation and tumour suppression (Kuespert et al.,
2006). They comprise an N-terminal Ig variable (IgV)-like domain followed by up to six Ig(C)
domains. Twelve different CEACAM proteins have been identified in humans to date with
CEACAM-1, CEACAM-5 and CEACAM-6 found in epithelial cells, and CEACAM-3 present

exclusively in granulocytes (Beauchemin et al., 1999).

ICAM-1 (CD54) is a cell surface glycoprotein that serves as a counter-receptor for leucocyte
B2 integrins, lymphocyte function associated antigen (LFA-1) (CD11a/CD18) and macrophage
adhesion ligand 1 (Mac-1) (CD11b/CD18) (Staunton et al., 1988). It is constitutively expressed
in low levels on endothelium, fibroblasts and various epithelia (e.g. bronchial, intestinal, and
urinary tract), however, its expression is markedly upregulated at sites of inflammation (Tosi
et al., 1992, Frick et al., 2000, Huang et al., 1996, Chan et al., 1995, Shukla et al., 2017).
Interactions between ICAM-1 and B2 integrins are known to have a central role in mediating
leukocyte recruitment in the inflammatory response. This may lead to partial protection from
invading pathogens but may also result in neutrophil-induced chronic epithelial injury (Albelda
et al., 1994, Sumagin et al., 2014). A sustained inflammatory process may further upregulate

adhesion receptors.

Finally, the other class of host cell receptor, PAFR is a G-protein-coupled 7-transmembrane
domain receptor, physiologically recognized by a phospholipid, platelet activating factor (PAF)
(Ishiietal., 2002, Honda et al., 1991). PAFR plays a role in a wide range of biological processes
such as vasodilation, cell proliferation, angiogenesis, and regulation of the inflammatory
response (Ishii et al., 2002). Also, over the last decade, there has been increasing evidence
emerging that PAFR is a major epithelial receptor used by specific respiratory and intestinal

bacteria for adhesion to and also invasion of host epithelium (Shukla et al., 2015, Keely et al.,
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2010). Moreover, PAFR expression is inducible and is directly linked to increased
susceptibility to infection by both Gram-positive and Gram-negative bacteria (Keely et al.,

2010, Grigg, 2012).

S. pneumoniae and NTHi, along with some strains of Pseudomonas aeruginosa, a major
bacterial pathogen in cystic fibrosis, share a common adhesin, known as phosphorylcholine
(ChoP), in their cell wall (Swords et al., 2000, Grigg et al., 2012, Barbier et al., 2008). ChoP
mimics PAF, which is the natural arachidonic acid derived ligand for PAFR expressed on
bronchial and alveolar epithelial cells. PAFR has been shown to be upregulated in the airway
epithelium of both the large and small airways in smokers and COPD patients (Shukla et al.,
2016b, Shukla et al., 2014). Furthermore, elevated PAFR expression correlated with higher
levels of adhesion to human bronchial epithelial cells by NTHi and S. pneumoniae, the major

causative agents of acute exacerbations of COPD (Shukla et al., 2016a).
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Figure 1.3 Temporal upregulation of host surface receptors in the respiratory system.

COPD
» Cigarette smoke
» Biomass fuel smoke

Host surface receptors in the respiratory tract are upregulated in response to viral infection,
exposure to cigarette and biomass fuel smoke, as well as inflammatory cytokines. Bacterial

pathogens including non-typeable Haemophilus influenzae, Streptococcus pneumoniae,
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Pseudomonas aeruginosa and Moraxella catarrhalis exploit the upregulated receptors for
attachment via their cognate adhesins. PavA, pneumococcal adhesion and virulence A; PfbA,
plasmin-fibronectin binding protein A; PepO, pneumococcal endopeptidase O; TGFpR,
transforming growth factor-beta receptor; COPD, chronic obstructive pulmonary disease;
PAFR, platelet activating factor receptor; Hap, haemophilus adhesion and penetration; OMP,
outer membrane protein; CEACAM, carcinoembryonic antigen cell adhesion molecule;
UspAl, ubiquitous surface protein Al; IL-1, interleukin 1; TNFa, tumour necrosis factor-
alpha; IFNy, interferon-gamma. Yellow, blue and orange coloured text boxes represent
bacteria, inhibitors and factors affecting expression of host cell receptors, respectively. Green
and red coloured texts represent bacterial adhesins and their cognate host cell receptors,

respectively.

1.7 Targeting platelet activating factor receptor (PAFR) in respiratory infections

and inflammatory conditions

As discussed above, PAFR is utilised for adhesion to human bronchial epithelial cells by NTHi
and S. pneumoniae which are major bacterial pathogens in COPD exacerbations. PAFR
antagonists, such as Ginkgolide-B (BN52021), CV-3988, PCA-4248, CAS-99103-16-9, and
WEB-2086 (Apafant), have been reported to block the attachment of bacterial pathogens to
respiratory epithelium (Hergott et al., 2015, Grigg et al., 2012, Negro Alvarez et al., 1997,
Barbier et al., 2008). Of these, WEB-2086 has recently been demonstrated to significantly
inhibit both NTHi and S. pneumoniae adherence to cigarette smoke exposed human bronchial
epithelial cells (Shukla et al., 2016a). This underscores the possibility that PAFR, that are
upregulated in smokers and COPD patients, could be targeted to specifically block chronic

bacterial infections of the lower respiratory tract.

In COPD patients, the upregulation of PAFR expression, in addition to providing a gateway to

respiratory infections, promotes disease progression independent of bacterial colonisation.
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PAFR expressed on neutrophils, the most important effector cells in COPD development, upon
activation induces the autophagic death of neutrophils (Lv et al., 2017). This releases neutrophil
elastase, which results in extensive lung tissue damage and hypersecretion of mucus into the
airways, causing further airflow obstruction (Nadel, 2000). This provides a basis for the

investigation of PAFR as a potential therapeutic target for treating COPD exacerbations.

Besides, PAFR has been extensively studied as a promising target for a number of
inflammatory diseases, including cancer and asthma (Chung and Barnes, 1991, Tsoupras et al.,
2009). PAF and a series of oxidised phospholipids, well-characterised natural agonists of
PAFR have been implicated in theses inflammatory conditions (Subbanagounder et al., 1999).
PAF and PAF-like phospholipids bind to PAFR and stimulate multiple signal transduction
pathways including phospholipase C, D, A2, mitogen-activated protein kinases (MAPKS) and
the phosphatidylinositol-calcium second messenger system, leading to pro-inflammatory

cascades (Shukla, 1992, lovino et al., 2013, lovino et al., 2016).

PAFR is overexpressed in cancers, such as non-small cell lung cancer (NSCLC) as well as in
breast, colorectal, gastric, ovarian and prostate carcinomas (Ji et al., 2016, Chen et al., 2015b,
Chen et al., 2015a, Aponte et al., 2008). Overexpression of PAFR correlates with clinical
stages, survival time, and distant metastasis. Inhibition of PAFR activity or knockdown of the
expression of PAFR has been demonstrated to effectively block the invasion of breast and
ovarian tumour cells (Yu et al., 20144, Cellai et al., 2006). Moreover, PAFR antagonists have
been implicated in improving the efficacy of chemo-and radiotherapy in breast and ovarian

cancers (da Silva Junior et al., 2018, Yu et al., 2014b).

Additionally, PAF is considered to have a potential role in the pathogenesis of asthma.
Asthmatic patients have increased levels of PAFR expression in their lungs, which contributes

to complex inflammatory processes in the airways (Shirasaki et al., 1994). PAFR, in a mouse
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model, has been demonstrated to be critical for the development of airway
hyperresponsiveness, a cardinal feature of asthma (Ishii et al.,, 2004). PAFRs are also
implicated as important mediators of house dust mite allergy development (Patel and Kearney,
2017). Moreover, PAFR antagonists appear to be effective in inhibiting systemic, cellular and
pulmonary effects induced by PAF in patients with mild bronchial asthma (Hsieh, 1991,
Hozawa et al., 1995, Gomez et al., 1998). However, in asthmatic patients challenged with
allergen, protective effect of PAFR antagonist has been found to be modest against late
asthmatic response and limited against the early response and airway hyperresponsiveness
(Evans et al., 1997). This indicates the possibility for PAFR independent allergic inflammation

in asthmatic patients (Ishii et al., 2004).

1.8 Platelet activating factor receptor antagonists

Ginkgolides are the natural PAF antagonists, of which ginkgolide B (BN-52021) is the most
widely examined PAF antagonist (Chung et al., 1987). Ginkgolides exhibit off target biological
effects due to serine proteinase inhibitory activity (Braquet, 1997). CV-3988, a thiazolium
derivative was the first synthetic substance with selective activity against PAFR (Terashita et
al., 1983). Although CV-3988 was tolerable, orally was not active, which limited its therapeutic
utility (Arnout et al., 1988). Later, hetrazepine class of antagonists were developed, particularly
WEB-2086, which is orally active, safe and well tolerated in human (Adamus et al., 1989).
WEB-2086 is a derivative of brotizolam, which is a CNS active agent with sedative,
hypnogenic and anxiolytic effects (Casals-Stenzel, 1991). Thus, both WEB-2086 and
brotizolam have the core diazepine structure that exhibits dual biological functions: provides
potency and activity for PAFR antagonist and mediates neurogenic effect via benzodiazepine

receptor (Casals-Stenzel, 1987, Hirouchi et al., 1992). A clinical study in asthmatic patients
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reported an ineffectiveness of WEB-2086 when administered at a lower dose of 40 mg whereas
it showed a protective effect when used at the higher dose of 80 mg (Tamura et al., 1996,
Spence et al., 1994). However, the off-target activity of WEB-2086 towards benzodiazepine
receptor may limit the therapeutic use of WEB-2086 at a higher dose. Furthermore, the
requisite fused diazepine ring in WEB-2086 is synthetically less accessible that has
complicated the large-scale synthesis of this compound (Hyland et al., 2018). Thus, there is a
need for developing a novel PAFR antagonist that is synthetically more accessible and has less

off target effects, i.e., highly selective towards PAFR.

1.9 Nontypeable Haemophilus influenzae

NTHi is a major bacterial pathogen associated with COPD and its exacerbations (Murphy et
al., 2004). Their primary ecological niche is the human upper respiratory tract, where they
colonise as part of the normal flora without causing any disease. As discussed above, increased
expression of PAFR on the lower airway epithelium in COPD patients and in individuals
exposed to other risk factors, such as cigarette and biomass smoke provides a gateway for
colonisation and establishment of infections in the lower airways. Besides host factors, NTHi
utilises its various virulence factors, including endotoxins (lipopolysaccharide), adherence
factors, iron uptake proteins and immune evasion factors that contribute to pathogenesis in
diseases, including COPD (Duell et al., 2016). Unlike, encapsulated H. influenzae, which
possesses carbohydrate capsule as a major virulence factor, for NTHi there is no single feature
that is characteristic of all disease-associated strains (Moxon and Vaughn, 1981). It is possible
that NTHi strains with similar combinations of virulence-related genes might be associated
with different diseases and those with the potential to cause similar disease might have different

combinations of virulence factors (Erwin and Smith, 2007). It is not yet clear whether NTHi
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strains associated with different clinical phenotypes differ in virulence factors (Erwin and
Smith, 2007). Moreover, the extent to which disease isolates of NTHi are phenotypically or

genotypically similar has not been studied extensively.

1.9.1 Phenotypic diversity of NTHi isolates

NTHi infection leads to a broad range of disease symptoms that result from complex host-
pathogen interactions (Hardy et al., 2003, Craig et al., 2001, Williams et al., 2001). Genomic
heterogeneity of NTHi further complicates this interaction and diversifies the clinical
phenotypes (Shen et al., 2005, Erwin et al., 2005). In different ecological niches, such as middle
ear, sinuses, blood, and the respiratory tract, NTHi are exposed to different microenvironments
defined by their unique nutrient availability, pH, oxidising potential and immune response
(Huffnagle et al., 2017). NTHi adapt to these diverse niches by developing metabolic capacity
that enable them to utilise the available resources efficiently and withstand the challenges.
Classically, H. influenzae strains were phenotypically grouped into “biotypes” based primarily
on the three biochemical tests: ornithine decarboxylation, indole production, and urea
hydrolysis (Kilian, 1976). Unlike capsulated strains, NTHi isolates are found to be more
diverse in biotype (Kilian, 1976). Further, NTHi strains associated with a particular niche and
disease exhibit diversity in their phenotype (based on biotype). NTHi strains isolated from
middle ear of patients with chronic otitis media belonged to five different biotypes I, 11, 11I, V
and VI (DeMaria et al., 1984). Biotypes II, Il and V are found to be associated with both
invasive strains and commensals of the upper respiratory tract diseases (Long et al., 1983,
Wallace Jr et al., 1981). This suggest intra-niche and intra-disease specific diversity in NTHi

based on their biotype (phenotype).
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Besides metabolic ability, presence and absence of surface molecules and structure of
lipooligosaccharides (LOS) add diversity to NTHi phenotype. Heterogeneity of outer
membrane proteins and LOS structure may allow NTHi to manipulate interaction with the host
and to evade host immune defences (Swords et al., 2003, Osman et al., 2018). The outer
membrane protein, fimbriae are found to be more prevalent among NTHi strains isolated from
throat than the middle ear strains, while high-molecular-weight adhesins are more prevalent
among middle ear than throat isolates of NTHi (Ecevit et al., 2004). In addition, specific LOS
modifications, such as terminal sialylation of the LOS that provide protection to NTHi against
the host bactericidal IgM and complement-mediated serum killing add diversity to NTHi
strains (Jackson et al., 2019). Furthermore, acetylation of LOS has been found to be associated
with invasive NTHi strains as compared to non-invasive isolates, which imparts them a serum

resistance phenotype (Phillips et al., 2019).

1.9.2 Genomic diversity of NTHi strains

NTHi diversity studies have shown uniqueness in genomic content of each strain (Erwin et al.,
2005, Shen et al.,, 2005, FARJO et al., 2004). NTHi are naturally transformable and
comparative genomic studies based on whole genome sequencing have demonstrated the
existence of substantial genomic plasticity among NTHi strains (Shen et al., 2005, Hogg et al.,
2007). This results mainly from horizontal gene transfer (HGT) processes, which cause
nonuniform genetic exchanges among bacteria (Dutta and Pan, 2002). The high rate of HGT
in NTHi has been demonstrated by the presence of multiple unique strains co-localised within
the biofilms and by the simultaneous existence of polyclonal NTHi populations during chronic
infections, such as COPD and cystic fibrosis (Murphy et al., 1999, Molin and Tolker-Nielsen,

2003). This diversity within a population is important to ensure survival of the population.

29



Environmental challenge may selectively enrich the resilient strains and decrease the
susceptible strains, while maintaining survival of the population (Lozupone et al., 2012). Thus,
evolutionary pressures have selected beneficial mechanisms that generate diversity across the

NTHi population.

Shen et al. (2005) showed that approximately 10% of the genes present in clinical strains of
NTHi are novel with respect to the reference genome of Rd KW20 strain (Shen et al., 2005).
Moreover, they showed that no two clinical strains have the same set of unique genes,
suggesting a unique distribution of genes among NTHi strains from the population supra
genome (Shen et al., 2005). In 2007 Hogg et al. conducted comparative genomic analysis of
13 NTHi isolates, including 12 clinical strains and for the first time characterised the H.
influenzae supragenome and studied the distribution of genetic diversity among the strains
(Hogg et al., 2007). They reported an existence of an NTHi supragenome containing between
4,425 and 6,052 genes, which was much larger than the genome of any single bacterium (Hogg
etal., 2007). Each typical pair of strains was found to differ by more than 300 genes, suggesting
large heterogeneity among NTHi strains with respect to their clinical sources. This study also
suggested the possibility of association between certain set of genes and the discrete disease

phenotypes of the clinical NTHi strain (Hogg et al., 2007).

De Chiaraet al. (2014) examined the association between phylogenetic analysis and the clinical
source of NTHi strains using large set of genome sequences, comprising of 97 NTHi isolates
(De Chiaracetal., 2014). They reported the separation of NTHi strains into discrete clades based
on their core genes sequence and also based on the presence and absence profile of certain
virulence factors. However, this separation did not correlate with the clinical source (De Chiara
etal., 2014). In other words, closely related strains forming a discrete clade were from different

clinical phenotypes. This suggests that there is no association between set of core genes or
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known virulence genes and the discrete disease phenotypes. However, they did not take into

consideration the role of accessory genes in defining the NTHi patho-phenotypes.

1.9.3 Molecular tools for differentiation between NTHi strains

NTHi strains are highly diverse, and various typing methods have been proposed for
epidemiological studies and pathogenesis investigations. Traditional biotyping and
phenotyping methods such as outer membrane protein and LOS analysis (Barenkamp et al.,
1982, Murphy et al., 1987) have gradually been replaced by genotypic techniques. Over a long
period of time, genetic diversity of NTHi has been studied using ribotyping, restriction
fragment length polymorphism (RFLP), multilocus enzyme electrophoresis, and multilocus
sequence typing (MLST) (Bruce and Jordens, 1991, van Alphen et al., 1997, Meats et al.,
2003). However, these genotyping techniques provide only a moderate typing resolution.
Subtyping of genome pattern by pulsed-field gel electrophoresis (PAGE) typing provides a
much stronger discriminatory power than all of the above mentioned typing methods (Saito et
al., 1999). It involves the comparison of patterns of genomic DNA digested with a rare cutting
restriction enzyme, such as Smal (Lee et al., 2006). Whole genome sequencing (WGS) allows
the examination of the entire region of a genome and hence provides the highest level of
resolution to discriminate between the strains, particularly suitable to unravel differences
between closely related strains that are associated with different disease phenotypes (Salipante
et al., 2015). With the recent development in sequencing technologies, next-generation
sequencing (NGS) is now available that enables high-throughput sequencing of entire bacterial
genomes at an affordable cost and with short turnaround time (Goodwin et al., 2016). This can

be coupled with appropriate bioinformatics tools for robust handling and analysis of big
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sequence data. Thus, whole genome sequence analysis can be used to detect small genetic

differences with a potential to distinguish between very closely related isolates.

1.9.4 Distinction between clinical strains of NTHi

Some studies support the idea that differences between strains in virulence-related phenotypes
correlate with their clinical sources. Bresser and colleagues investigated how persisting and
nonpersisting strains from chronic bronchitis differ in the extent to which they activate
epithelial cells to induce inflammation (Bresser et al., 1997). Persisting strains were found to
induce a weak inflammatory response, producing less IL-6 and IL-8 in H292 lung epithelial
cells than nonpersisting strains (Bresser et al., 1997). This difference in their ability to affect
airway function was not explained by differences in adherence to H292 cells (Bresser et al.,
1997). Later in 2005, Chin et al reported higher adherence of NTHi to primary human
tracheobronchial epithelial cells for strains isolated from COPD patients having exacerbations
than those with stable conditions (Chin et al., 2005). This correlated with their ability to induce
inflammatory response: NTHi strains from COPD exacerbations produced more IL-8 in airway
epithelial cells. Moreover, they compared these strains using an in vivo mouse model of airway
infection and demonstrated that the strains associated with exacerbations caused more airway
neutrophil recruitment than the colonisation strains (Chin et al., 2005). Since, COPD
exacerbations are reported to be associated with acquisition of new strains of bacteria (Sethi et
al., 2002) this study provides evidence of a strong link between infection with a new NTHi
strain and induction of high inflammatory response. Although both studies suggested
differences in bacterial factors to be key driver of pathogenesis, neither of these studies

investigated the genetic basis of differences in these virulence-related phenotypes.
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Recently, Pettigrew and colleagues conducted a 15-year prospective study, in which they
analysed whole genomes of 101 longitudinal pairs of NTHi from COPD patients and assessed
genomic changes that occurred during persistence in the human airways (Pettigrew et al.,
2018). They reported changes in simple sequence repeats in multiple genes that regulate vital
virulence functions, such as adherence, nutrient uptake, and modification of LOS. Moreover,
analysis of polymorphic sites in 12 different surface antigens showed amino acid sequence
changes in eight antigens during persistence of NTHi in COPD airways (Pettigrew et al., 2018).
These results indicate that persisting NTHi isolates undergo genomic changes in simple
sequence repeats of virulence associated genes and polymorphism in vaccine candidate genes,
which are the major mechanisms for adaptation of NTHi in the respiratory tract of COPD

patients.

More recently, Moleres et al (2018) examined 92 NTHi isolates from 13 COPD patients over
1 to 9 years to study genetic variation association with bacterial adaptation to the COPD lung
(Moleres et al., 2018). They identified recurrent loss-of-function mutations in the ompP1 (fadL)
gene, in addition to genetic changes in phase-variable genes as reported previously by
Pettigrew et al. This loss of OmpP1 function reduces NTHi’s ability to adhere to and infect
airway epithelial cells but enhances its resistance to bactericidal fatty acids, which are
inflammatory mediators enriched in the COPD lung (Moleres et al., 2018). Extending this
analysis to large number of publicly available NTHi genomes, they found truncated ompP1
alleles in majority of the isolates from the lower airway tracts as compared to those collected
from other body parts. This suggests COPD airways are colonised predominantly by specific

NTHi strains harbouring loss-of-function mutations in the ompP1 gene.
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1.10 Concluding remarks for the literature review and questions for the present

thesis

COPD is a major public health issue with a global increase in prevalence, particularly among
non-smokers. Biomass smoke exposure has been recognised as an important risk factor
contributing to the development and progression of COPD. The burden of biomass smoke
exposure is alarming as nearly half of the world’s population are at risk of exposure to noxious
particles released by combustion of biomass fuel. However, the underlying mechanism how
biomass smoke impacts the human respiratory tracts and contributes to COPD progression is
still unclear. This is in part due to the lack of a standard and easily accessible procedure for the
preparation of biomass smoke. Thus, there is a need for standardized experimental approaches
for the preparation of re-usable biomass smoke extract that could be used for the assessment of

cellular responses to different types of biomass smoke.

Infection with respiratory bacteria and viruses is another important factor implicated in
majority of exacerbations during COPD. NTHi is a key pathogen associated with comorbidity
in COPD patients. It utilises PAFR, expressed on the cell surface of human airway epithelial
cells for binding to and colonising in the lower airways. Application of PAFR antagonist could
therefore be a potential therapeutic strategy for prevention and treatment of COPD
exacerbations. Available PAFR antagonists are either ineffective at low dose, orally inactive,
or are synthetically inaccessible, so newer drugs have to be developed that is nontoxic and
amenable to large-scale production. In addition to PAFR mediated adherence, NTHi utilises a
wide array of factors to survive and colonise in the COPD airways. It is still not clear what
makes NTHi competent to establish infection in lower airways of COPD patients and how are

these COPD strains different from NTHi isolates collected from other clinical diseases.
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1.11 Hypotheses and Aims

Hypothesis: Generation of quantifiable and preservable smoke extracts could be used
in multiple exposure experiments for comparative assessment of cellular responses to

different types of smoke.

Aim: Develop a simple smoke generation system to prepare quantifiable batches of
cigarette, wood and cow dung smoke extracts and test them in vitro to assess their

effects in inflammatory response in human bronchial epithelial cells.

Hypothesis: Compared to WEB-2086 its analogue without the core diazepine structure
is synthetically more accessible and exhibits potency towards inhibiting adherence of

NTHi to bronchial epithelial cells.

Aim: Test the activity of chemical compounds (analogues of WEB-2086) towards
adherence of nontypeable Haemophilus influenzae (NTHi) to cigarette smoke exposed

bronchial epithelial cells.

Hypothesis: Exposure of bronchial epithelial cells to biomass smoke extracts increases

adherence of NTHi.

Aim: Compare, in vitro, the effects of cigarette, wood and cow dung smoke extracts

exposure in attachment of NTHi to airway epithelial cells.

Hypothesis: NTHi associated with COPD may exhibit genetically encoded functional

variances compared to NTHi isolates from non-COPD clinical illnesses.

Aim: Investigate differences in gene content between NTHi isolates from patients with

COPD and other clinical illnesses.
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2 Chapter 2: A cost-effective technique for generating preservable
biomass smoke extract and measuring its effect on cell receptor

expression in human bronchial epithelial cells

This chapter that addresses the first aim of the study; To develop a simple smoke generation
system to prepare quantifiable batches of cigarette, wood and cow dung smoke extracts and
test them in vitro to assess their effects in inflammatory response in human bronchial epithelial

cells.

This Chapter is presented as a Word document unchanged from the final accepted version

published in a peer-reviewed journal as

KC R, Zosky GR, Shukla SD, O’Toole RF. A cost-effective technique for generating
preservable biomass smoke extract and measuring its effect on cell receptor expression in
human bronchial epithelial cells. Biology Methods and Protocols. 2018;3(1): bpy010 (see
appendix). Reused under the terms of the Creative Commons CC BY license, which permits

unrestricted use, distribution, and reproduction in any medium.
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2.1 Abstract

Nearly half of the world’s population uses biomass fuel for the purposes of cooking and
heating. Smoke derived from biomass increases the risk of the development of lung diseases,
including pneumonia, chronic obstructive pulmonary disease, airway tract infections, and lung
cancer. Despite the evidence linking biomass smoke exposure to pulmonary disease, only a
small number of experimental studies have been conducted on the impact of biomass smoke
on airway epithelial cells. This is in part due to the lack of a standard and easily-accessible
procedure for the preparation of biomass smoke. Here, we describe a cost-effective and
reproducible method for the generation of different smoke extracts, in particular, cow dung and
wood smoke extracts for use in a range of biological applications. We examined the effect of
the biomass smoke extracts on the expression of a bronchial epithelial cell surface receptor, the
platelet activating factor receptor (PAFR), a known responder to cigarette smoke exposure.
Similar to cigarette smoke extract treatment, we observed a dose-dependent increase in PAFR
expression on human airway epithelial cells that were subjected to cow dung and wood smoke
extracts. This method provides biomass smoke in a re-usable form for cell and molecular

bioscience studies on the pathogenesis of chronic lung disease.

2.2 Introduction

It is estimated that nearly 3 billion people worldwide are exposed to biomass smoke, generated
from burning wood, crop residues, or animal dung for household cooking and heating (WHO,
2016). Biomass smoke is the leading environmental cause of death and disability, causing over
4 million deaths each year (Lim et al., 2012). Several epidemiological studies have associated

biomass smoke exposure with lung diseases, including chronic obstructive pulmonary disease
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(COPD), airway infections, and lung cancer (Assad et al., 2015, Assad et al., 2016, Gordon et
al., 2014, Bruce et al., 2015, Capistrano et al., 2017). Similarly, in vitro studies have found that
human lung cells exhibit impaired inflammatory and immune responses following exposure to
biomass smoke (Mehra et al., 2012b, McCarthy et al., 2016b). Inhalation of animal dung
biomass smoke is of particular concern to human health as it has the highest polluting potential
per unit energy released compared to wood smoke (Mudway et al., 2005). Airway epithelial
cells are the primary target of inhaled smoke; therefore, the responses of epithelial cells to
different types of biomass smoke are of considerable interest. Although, extensive in vitro
studies have been performed on the effects of tobacco smoke on the expression of host
receptors on respiratory epithelial cells and on susceptibility to bacterial infection (Grigg et al.,
2012, Shukla et al., 2016a, O'Toole et al., 2016), only a small number of comparable studies
have been performed using biomass smoke. More mechanistic research is therefore needed to
understand the cellular and molecular responses to biomass smoke, including animal dung and
wood smoke. Currently, we do not have standardized experimental approaches for the
preparation of re-usable biomass smoke extract and for the assessment of cellular responses to
different types of biomass smoke. Here, we devised a low-cost and reproducible biomass
smoke generation system and tested the extracts produced on the expression profile of an
established marker of cigarette-smoke exposure, the platelet activating factor receptor (PAFR),

on human bronchial epithelial cells (O'Toole et al., 2016, Shukla et al., 2015, KC et al., 2017).

2.3 Materials and Methods
2.3.1 Preparation of cigarette smoke extract (CSE)
Cigarette smoke extract was prepared at the College of Health and Medicine, University of

Tasmania, Australia as previously described (Granstrom et al., 2006). Briefly, the filter from a
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Marlboro cigarette butt was replaced with a sterile cotton wool filter and was smoked using a
water aspirator (Grigg et al., 2012). The water aspirator consisted of a tee with hose barbs on
three sides fitted with hoses. The hose-fitted tee was clamped in a stand as shown in Figure
2.1A. One of the hoses from the tee fitting was connected to a tap, the second on the opposite
side drained water to a sink, and the third hose at a right angle held the cigarette roll. When
water was passed through the tube, a vacuum was generated by the Venturi effect, drawing
smoke from a burning cigarette (Baylar and Ozkan, 2006). Here, the flow of water was
maintained at the constant rate of 110 mL/s. The flow of water ensured the continual smoking
of the cigarette, thereby collecting the cigarette smoke material in the cotton-wool filter (Grigg
etal., 2012, Granstrom et al., 2006). After complete combustion of a cigarette, the cotton-wool
filter was removed and then placed into another cigarette from which the filter had been

removed. This way, the same cotton filter was used in the smoking of three Marlboro cigarettes.

The cigarette smoke material retained in the cotton filter was quantified by measuring the
weight of cotton filter before and after the combustion of the three cigarettes. The cotton filter
was then vortexed in 1 mL dimethyl sulfoxide (DMSO). The solubilized smoke material was
quantitated by measuring the weight of equal volumes of pure DMSO and smoke material-
dissolved DMSO. The cigarette smoke extract (CSE) was then filter-sterilized through a 0.22
um nylon membrane filter (ThermoFisher Scientific, USA), which is resistant to DMSO. The

filtrate was then re-quantified by weight measurement.

2.3.2 Preparation of cow dung smoke extract (CDSE)

Cow dung, that was collected from a local farm near Hobart, Tasmania, was sun-dried for

approximately 5 days and was crushed into fine particles using a mortar and pestle. Cow dung
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powder were rolled in a paper with a sterile cotton wool filter at one of the ends, similar to a
filtered-cigarette (Figure 2.1B). Four such rolls were prepared from a total of 7.5 g of cow dung
fine particles, such that each roll contained 1.875 g of cow dung powder. The dung roll was
then burned and smoked using the water aspirator, as described for cigarette smoking. After
complete combustion of a dung roll, the cotton filter was removed and placed in another cow
dung roll. In this way, four such cow dung rolls were smoked using the same cotton-wool filter.
Finally, the cow dung smoke extract was prepared by vortexing the cotton wool filter in 1 mL
DMSO. The solubilized smoke material was quantitated by measuring the weight of equal
volumes of pure DMSO and smoke material-dissolved DMSO. The cow dung smoke extract
(CSE) was then filter-sterilized through a 0.22 um nylon membrane filter and the filtrate was

re-quantified by weight measurement.

2.3.3 Preparation of wood smoke extract (WSE)

Firewood was collected from a local supplier near Hobart, Tasmania. For wood smoke
generation, 1.875 g of wood shavings were rolled in paper with a sterile cotton wool filter at
one of the ends, similar to a filtered-cigarette (Figure 2.1C). Four such rolls were prepared from
a total of 7.5 g of wood shavings. Each wood shaving roll was then burned and smoked using
the water aspirator, as described for cigarette smoking. After complete combustion of a wood
shaving roll, the cotton filter was removed and placed into another wood shaving roll. Finally,
the wood smoke extract (WSE) was prepared by vortexing the cotton-wool filter in 1 mL
DMSO. The solubilized smoke material was quantitated by measuring the weight of equal
volumes of pure DMSO and smoke material-dissolved DMSO. The wood smoke extract (WSE)
was then filter-sterilized through a 0.22 pm nylon membrane filter and the filtrate was re-

quantified by weight measurement.
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2.3.4 Normalization of smoke extracts

To compare the effects of different smoke extracts, the prepared extracts were normalized to
the same concentration and were stored at -20°C in aliquots of 100 pL until use. The normalized
smoke extracts were diluted in bronchial epithelial cell growth medium (BEGM) for use in the

smoke extract exposure experiments.

2.3.5 Invitro BEAS-2B cell culture

As airway epithelial cells are the primary cells to respond to smoke, an immortalized cell line
of human bronchial epithelial cells, BEAS-2B (Catalogue no 95102433, Sigma-Aldrich), was
selected for this study. The BEAS-2B cells were maintained at 37°C, 5% CO- in bronchial
epithelial cell growth medium (BEGM) (Lonza, Basel, Switzerland) supplemented with the
BulletKit (Lonza). The BEAS-2B cells were sub-cultured in T75 flasks (Corning Inc., Corning,
NY, USA), and were used for the experiments at passage numbers < 15 passages. Sterile 8-
well chambered glass slides (Millipore, Billerica, MA, USA) were pre-coated by incubating
overnight at 4°C with 200 uL of 5% (v/v) bovine collagen I (ThermoFisher Scientific, USA),
prepared in 20 mM acetic acid. The wells were rinsed twice with pre-warmed phosphate
buffered saline (PBS) followed by seeding of the BEAS-2B cells at a cell density of 30,000
cells per well in 200 uL BEGM and incubated overnight at 37°C, 5% CO>. On the following
day, the culture media was replaced with fresh BEGM and incubated at 37°C, 5% CO. for 24

h before the in vitro smoke extract exposure experiments.
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2.3.6 Exposure of BEAS-2B cells to smoke extracts

Approximately 50,000 to 60,000 BEAS-2B cells in each well were exposed to 200 pL of
BEGM containing five different concentrations of CDSE and WSE, ranging from 8.75 ng/mL
to 8.75 pg/mL, for 4 h at 37°C and 5% CO,, Parallel exposures of BEAS-2B cells to CSE in

the concentration range of 8.75 ng/mL to 8.75 pg/mL were also performed for comparison.

2.3.7 Immunofluorescence

After 4 h of exposure to the smoke extracts, the media was discarded, and the cells were washed
twice with 200 uL PBS pre-warmed at 37°C. The cells were then fixed with 200 pL of 4%

(w/v) paraformaldehyde (Sigma-Aldrich) for 20 minutes at room temperature. The cells were
rinsed twice with 200 pL of PBS and permeabilized with 100 uL of chilled (-20°C) acetone for
10 minutes at room temperature. After washing the cells again twice with 200 uL of PBS, the
non-specific binding sites were blocked with 200 pL of 1% (w/v) bovine serum albumin
(Sigma-Adrich), prepared in PBS containing 0.1% (v/v) Tween-20 (Sigma-Aldrich), for 1 h at
room temperature. Cells were then incubated overnight with 100 puL of 2.5 pg/mL monoclonal
antibody (mAb) against the human platelet activating factor receptor (PAFR) protein (11A4,
Clone 21, Cayman Chemical Company, USA) at 4°C in the dark. The cells were then rinsed
three times with 200 puL of 0.1% (w/v) bovine serum albumin (BSA) in PBS and incubated for
1 h with 100 pL of 1:100 dilutions of Alexa Fluor 594 conjugated goat anti-mouse 1gG (H+L)
secondary antibody (ThermoFisher Scientific, USA) at room temperature. After rinsing three
times with 200 uL of 0.1% (w/v) BSA in PBS, the cells were stained with 200 puL of 1 ug/mL

4’ 6-diamidino-2-phenylindole dihydrochloride (DAPI) (ThermoFisher Scientific, USA) for 15
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min at room temperature. Finally, the cells were washed three times with 200 uL of PBS, air-

dried and the slides were mounted with Dako fluorescence mounting media (Agilent, USA).

2.3.8 Microscopy and image analysis

Cell preparations were examined under 400x magnification using an Olympus BX50
epifluorescence microscope with NIS elements software (Nikon; Tokyo, Japan) and Cool Snap
Hg2 CCD camera (Photometrics, Tucson, AZ, USA). Five images were taken per well from
different points using multi-fluorescence channels designed for simultaneous detection of
emission from the fluorochromes DAPI (violet excitation and blue emission, 200 ms exposure),
and Alexa Fluor 594 (green excitation and red emission, 300 ms exposure). The level of cellular
PAFR protein expression was quantified as a measure of total cell fluorescence intensity using
the software ImageJ (NIH, USA) (Schneider et al., 2012). The cellular fluorescence was

corrected against the background fluorescence using the following formula:

Total cell fluorescence (TCF) = integrated density — (area of selected cell x mean fluorescence

of the background).

2.3.9 Quantitative real-time polymerase chain reaction (qQPCR) analysis

The expression of PAFR was also determined at the transcriptional level using qPCR. The
BEAS-2B cells were seeded into sterile clear-flat bottom 12 well plates (Corning Inc) at a
density of 2x10° cells per well and incubated overnight at 37°C and 5% CO.. The next day,
cells were exposed to different concentrations of CSE, CDSE and WSE at 37°C and 5% COa.

After 3 h, total RNA was extracted with Tri-reagent (Sigma-Aldrich), according to the
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manufacturer’s instructions. It was then treated with DNase (Promega). 490 ng of RNA was
converted into first-stranded cDNA using a SensiFAST cDNA synthesis kit (Bioline). The
cDNA generated was amplified on a LightCycler 480 System (Roche) with the SensiFAST
Probe No-ROX kit (Bioline) in a total volume of 20 pL. The relative fold change of mMRNA

expression was normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

2.3.10 BEAS-2B cell viability assay

The BEAS-2B cells were seeded into a sterile clear-flat bottom 96 well plate (Sigma-Aldrich)
at a density of 5,000 cells per well and incubated overnight at 37°C and 5% CO.. The cells
were exposed to different concentrations of CSE, CDSE and WSE. Alamar Blue (Life
Technologies) was then added to each well at a final concentration of 10% (v/v). The
absorbance readings were taken at 570 nm and 600 nm at 2 and 4 h post-exposure to smoke
extracts at 8.75 and 87.5 pg/mL concentrations using a Spectromax Spectrophotometer
Microplate Reader (Molecular Devices, USA). The percent reduction of Alamar Blue was

calculated using the following formula:

% Reduction of Alamar Blue Reagent = (Eoxi600 x A570) — (Eoxi570 x A600) x 100

(Ered570 x C600) — (Ered600 x C570)

Molar extinction coefficient of oxidized Alamar Blue at 570 nm (Eoxi570) = 80586; at 600 nm
(Eoxi600) = 117216

Absorbance of test wells at 570 nm (A570); at 600 nm (A600)
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Molar extinction coefficient of reduced Alamar Blue at 570 nm (Ered570) = 155677; at 600
nm (Ered600) = 14652

Absorbance of negative control well (no cells) at 570nm (C570); at 600 nm (C600)

2.3.11 Statistical analysis

Data were expressed as mean + standard error, median and interquartile range using the
Microsoft Excel Statistics package (Microsoft Corporation, Redmond, WA, USA) and
analyzed using GraphPad Prism version 5.0 for Windows, GraphPad Software, San Diego

California USA, www.graphpad.com. Comparisons between groups were performed using

unpaired two-tailed t-tests with Welch’s correction and one-way analysis of variance

(ANOVA) with Dunnett’s multiple comparison analysis.

2.3.12 Ethical approval

This work was conducted in accordance with Ethics Approval #H0016214 from the Tasmanian

Health and Medical Human Research Ethics Committee.

2.4 Results

2.4.1 Cigarette, cow dung and wood smoke extracts preparation

66.52 mg, 124.7 mg and 131.2 mg of smoke particles were retained in cotton filter after the
combustion of 3 cigarettes and 7.5 grams of cow dung powder and wood shavings. The retained

smoke particles were then solubilized in DMSO. The concentration of DMSO dissolved
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cigarette, cow dung, and wood smoke particles were 10.85 mg/mL, 43.7 mg/mL, and 36.0
mg/mL, respectively. After filter sterilization, the final concentration of cigarette, cow dung,
and wood smoke material were 8.75 mg/mL, 24.4 mg/mL and 31.64 mg/mL, respectively. The
CSE, CDSE and WSE concentrations were all normalized to same concentration of 8.75
mg/mL and were used in subsequent exposure experiments over the range from 8.75 ng/mL to

87.5 pg/mL.

2.4.2 CSE exposure increases PAFR expression on bronchial epithelial cells

PAFR expression was measured based on fluorescence intensity following labelling with Alexa
Fluor 594 conjugate antibody targeting anti-PAFR mAb. Previous studies have reported that
PAFR expression is upregulated in BEAS-2B cells exposed to CSE and that maximal induction
occurred at 4 h of CSE exposure (Shukla et al., 2016a, Grigg et al., 2012). Here, cigarette smoke
extract exposure for 4 h significantly increased the expression of PAFR on the bronchial
epithelial cells (Figure 2.2A-C). We observed a dose-dependent increase in PAFR expression
upon stimulation with CSE at a concentration range of 8.75 ng/mL to 87.5 pg/mL. In
comparison to the mock (1% DMSO) treated control BEAS-2B cells, the mean PAFR
expression was approximately 1.18, 1.39, 1.56, 2.06 and 6.10 times higher in the 8.75 ng/mL,
87.5 ng/mL, 875 ng/mL, 8.75 ug/mL  and 87.5 ug/mL CSE treated cells, respectively (Figure
2.2C). In addition, to demonstrate that the smoke content does not decay significantly over
time, we compared the level of activity of the CSE over a 3-month period. There has been no
significant loss in PAFR induction following -20°C freezer storage of the CSE (Figure 2.5).
The viability of the BEAS-2B cells exposed to 8.75 and 87.5 pg/mL of CSE for 2 and 4 h was
assessed relative to mock (1% DMSOQ) treated control cells using the Alamar Blue assay. The

mean relative viability of BEAS-2B cells treated with 8.75 pg/mL CSE for 2 and 4 h was at
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106.2 = 3.1 % (SEM (standard error of the mean)) and 95.8 £ 11.4 %, respectively, of the
control cell viability. For BEAS-2B cells treated with 87.5 pg/mL CSE for 2 and 4 h, the mean

relative viability was at 100.7 £ 5.0 % and 95.8 £ 11.5 %, respectively.

2.4.3 CDSE treatment induces PAFR expression on bronchial epithelial cells

The expression of PAFR on BEAS-2B cells was significantly upregulated by exposure to cow
dung smoke extract (Figure 2.3A-C). We observed a dose dependent increase in PAFR
expression upon exposure to CDSE at a concentration range of 8.75 ng/mL to 87.5 pg/mL. The
mean cellular PAFR expression was approximately 1.17, 1.24, 1.51, 1.84 and 4.67 times higher
than the mock (1% DMSO) treated control BEAS-2B cells in the 8.75 ng/mL,87.5 ng/mL, 875
ng/mL, 8.75 pg/mL and 87.5 pg/mL CDSE stimulated cells, respectively (Figure 2.3C).
Induction of PAFR expression upon CDSE exposure was comparable over the concentration
range of 8.75 ng/mL to 87.5 pug/mL in experiments conducted 3 months apart (Figure 2.5).
From the Alamar Blue assay, the mean relative viability of BEAS-2B cells exposed to 8.75
pg/mL CDSE for 2 and 4 h was at 97.4 + 6.1 % and 97.2 £ 13.9 %, respectively, of the control
cell viability. For BEAS-2B cells treated with 87.5 pg/mL CDSE for 2 and 4 h, the mean

relative viability was at 102.2 £ 7.9 % and 90.8 £ 10.7 %, respectively.

2.4.4 WSE exposure upregulates PAFR expression on bronchial epithelial cells

Wood smoke extract exposure was also associated with an induction of PAFR expression on
the bronchial epithelial cells (Figure 2.4A-C). Treatment with WSE for 4 h resulted in a
concentration dependent increase in the expression of PAFR on BEAS-2B cells. Compared to
the 1% DMSO treated control cells, the mean cellular PAFR expression was approximately
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1.28, 1.27, 1.50, 1.99 and 4.34 times higher in 8.75 ng/mL, 87.5 ng/mL, 875 ng/mL, 8.75
pg/mL and 87.5 pug/mL WSE exposed BEAS-2B cells, respectively (Figure 2.4C). The PAFR
inducing activity of WSE was similar over the concentration range of 8.75 ng/mL to 87.5
pg/mL in experiments conducted 3 months apart (Figure 2.5). From the Alamar Blue assay,
the mean relative viability of BEAS-2B cells exposed to 8.75 pg/mL WSE for 2 and 4 h was
at 101.5 + 9.2 % and 83.8 + 8.2 %, respectively, of the control cell viability. For BEAS-2B
cells treated with 87.5 pg/mL WSE for 2 and 4 h, the mean relative viability was at 93.8 + 7.4

% and 79.2 £ 8.1 %, respectively.

2.4.5 Transcriptional response of BEAS-2B to CSE, CDSE, and WSE

To examine the expression of PAFR at the transcriptional level, the relative PAFR mRNA
expression, normalized to glyceraldehyde-3-phosphate (GAPDH), was measured post-
exposure to the smoke extracts at 8.75 pug/mL and 87.5 pg/mL concentrations. Compared to
mock (1% DMSO) treated controls, the transcriptional level of PAFR was increased 2.45, 3.37
and 2.65-fold after exposure to CSE, CDSE, and WSE, respectively, at 8.75 pg/mL (Table 2.1).
The mRNA levels of PAFR was 3.19, 4.17, and 3.38-fold higher in BEAS-2B cells exposed to

87.5 pg/mL concentrations of CSE, CDSE, and WSE, respectively.

Previous studies have reported a respiratory inflammatory response to cigarette, animal dung,
and wood smoke exposure (Mehra et al., 2012a, McCarthy et al., 2016b, Kocbach et al., 2008,
Swanson et al., 2009, Shao et al., 2018). To investigate the inflammatory response in vitro, the
BEAS-2B cells were exposed to 8.75 and 87.5 pg/mL concentrations of CSE, CDSE, and WSE
for 3 h and mRNA expression was measured. The mRNA levels for pro-inflammatory

cytokines, interleukin-1 beta (IL-1p), IL-6, and IL-8 were increased by 5.56-, 7.15-, and 10.86-
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fold, respectively, post-exposure to 8.75 pg/mL CSE (Table 2.1). Exposure of BEAS-2B cells
to 87.5 pg/mL CSE resulted in an 8.1-, 13.8-, and 11.4-fold increase in mMRNA levels of the
inflammatory mediators, IL-1, IL-6, and IL-8. A similar increase in inflammatory mediators
IL-1B, IL-6, and IL-8 was observed upon exposure of BEAS-2B cells to 8.75 and 87.5 pg/mL

concentrations of CDSE and WSE (Table 2.1).

Figure 2.1 Generation of cow dung and wood smoke extract.

(A) A water aspirator was set up to draw smoke from a burning cow dung/wood roll using the
vacuum created by the flow of water. (B) Cow dung was sun-dried, crushed into fine particles
and rolled in paper. (C) Wood was cut into small chips and rolled in paper.
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Figure 2.2 Cigarette smoke extract (CSE) exposure and PAFR expression on bronchial

epithelial cells.

(A) Mock treatment of BEAS-2B cells with 1% DMSO as a control. (B) BEAS-2B cells
exposed to 87.5 ug/mL CSE. All immunofluorescence micrographs show BEAS-2B cells with
PAFR expression (anti-PAFR monoclonal antibody; 2.5 ug/mL, red) and nuclei stained with
4’ 6-diamidino-2-phenylindole (1 pg/mL, blue). Magnification = 400x. (C) Response to
different concentrations of CSE. PAFR expression corresponds to log1l0 of fluorescence
intensity following labelling with Alexa Fluor 594 conjugate antibody targeting anti-PAFR
mADb. PAFR expression was significantly increased in 8.75 ng/mL, 87.5 ng/mL, 875 ng/mL,
8.75 pg/mL and 87.5 pug/mL CSE exposed BEAS-2B cells. Data are representative of two
independent experiments (*p < 0.05, ***p < 0.0001, One-way ANOVA with Dunnett’s
multiple comparison test).
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Figure 2.3 Cow dung smoke extract (CDSE) exposure and PAFR expression on bronchial
epithelial cells.

(A) Mock treatment of BEAS-2B cells with 1% DMSO as a control. (B) BEAS-2B cells
exposed to 87.5 pug/mL CDSE. All immunofluorescence micrographs show BEAS-2B cells
with PAFR expression (anti-PAFR monoclonal antibody; 2.5 pg/mL, red) and nuclei stained
with 4', 6-diamidino-2-phenylindole (1 pg/mL, blue). Magnification = 400x. (C) Response to
different concentrations of CSE. PAFR expression corresponds to logio of fluorescence
intensity following labelling with Alexa Fluor 594 conjugate antibody targeting anti-PAFR
mADb. The PAFR expression was significantly increased in 8.75 ng/mL, 87.5 ng/mL, 875
ng/mL, 8.75 pg/mL and 87.5 pg/mL CDSE treated BEAS-2B cells. Data are representative of
two independent experiments (**p < 0.001, ***p < 0.0001, One-way ANOVA with Dunnett’s

multiple comparison test).
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Figure 2.4 Wood smoke extract (WSE) exposure and PAFR expression on bronchial epithelial

cells.

(A) Mock treatment of BEAS-2B cells with 1% DMSO as a control. (B) BEAS-2B cells
exposed to 87.5 pug/mL WSE. All immunofluorescence micrographs show BEAS-2B cells with
PAFR expression (anti-PAFR monoclonal antibody; 2.5 ug/mL, red) and nuclei stained with
4’ 6-diamidino-2-phenylindole (1 pg/mL, blue). Magnification = 400x. (C) Response to
different concentrations of CSE. PAFR expression corresponds to logio of fluorescence
intensity following labelling with Alexa Fluor 594 conjugate antibody targeting anti-PAFR
mADb. The PAFR expression was significantly increased in 8.75 ng/mL, 87.5 ng/mL, 875
ng/mL, 8.75 pug/mL and 87.5 pg/mL WSE exposed BEAS-2B cells. Data are representative of
two independent experiments (***p < 0.0001, One-way ANOVA with Dunnett’s multiple

comparison test).
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Figure 2.5 Comparison of effects of smoke extracts on PAFR expression in experiments

conducted 3 months apart.

All of the smoke extracts, CSE, CDSE and WSE, were run in the concentration range from
8.75 ng/mL to 87.5 pg/mL in the July 2018 experiment. The CSE extract was run in the same
concentration range from 8.75 ng/mL to 87.5 pg/mL in the April 2018 experiment. For the
April 2018 experiments, the CDSE and WSE data were interpolated to the 8.75 ng/mL to 87.5
pHg/mL concentration range using non-linear least squares regression. The levels of PAFR
expression in the July 2018 experiments with the CSE, CDSE and WSE samples were within
95% CI of the levels obtained for the April 2018 experiments, and therefore, there was no
significant decay in the PAFR inducing activity of the smoke extracts. Data are representative
of two independent experiments. The error bars represent 95% CI of the predicted logio PAFR

fluorescent intensity for the April 2018 data.
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Table 2.1 The smoke extracts CSE, CDSE and WSE induce PAFR, IL-1p, IL-6, and IL-8
MRNA expression by the BEAS-2B cells.

Marker CSE CDSE WSE

A B A B A

PAFR 245+0.08***  3.19+0.69 3.37 +£0.18*** 417+1.13 2.65 £ 0.25** 3.38 £0.5*
IL-1P 5.56 * 0.65** 8.06+£2.95 8.26+0.27***  1432+4.73 9.6 +£1.24** 6.69 * 0.45**
IL-6 7.15+0.58**  13.83+495 1239+04** 12.02+1.57** 10.93+1.05** 13.42+574

IL-8 10.86 £1.61** 1144+4.42 11.64+1.0** 20.25+243** 10.62+0.6***  8.67 +1.81*

B

Relative fold change in mRNA of PAFR and inflammatory cytokines normalized with GAPDH
among BEAS-2B cells exposed to CSE, CDSE and WSE for 3 h at concentrations (A) 8.75
pg/mL and (B) 87.5 pg/mL (*p < 0.05, **p <0.001, ***p < 0.0001, unpaired two-tailed ‘t’ test
with Welch’s correction. The data is presented as the mean of the observed fold change + SEM

(standard error of the mean), n=4 per group.

2.5 Discussion

Nearly 4.3 million people die every year from illnesses attributable to the inhalation of biomass
smoke (WHO, 2016). Among these deaths, 22% are due to COPD and 12% due to pneumonia
(WHO, 2016). Biomass fuels (wood, animal dung and crop residues) are the major source of
domestic energy for cooking and household heating, especially in developing countries.
Emissions from biomass contain a multitude of pollutants that adversely affect human health,
such as suspended particulate matter, methane, free radicals, aldehydes, toxic gases like carbon
monoxide and nitrogen oxides, and polycyclic aromatic hydrocarbons like benzo[a]pyrene and

anthracene (Larson and Koenig, 1994). Furthermore, animal dung combustion produces more
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toxic byproducts, including particulates (23% more PM2 s per kg of sample), reactive oxygen
species, and microbial products, compared to wood smoke (Sussan et al., 2014, Mudway et al.,
2005). Several epidemiological studies have correlated biomass smoke exposure with the risk
of development of lung diseases, including chronic obstructive pulmonary disease (COPD),
lung cancer and airway infections (Assad et al., 2015, Assad et al., 2016, Gordon et al., 2014,
Bruce et al., 2015, Capistrano et al., 2017). However, there are only a limited number of studies
that have explored mechanisms in biomass smoke induced-pulmonary inflammation and
susceptibility to respiratory infections (Lee et al., 2015). This knowledge gap is in part due to
the lack of a standardized low-cost technique for the generation of biomass smoke in the

laboratory.

In work by McCarthy and colleagues, biomass smoke from the combustion of horse dung was
pumped into a chamber in which human small airway epithelial cells were exposed (McCarthy
et al., 2016b). While this method delivered smoke to the epithelial cells, it involved immediate
use of the smoke generated and did not allow for storage of batches of biomass smoke for
subsequent re-use (McCarthy et al., 2016b). It also required the employment of a cigarette
smoking machine (Baumgartner-Jaeger CSM2072i) to generate the smoke. In a study by Li
and co-workers, biomass smoke from the combustion of rice chaff was bubbled through the
cell culture growth medium, Dulbecco’s modified Eagle’s medium (Li et al., 2016). Again, this
method generated biomass smoke, but the extracts could not be quantified in terms of mass per
volume due to the presence of multiple nutrient elements in the growth medium. Furthermore,
many components of biomass smoke are not directly soluble in aqueous solutions such as
growth medium, and as such will not be retained when the smoke is bubbled through the
medium (Li et al., 2016). In work by Huang and co-investigators, wood smoke from the burning
of Chinese fir was collected directly onto a glass filter with a 1.6 um pore size (Huang et al.,
2017). This method collected wood smoke particles as intended but it is likely that many of the
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smaller components of the smoke, such as volatile organic compounds, from the combustion

of the wood would have passed through rather than have been captured on the glass filter.

In our method, the smoke material that was collected in the cotton wool was first incubated in
the solvent DMSO, which dissolves both polar and nonpolar compounds, overnight before the
filtration step to maximize solubilisation of the components. Furthermore, most of the smoke
material in the DMSO was retained after the filter sterilization step based on both the weight
and absorbance measurements. By including quantification steps at several of the preparation
steps, we were able to determine the concentration of smoke-derived material in mg/mL in
each of the smoke extracts. In addition, we were able to generate batches of smoke extracts that
could be preserved indefinitely and used in multiple exposure experiments, minimizing inter-
assay variation. And importantly, our protocol does not require the purchase of expensive

equipment and therefore, is suitable for use in resource-limited situations.

To test our biomass smoke extracts, we compared their effect on the expression of the platelet
activating factor receptor (PAFR) on the human bronchial epithelial cells. PAFR is a G-protein
coupled seven transmembrane domain receptor, involved in various leucocyte functions,
platelet aggregation and inflammation (Ishii et al., 2002). Previous studies have shown that
PAFR expression is upregulated in response to a variety of insults including cigarette smoke,
e-cigarette vapor, urban particulate matter, and welding fumes (Suri et al., 2016, Grigg et al.,
2017, Miyashita et al., 2018, Mushtaq et al., 2011). In terms of infection, PAFR is commonly
utilized by the major respiratory bacteria, non-typeable Haemophilus influenzae, Streptococcus
pneumoniae, and Pseudomonas aeruginosa as a surface receptor for adhesion of airway
epithelial cells. These species express a common adhesin, known as phosphorylcholine (ChoP),
in their cell wall that recognizes and binds host cell PAFR enabling establishment of infection

of the respiratory tract (Grigg et al., 2012, Swords et al., 2000, Barbier et al., 2008).
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We determined that PAFR expression is increased in bronchial epithelial cells following
exposure to cow dung and wood smoke extracts in a dose-dependent manner at both the protein
and mRNA levels (Figures 2.2-2.4, Table 2.1). Moreover, the induction of PAFR expression
upon exposure to smoke extracts was comparable over the period of 3 months, which indicates
that the smoke content was preserved in DMSO at least for 3 months. The upregulation of
PAFR may, therefore, represent a molecular mechanism through which these biomass smoke
types could increase susceptibility to lung diseases including airway infections. Furthermore,
we detected increased expression of pro-inflammatory mediators IL-1p, IL-6, and IL-8
following exposure of BEAS-2B cells to our CSE, CDSE and WSE preparations in accordance
with earlier studies on the effect of smoke on respiratory cells (Table 2.1). Therefore, the ability
to produce CDSE and WSE in a usable form, by applying a simple and cost-effective water
aspirator-based method, will enable further research on their mechanistic role in the
inflammatory response and pathogenesis of respiratory disease including COPD. Furthermore,
it will facilitate the discovery of novel therapeutic compounds that reduce the effects of

biomass smoke on host cells and tissues of the respiratory system.
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3 Chapter 3: Synthesis and biological evaluation of 2-aminothiophenes
and 2-pyrrolothiophenes: identification of novel platelet-activating

factor receptor (PAFR) antagonists

In the previous chapter (Chapter 2), we developed a technique for generation of quantifiable
batches of cigarette smoke extracts. This chapter aimed to utilise the generated cigarette smoke
extracts for inducing the adherence of nontypeable H. influenzae to bronchial epithelial cells
and test the activity of 2-aminothiphenes and 2-pyrrolothiophenes (analogues of WEB-2086)

towards inhibiting this adhesion.

This Chapter is presented as a Word document unchanged from the manuscript version that

will be submitted to a peer-reviewed journal for publication as

Hyland IK, KC R, Munday E, Kilah NL, O'Toole RF, Bissember AC, Smith JA. Synthesis and
biological evaluation of 2-aminothiophenes and 2-pyrrolothiophenes: identification of novel

platelet-activating factor receptor (PAFR) antagonists.
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3.1  Summary

A small library of novel 2-aminothiophenes and 2-pyrrolothiophenes was constructed via a
direct and efficient synthetic strategy. These heterocycles, featuring structurally-distinct core
scaffolds, were evaluated for their capacity to antagonise the platelet-activating factor receptor
(PAFR) and these results were benchmarked against one of the most well-studied PAFR
antagonists WEB-2086. In this way, we determined that one of the new 2-pyrrolothiophenes
prepared in this study represents a more potent PAFR antagonist than WEB-2086 in a chronic

obstructive pulmonary disease (COPD) model.

3.2 Introduction

More than 40 diseases and disorders are associated with the inflammatory actions of platelet-
activating factor (PAF) (1) and its receptor (PAFR) (Figure 3.1) (Hyland et al., 2018). This
includes cancers, in addition to respiratory and neurodegenerative diseases. Although the
structure of the PAF receptor is unknown it is thought to contain a large lipophilic binding
pocket that can accommodate considerable steric bulk, a hydrogen-bond donor interacting with
either a carbonyl or oxygen atom, and a functional group capable of interactions with pyridine-
like moieties (Chung et al., 1995). The PAF receptor has been shown to be upregulated in

smokers and chronic obstructive pulmonary disease (COPD) patients (Shukla et al., 2016b).

Figure 3.1 PAF (1) and WEB-2086 (2).
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It is estimated that COPD kills over three million people per year worldwide. Heart disease and
stroke are thought to be the only other greater causes of death globally, and it is anticipated that
without minimising risk factors, the mortality rate due to COPD will increase in the coming
decades (Farr et al., 1980, Choi and Koh, 2018). Exacerbations from microorganisms and
environmental pollutants are a major cause of morbidity and mortality in COPD (Viniol and
Vogelmeier, 2018). Streptococcus, Haemophilus, and Pseudomonas species, in particular, are
known to be responsible, as they have the capacity to directly interact with the PAF receptor
(Grigg et al., 2012, Shukla et al., 2016a, Barbier et al., 2008, Beasley et al., 2012, Clementi and

Murphy, 2011, lovino et al., 2013).

When pathogens such as non-typeable Haemophilus influenzae (NTHi) and Streptococcus
pneumoniae bind to PAF receptors in the respiratory tract, the normal immune responses can
be bypassed, which enables them to colonise and invade the lung epithelium and deeper tissues,

causing chronic infection (Beasley et al., 2012, Cundell et al., 1995, Swords et al., 2000).

Furthermore, lung infections can initiate biochemical cascade reactions that result in an altered
immune response from the host, which causes a significant increase in pro-inflammatory
cytokines (Soler et al., 1999, Sethi et al., 2006, Hill et al., 2000, Bresser et al., 2000). The latter
response enhances the incidence of bacterial adhesion to lung epithelium cells by inducing the
upregulation of several receptors in the lower respiratory tract, including the PAF receptor
(Beasley et al., 2012). Consequently, the upregulation of PAFR expression in airway epithelial
and alveolar cells in smokers and COPD patients could provide a gateway to respiratory
infections (Shukla et al., 2016b, KC et al., 2017). PAFR antagonists can be used to control

these inflammatory responses.

A range of structurally-diverse molecules exhibit PAFR antagonistic activity, however, no

pharmaceutical drugs are currently available (Hyland et al., 2018). The diazepine WEB-2086
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(2) is one of the most well-studied PAFR antagonists and is extremely selective. Its utility (and
the ability to prepare novel derivatives) is compromised by the challenges associated with the
lengthy and inefficient synthetic route leading to this target (<10% yield over 5 steps) (Weber
and Heuer, 1989). Previous studies evaluating the activity of WEB-2086 analogues have
explored the effects of varying side-chains and aromatic groups on PAFR antagonism with
mixed success (Weber and Heuer, 1989, Walser et al., 1991). Furthermore, given the array of
potential off-target therapeutic effects that may be elicited by diazepine-based molecules, we
were interested in developing PAFR antagonists that did not comprise this motif (Walser et al.,

1991).

With these issues in mind, the aim of this study was to identify simpler, more readily accessible
analogues of WEB-2086 that offer comparable or enhanced PAFR antagonism. To this end, a
small library of novel 2-aminothiophenes and 2-pyrrolothiophenes featuring structurally-
distinct and conformationally-unrestrained core structures were synthesised and screened in an
assay that evaluated PAFR-dependent bacterial adhesion in a human bronchial epithelial cell
model of cigarette smoke exposure. These data were benchmarked against results employing

WEB-2086 and our findings are reported herein.

3.3 Results and discussion

We were driven to prepare new non-diazepine-containing molecules that retained many of the
core elements and functional groups present in WEB-2086 (2), but which could be prepared
quickly and via a more modular approach. Accordingly, a direct and efficient synthesis was
developed to access heterocycles 4-6 (Scheme 1). In the first step, commercially available

nitrile 3 was reacted with an appropriate aldehyde or ketone exploiting a multi-component
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Gewald-type approach to efficiently deliver 2-aminothiophenes 4 (Figure 3.2) (Aurelio et al.,
2010). Compounds 4b-e featured n-alkyl substituents at the 5-positions, which derived from
the aldehyde reactant employed in the condensation reaction. Heterocycle 4f, synthesised by
reaction with cyclohexanone, featured a six-membered ring annulated at the 4- and 5-positions.
Amines 4 were then subjected to either Clauson—-Kaas or Paal-Knorr reactions to furnish
pyrrole rings at the 2-positions of these thiophenes. This afforded rapid access to analogues
featuring either unsubstituted pyrrole moieties (5a—f) or 2’,5’-dimethyl-substituted pyrroles

(6a-f).

Scaffolds 4a—f, 5a—f and 6a—f differ markedly from the fused, conformationally-restrained core
structure of WEB-2086 (2). Unlike compound 2, which is constrained by the predominantly
planar arrangement of its ring-fused tricyclic core, all of these molecules allow free rotation
about the C—N bond at the 2-position of the thiophene. It is anticipated that this design feature
will cause the molecules 4-6 to favour non-planar conformations. Indeed, this is supported by
the structures of heterocycles 5a and 6a in the solid state, which were confirmed via single-
crystal X-ray crystallography, where the angle between the plane of the pyrrole and thiophene
rings is 52.19(7)° and 108.64(16)° (major component), respectively (Figure 3.3). The
substituents at the 5-positions of thiophenes 4b-f, 5b—f and 6b—f were incorporated to
investigate the effects of sterically-varied, non-polar substituents and were guided by germane

research focused on the preparation of WEB-2086 derivatives (Walser et al., 1991).
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Scheme 1 Synthesis of heterocycles 4a-f, 5a-f and 6a-f.
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Figure 3.2 2-Aminothiophenes and 2-pyrrolothiophenes synthesised in this study.
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Figure 3.3 Molecular representations of 5a and 6a.

Ellipsoids are shown at 50% probability. Angle between the plane of the pyrrole and thiophene
rings is 52.19(7)° and 108.64(16)° (major component), respectively.
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Figure 3.4 Biological evaluation of novel heterocycles 4a—f, 5a—f and 6a—f for PAFR
antagonism in lung epithelial cells.

The BEAS-2B cells were exposed to CSE for 4 h followed by treatment with 10 uM of
compounds for 1 h and subsequent challenge with NTHi for an additional hour. The data

represent the mean + standard error for triplicates.
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The assay used to test these compounds involved treating lung epithelial cells (BEAS-2B) with
cigarette smoke extract (CSE) to cause an upregulation in the PAFR levels. Cells were then
inoculated with bacteria (NTHi) and the levels of bacterial adhesion in the presence of PAFR
antagonists was measured. When cells are treated with WEB-2086, there is a decrease in the
level of bacteria binding. The results in Figure 3.4 show that compounds 4b—f decreased
bacterial adherence to levels comparable to that of WEB-2086, with the exception of 4c, which

did not appear to reduce bacterial adhesion with respect to the CSE treated cells (within error).

Compounds 5b—f with the pyrrole substituent showed mixed results, with one compound in
particular, 5d exhibiting the most reduction in bacterial adhesion. Further dose-response testing
showed that compound 5d was at least as potent in reducing bacterial adhesion as WEB-2086
at 10 uM (Figure 3.5). The dimethylpyrrole compounds 6a—f appeared to be slightly less
effective than compounds 4b—f or 5b—f, although results were mixed. It was not possible to
draw any structure-activity relationship (SAR) conclusions relating to the substituent at the 5-
position of the thiophene. It should be noted that some of the error bars in Figure 3.4 are large,

and this is due to poor adhesion of cells to the growth surface after CSE stimulation.

The results obtained from this small library of compounds did not allow any discernible SARs
to be identified. However, the results are consistent with relevant studies that propose the

presence of a lipophilic pocket in the active site (Weber and Heuer, 1989, Walser et al., 1991).
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Figure 3.5 Inhibition of CSE-induced NTHi adhesion to BEAS-2B cells by WEB-2086 and
compound 5d.

The BEAS-2B cells were exposed to CSE for 4 h followed by treatment with 10 pM WEB-
2086 or compound 5d at a concentration range of 1 nM to 100 uM for 1 h and subsequent
challenge with NTHi for an additional hour. The data represent the mean + standard error for
triplicates; **p <0.01, ***p < 0.001 relative to CSE-exposed BEAS-2B cells; one-way analysis

of variance with Dunnett’s multiple comparison test.

In an Alamar Blue toxicity assay, 2-pyrrolothiophene 5d was found to be non-toxic; tested up
to 100 uM over 24 h (Figure 3.6). When compounds 4a—f, 5a—f and 6a—f were screened against
S. aureus (MRSA), E. coli, K. pneumonia (MDR), A. baumannii, P. aeruginosa, C. albicans
and C. neoformans, no antibacterial or antifungal activity was observed in each case.
Importantly, this indicates that observed reduction in NTHi adhesion to human bronchial
epithelial cells was not due to any direct bacteriostatic or bactericidal effects of the compounds

but is more consistent with an effect on bacterial interaction involving the PAF receptor.
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Figure 3.6 Alamar Blue toxicity assay for compound 5d.

The data represent the mean + standard error for triplicates; one-way analysis of variance with

Bonferroni multiple comparison test.

3.4 Conclusion

We have demonstrated that the predominantly planar thienodiazepine framework of the PAF
receptor antagonist WEB-2086 can be replaced by an unfused, less conformationally-restrained
2-aminothiophene core structure and still retain inhibitory activity towards NTHi adhesion to
bronchial epithelial cells. Specifically, we have identified that heterocycle 5d, which we
prepared in two steps. represents a potent PAFR antagonist in a human bronchial epithelial cell
model of cigarette smoke exposure. Importantly, molecule 5d was found to be non-toxic.
Future studies will focus on constructing a larger library of analogues of structures 4-6 in order
to investigate SARs and more extensively evaluate the biological activity of lead compound

5d and perform screening in a mouse model for COPD.
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3.5 Experimental

3.5.1 General

Unless otherwise specified, reactions were performed under an atmosphere of air. Analytical-
grade solvents were used, which were purified by standard laboratory procedures. Reagents
were purchased from Sigma-Aldrich, AK Scientific, Combi-Blocks, and Oakwood and were

used without purification.

Infrared (IR) spectroscopy was performed on a Shimadzu FTIR 8400s spectrometer. Samples
for subjected to IR analysis were prepared by the deposition of a thin film of the compound
onto NaCl plates following evaporation of CH2Cl, or CHCIlz. NMR experiments were
performed either on a Bruker Avance III NMR spectrometer operating at 400 MHz (*H) or
100 MHz (**C) or on a Bruker Avance 11l NMR spectrometer operating at 600 MHz (*H) or
150 MHz (**C). The deuterated solvents used were either CDCls or CDsOD as specified.
Chemical shifts were recorded in ppm. Spectra were calibrated by assignment of the residual
solvent peak to o1 7.26 and oc 77.16 for CDCls and ¢4 3.31 and oc 49.0 for CD30OD. Coupling
constants (J) were recorded in Hz. High resolution, accurate mass spectra were acquired using
a Thermo LTQ XL Orbitrap tandem mass spectrometer. Samples in methanol were analysed
by direct infusion at a rate of 20 uL/min and ionised by Electrospray ionisation (ESI) in the
positive mode. Typical ESI conditions were: Sheath gas flow rate (8), Auxiliary gas flow rate
(2), Spray Voltage (4.1 kV), Capillary Temperature (320 °C), Capillary voltage (50 V), Tube
lens (50 V). Mass spectra were acquired in full scan mode over an appropriate range with an
ion inject time of 500 ms and resolution of 30,000. All microwave experiments were carried
out in a CEM Microwave reactor. X-ray crystallographic data for the structure determination
of compounds 5a and 6a were recorded on a Bruker AXS D8 Quest (Cu Ka radiation). Full

details of the data collection and refinement are included in the Supporting Information.
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Crystallographic data have been deposited with the Cambridge Crystallographic Data Centre
(1921328-1921329). TLC was performed using Merck silica gel 60-F2s4 plates. Developed
chromatograms were visualised by UV absorbance (254 nm) or through application of heat to
a plate stained with cerium molybdate. Flash column chromatography was performed with

flash grade silica gel (60 um) and the indicated eluent in accordance with standard techniques.

3.5.2 Chemistry

General Procedure A: synthesis of compounds 4b—f. 2-Chlorobenzoylacetonitrile (3) (1.0
equiv), aldehyde/ketone (1.1 equiv), sulfur (1.5 equiv), morpholine (1 equiv) and EtOH (0.4
mM) were combined. The mixture was heated at reflux. After 2 h, the mixture was cooled,
transferred to a round-bottom flask and concentrated under reduced pressure. The ensuing

residue was then subjected to flash column chromatography (silica gel).

General Procedure B: synthesis of compounds 5a-f. Amines 4a-f (1 equiv), 2,5-
dimethoxytetrahydrofuran (1.2 equiv) and AcOH (0.3 mM) were added to a microwave reactor
tube (10-mL). The mixture was heated in a microwave reactor at 90 °C. After 0.5 h, the mixture
was cooled, made alkaline by the addition of NaHCOs (saturated aqueous solution), and
extracted with CH2Cl> (3 x 15 mL). The combined organic phases were dried (MgSOa), filtered,
and concentrated under reduced pressure. The ensuing residue was then subjected to flash

column chromatography (silica gel).

General Procedure C: synthesis of compounds 6a—f. Amines 4a—f (1 equiv), hexane-2,5-dione
(1.2 equiv) and AcOH (0.3 mM) were added to a microwave reactor tube (10-mL). The mixture
was heated in a microwave reactor at 90 °C. After 0.5 h, the mixture was cooled, made alkaline

by the addition of NaHCOs (saturated aqueous solution), and extracted with CH2Cl, (3 x 15
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mL). The combined organic phases were dried (MgSOs), filtered, and concentrated under
reduced pressure. The ensuing residue was then subjected to flash column chromatography

(silica gel).

(2-Aminothiophen-3-yl)(2-chlorophenyl)methanone (4a). 2-Chlorobenzoylacetonitrile (3) (993
mg, 5.53 mmol; 1 equiv), dithiane-2,5-dione (856 mg, 5.63 mmol; 1 equiv), NEtz (0.8 mL; 1
equiv) and THF (2 mL) were combined. The mixture was heated at reflux. After 1 h, the
mixture was cooled, transferred and concentrated under reduced pressure. The ensuing residue
was dissolved in EtOAc (15 mL) and then successively washed with KHSO4 (2 x 10 mL of a
saturated aqueous solution) and NaHCOz (2 x 10 mL of a saturated aqueous solution). The
organic phase was then dried (MgSOa), filtered, and concentrated under reduced pressure. The
ensuing residue was subjected to flash chromatography (silica gel; 20% EtOAc/ hexanes) to
provide compound 4a as a brown semi-solid in 92% yield (259 mg, 1.09 mmol) (Aurelio et al.,

2010).

S+ (600 MHz, CDCla): 7.43-7.42 (m, 1H), 7.35-7.31 (m, 3H), 6.46 (d, J = 5.8 Hz, 1H), 6.06
(d, J = 5.8 Hz, 1H); & (150 MHz, CDCls): 189.2, 166.5, 140.2, 130.5, 130.4, 130.0, 128.4,
127.2, 126.6, 114.7, 106.5; vimmdcm™ (NaCl): 3279, 1589, 1447, 1318, 1056, 838, 757, 649.

HRMS [M + H]: for C11H9CINOS, predicted 238.0093, found 238.0088.

(2-Amino-5-butylthiophen-3-yl)(2-chlorophenyl)methanone  (4b). Previously unreported
compound 4b was prepared from substrate 3 (1.00 g, 5.57 mmol) and hexanal (0.70 mL, 5.70
mmol) following General Procedure A (40% EtOAc/ hexanes) as a brown oil in 97% yield

(1.59 g, 5.41 mmol).

&4 (600 MHz, CDCls): 7.36-7.35 (m, 1H), 7.29-7.23 (m, 3H), 6.01 (s, 1H), 2.43 (t, J = 7.6 Hz,

2H), 1.43 (quin. J = 7.6 Hz, 2H), 1.25 (sext, J = 7.5 Hz, 2H), 0.82 (t, J = 7.3 Hz, 3H); & (150
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MHz, CDClz): 188.7, 165.4, 140.5, 130.6, 130.2, 129.9, 128.4, 126.6, 126.4, 122.5, 115.3, 33.1,
26.5, 22.1, 13.8; vmadcm™ (NaCl): 3273, 2929, 1594, 1450, 1308, 1122, 1055, 755, 694, 644,

HRMS [M + H]: for C1sH17CINQS, predicted 294.0719, found 294.0714.

(2-Amino-5-octylthiophen-3-yl)(2-chlorophenyl)methanone  (4c). Previously unreported
compound 4c was prepared from substrate 3 (499 mg, 2.78 mmol) and n-decylaldehyde (519
mg, 3.32 mmol) following General Procedure A (15% EtOAc/ hexanes) as a yellow oil in 89%

yield (442 mg, 1.26 mmol).

on (600 MHz, CDs0OD): 7.49 (dd, J=7.9and 1.2 Hz, 1H), 7.41 (dtd, J = 21.3, 7.4 and 1.8 Hz,
2H), 7.34 (dd, J = 7.4 and 1.7 Hz, 1H), 6.00 (s, 1H), 2.50 (td, J = 7.4 and 0.9 Hz, 2H),
1.54-1.49 (m, 2H), 1.33-1.28 (m, 10H), 0.90 (t, J = 7.0 Hz, 3H); & (150 MHz, CD30OD):
188.1, 168.1, 140.6, 130.1, 130.0, 129.4, 127.9, 126.6, 125.7, 121.6, 113.8, 31.6, 30.4, 29.1,
28.9 (2C), 28.4, 22.3, 13.0; vmax/cm™ (NaCl): 3277, 2925, 1586, 1447, 1304, 1120, 1056, 754,

644. HRMS [M + H]: for C19H2sCINOS, predicted 350.1345, found 350.1338.

(2-Amino-5-dodecylthiophen-3-yl)(2-chlorophenyl)methanone (4d). Previously unreported
compound 4d was prepared from substrate 3 (504 mg, 2.81 mmol) and tetradecylaldehyde (656
mg, 2.64 mmol) following General Procedure A (15% EtOAc/ hexanes) as a brown oil in 88%

yield (916 mg, 2.26 mmol).

&4 (600 MHz, CDCl3): 7.43 (m, 1H), 7.38-7.30 (m, 3H), 6.09 (s, 1H), 2.50 (t, J = 7.5 Hz, 2H),
1.56-1.49 (m, 2H), 1.36-1.24 (complex m, 18H), 0.90 (t, J = 6.8 Hz, 3H); &c (100 MHz,
CDCls): 188.6, 165.8, 140.5, 130.6, 130.2, 129.9, 129.4, 126.6, 126.4, 122.4, 115.1, 31.9, 30.9,
29.8, 29.7 (2C), 29.6 (2C), 29.4, 29.3, 29.0, 22.7, 14.1; vmax/cm™* (NaCl): 3252, 2927, 1704,
1525, 1235, 1037, 753, 646. HRMS [M + H]: for C2sHssCINOS, predicted 406.1971, found

406.1963.
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(2-Amino-5-phenylthiophen-3-yl)(2-chlorophenyl)methanone (4e). Previously unreported
compound 4e was prepared from substrate 3 (1.00 g, 5.57 mmol) and phenylacetaldehyde (735
mg, 6.12 mmol) following General Procedure A (20% EtOAc/ hexanes) as a yellow oil in 97%

yield (1.59 g, 5.41 mmol).

S+ (600 MHz, CDCls): 7.66-7.40 (complex m, 10H); & (150 MHz, CDCls): 186.1, 153.4,
156.0, 134.0, 132.9, 131.8, 131.7, 131.0, 130.5, 130.3, 129.2, 127.7, 127.5, 126.9, 120.4, 117.4,
114.1; vmadem™t (NaCl): 3060, 1615, 1433, 1337, 1054, 759, 736, 644. HRMS [M + Na]: for

C17H12CINOSNa, predicted 336.0226, found 336.0210.

(2-Amino-4,5,6,7-tetrahydrobenzo[b]thiophen-3-yl)(2-chlorophenyl)methanone (41).
Previously unreported compound 4e was prepared from substrate 3 (1.00 g, 5.57 mmol) and

cyclohexanone (0.65 mL, 6.29 mmol) following General Procedure A (20% EtOAc/ hexanes)

as a yellow solid in 90% yield (2.06 g, 7.11 mmol). mp 82 °C.

S84 (400 MHz, CDCls): 7.41-7.25 (m, 4H), 2.51-2.48 (m, 2H), 1.72-1.68 (m, 4H), 1.52-1.49
(m, 2H); & (100 MHz, CDCls): 189.1, 166.6, 141.9, 130.7, 130.3, 129.9, 129.6, 127.8, 126.7,
118.0, 115.2, 25.9, 24.7, 22.9, 22.7; vinax/cm™ (NaCl): 3390, 2933, 1564, 1424, 1293, 754, 644.

HRMS [M + H]: for C15sH1sCINOS, predicted 292.0563, found 292.0558.

(2-(1H-pyrrol-1-yhthiophen-3-yl)(2-chlorophenyl)methanone (5a). Previously unreported
compound 5a was prepared from substrate 4a (504 mg, 2.12 mmol) following General

Procedure B (20% EtOAc/ hexanes) as brown semi-solid in 60% yield (299 mg, 1.26 mmol).

S+ (400 MHz, CDCls): 7.29-7.28 (m, 4H), 7.17 (m, 1H), 7.10 (d, J = 5.8 Hz, 1H), 6.76-6.75

(m, 2H), 6.07-6.06 (m, 2H); & (100 MHz, CDCls): 188.5, 148.7, 138.2, 131.6 (2C), 131.5,
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130.2, 129.3, 128.5, 126.5, 123.6 (2C), 120.7, 110.8 (2C); vma/cm* (NaCl): 1591, 1515, 1065,

735, 648. HRMS [M + H]: for C1sH11CINQOS, predicted 288.0250, found 288.0244.

(5-Butyl-2-(1H-pyrrol-1-yl)thiophen-3-yl)(2-chlorophenyl)methanone ~ (5b). Previously
unreported compound 5b was prepared from substrate 4b (229 mg, 0.78 mmol) following
General Procedure B (40% CH2Cl2/ hexanes) as a brown oil in 60% yield (159.6 mg, 0.46

mmol).

on (400 MHz, CDClg): 7.29-7.26 (m, 3H), 7.14 (m, 1H), 6.98 (s, 1H), 6.71 (s, 2H), 6.01 (s,
2H), 2.79 (t, J = 7.6 Hz, 2H), 1.74-1.66 (m, 2H), 1.50-1.42 (m, 2H), 0.98 (t, J = 7.3 Hz, 3H);
oc (100 MHz, CDClz): 188.6, 146.3, 141.1, 138.4, 131.7, 131.5, 131.3, 130.1, 129.2, 126.4,
124.6, 1235 (2C), 110.4 (2C), 33.3, 29.8, 22.1, 13.8; wmax/cm™* (NaCl): 2930, 1656, 1514,

1303, 1065, 726, 646. HRMS [M + H]: for C1o0H1sCINOS, predicted 344.0876, found 344.0870.

(2-Chlorophenyl)(5-octyl-2-(1H-pyrrol-1-yl)thiophen-3-yl)methanone (5¢). Previously
unreported compound 5c¢ was prepared from substrate 4c (205 mg, 0.58 mmol) following

General Procedure B (30% EtOAc/ hexanes) as a brown oil in 21% yield (49 mg, 1.2 mmol).

S+ (400 MHz, CD30OD): 7.32-7.28 (m, 3H), 7.20 (m, 1H), 6.97 (s, 1H), 6.70 (t, J = 2.1 Hz, 2H),
5.96 (t, J = 2.1 Hz, 2H), 2.81 (t, J = 7.4 Hz, 2H), 1.71 (quin, J = 7.5 Hz, 2H), 1.44-1.32
(complex m, 10H), 0.92 (t, J = 7.0 Hz, 3H); & (100 MHz, CDCls): 188.6, 146.3, 141.1, 138.4,
131.6, 131.5, 131.3, 130.1, 129.2, 126.3, 124.5, 123.5 (2C), 110.4 (2C), 31.8, 31.2, 30.1, 29.3,
29.2, 29.0, 22.7, 14.1; vimax/em™ (NaCl): 2926, 1715, 1436, 1236, 752, 647. HRMS [M + H]:

for C23H27CINQS, predicted 400.1502, found 400.1497.
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(2-Chlorophenyl)(5-dodecyl-2-(1H-pyrrol-1-yl)thiophen-3-yl)methanone  (5d).  Previously
unreported compound 5d was prepared from substrate 4d (111 mg, 0.27 mmol) following

General Procedure B (50% CH.Cl./ hexanes) as a yellow oil in 67% yield (83 mg, 0.18 mmol).

S+ (400 MHz, CDCls): 7.28-7.23 (m, 3H), 7.18-7.12 (m, 1H), 6.98 (s, 1H), 6.71 (t, J = 2.2 Hz,
2H), 6.02 (t, J = 2.2 Hz, 2H), 2.78 (t, J = 7.6 Hz, 2H), 1.71 (quin, J = 7.4 Hz, 2H), 1.43-1.30
(m, 18H), 0.91 (t, J = 6.8 Hz, 3H); & (100 MHz, CDCls): 188.6, 146.3, 141.2, 138.4, 131.6,
1315, 131.3, 130.1, 129.2, 126.3, 124.5, 123.5 (2C), 110.4 (2C), 31.9, 31.2, 30.1, 29.7 (2C),
29.6, 29.5, 29.4, 29.3, 29.0, 22.7, 14.1; vma/cm* (NaCl): 2925, 1651, 1516, 1234, 753, 646.

HRMS [M + Na]: for C27H3sCINOSNa, predicted 478.1947, found 478.1935.

(2-Chlorophenyl)(5-phenyl-2-(1H-pyrrol-1-ythiophen-3-yl)methanone  (5e).  Previously
unreported compound 5e was prepared from substrate 4e (1389 mg, 0.44 mmol) following
General Procedure B (70% CHCl2/ hexanes) as brown semi-solid in 22% yield (36 mg, 0.10

mmol).

S+ (400 MHz, CDCls): 7.61-7.59 (m, 2H), 7.49 (s, 1H), 7.46-7.42 (m, 2H), 7.39-7.28 (m, 4H),
7.20-7.16 (m, 1H), 6.79 (t, J = 2.1 Hz, 2H), 6.07 (t, J = 2.1 Hz, 2H); & (100 MHz, CDCls):
188.5, 147.4, 139.0, 138.1, 132.8, 132.6, 131.6 (2C), 130.2, 129.3, 129.1 (2C), 128.5, 126.5,
125.8 (2C), 123.5 (2C), 123.4, 110.8 (2C); vma/cm™ (NaCl): 1652, 1505, 1379, 1222, 1060,

750, 729, 645. HRMS [M + H]: for C21H15sCINOS, predicted 364.0563, found 364.0554.

(2-(1H-Pyrrol-1-yl)-4,5,6,7-tetrahydrobenzo[b]thiophen-3-yl)(2-chlorophenyl)methanone
(51). Previously unreported compound 5f was prepared from substrate 4f (103 mg, 0.35 mmol)
following General Procedure B (40% CHCl2/ hexanes) as a brown semi-solid in 61% yield

(73 mg, 0.22 mmol).
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S+ (400 MHz, CDCl3): 7.28 (m, 1H), 7.23-7.22 (m, 2H), 7.09 (m, 1H), 6.60 (bs, 2H), 5.93 (bs,
2H), 2.75 (dt, J = 20.5 and 5.5 Hz, 4H), 1.95-1.82 (m, 4H); & (100 MHz, CDCls): 190.5,
144.5,138.0, 134.7, 132.6, 132.2, 132.1, 131.7, 130.2, 130.1, 126.2, 123.5 (2C), 110.2 (2C),
25.5,24.9, 23.0, 22.5; vinadcm™ (NaCl): 2936, 1657, 1514, 1435, 1333, 1218, 1066, 1032, 871,

752, 647. HRMS [M + HJ: for C1sH17CINOS, predicted 342.0719, found 342.0712.

(2-Chlorophenyl)(2-(2,5-dimethyl-1H-pyrrol-1-yl)thiophen-3-yl)methanone (6a). Previously
unreported compound 6a was prepared from substrate 4a (101 mg, 0.43 mmol) following
General Procedure C (60% CH2Cl»/ hexanes) as a pale-yellow solid in 80% yield (107 mg, 0.34

mmol). mp 109 °C.

&4 (600 MHz, CDCls): 7.25-7.18 (m, 4H), 7.13-7.08 (m, 2H), 5.61 (s, 2H), 1.96 (s, 6H); &
(150 MHz, CDCls): 188.8, 145.6, 138.3, 136.9, 131.2, 130.9, 130.1, 129.8, 128.6, 128.3 (2C),
126.5, 123.6, 107.3 (2C), 12.7 (2C); vima/cm™t (NaCl): 1656, 1534, 1382, 1306, 1262, 861,

761, 738, 648. HRMS [M + H]: for C17H15CINOS, predicted 316.0563, found 316.0555.

(5-Butyl-2-(2,5-dimethyl-1H-pyrrol-1-yl)thiophen-3-yl)(2-chlorophenyl)methanone (6b).
Previously unreported compound 6b was prepared from substrate 4b (110 mg, 0.37 mmol)
following General Procedure C (40% CH2Cl>/ hexanes) as a brown oil in 47% yield (66 mg,

0.18 mmol).

S+ (400 MHz, CDCl3): 7.31-7.26 (m, 2H), 7.18 (m, 2H), 7.00 (s, 1H), 5.67 (s, 2H), 2.82 (¢, J =
7.6 Hz, 2H), 2.06 (s, 6H), 1.72 (quin, J = 7.5 Hz, 2H), 1.46 (sext, J = 7.4 Hz, 2H), 0.99 (t, J =
7.3 Hz, 3H); & (100 MHz, CDCls): 188.9, 143.9 (2C), 142.9, 138.5, 136.9, 131.0, 130.8, 130.1,
129.7, 128.5, 126.4, 124.4, 107.0 (2C), 33.2, 30.0, 22.2, 13.8, 12.7 (2C); vinax/cm™ (NaCl):
2958, 1675, 1521, 1436, 1235, 754, 644. HRMS [M + H]: for CaiH2sCINOS, predicted

372.1189, found 372.1180.
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(2-Chlorophenyl)(2-(2,5-dimethyl-1H-pyrrol-1-yl)-5-octylthiophen-3-yl)methanone (6¢).
Previously unreported compound 6¢ was prepared from substrate 4c (147 mg, 4.2 mmol)
following General Procedure C (15% EtOAc/ hexanes) as a brown oil in 20% yield (36 mg,

0.09 mmol).

&4 (400 MHz, CD30D): 7.36-7.34 (m, 2H), 7.24—7.22 (m, 2H), 7.01 (s, 1H), 5.59 (s, 2H), 2.86
(t, J=7.5Hz, 2H), 2.02 (s, 6H), 1.73 (quint, J = 7.5 Hz, 2H), 1.44-1.32 (complex m, 10H),
0.92 (t,J = 7.0 Hz, 3H); oc (100 MHz, CDCls): 188.9, 144.0, 142.9, 138.5, 136.9, 131.0 (2C),
130.8, 130.1, 129.7, 128.5, 126.4, 124.4, 107.0 (2C), 31.8, 31.1, 30.3, 29.2 (2C), 29.0, 22.7,
14.1, 12.7 (2C); vmax/cm™ (NaCl): 2927, 1669, 1521, 1436, 1236, 754, 646. HRMS [M + H]:

for C2sH3:CINOS, predicted 428.1815, found 428.1804.

(2-Chlorophenyl)(2-(2,5-dimethyl-1H-pyrrol-1-yl)-5-dodecylthiophen-3-yl)methanone  (6d).
Previously unreported compound 6d was prepared from substrate 4d (92 mg, 2.3 mmol)
following General Procedure C (20% EtOAc/ hexanes) as a brown oil in 44% yield (48 mg,

0.01 mmol).

&4 (400 MHz, CDCls): 7.33-7.28 (m, 2H), 7.19-7.17 (m, 2H), 7.00 (s, 1H), 5.67 (s, 2H), 2.81
(t, J = 7.6 Hz, 2H), 2.06 (s, 6H), 1.71 (quin, J = 7.6 Hz, 2H), 1.42-1.29 (complex m, 18H),
0.91 (t, J = 6.8 Hz, 3H); &c (100 MHz, CDClz): 188.9, 144.0, 142.9, 138.5, 136.9, 131.0, 130.8,
130.1 (2C), 129.7, 128.5, 126.3, 124.4, 107.0 (2C), 31.9, 31.1, 30.3, 29.7, 29.6 (2C), 29.5, 29.4,
29.3, 29.0, 22.7, 14.1, 12.7 (2C); vmax/cm™ (NaCl): 2925, 1669, 1520, 1436, 1235, 756, 644.

HRMS [M + H]: for C29H3sCINOS, predicted 484.2440, found 484.2431.

(2-Chlorophenyl)(2-(2,5-dimethyl-1H-pyrrol-1-yl)-5-phenylthiophen-3-yl)methanone  (6e).

Previously unreported compound 6e was prepared from substrate 4e (113 mg, 0.36 mmol)
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following General Procedure C (15% EtOAc/ hexanes) as a yellow oil in 19% yield (24 mg,

0.06 mmol).

S (400 MHz, CD30D): 7.68 (d, J = 8.0 Hz, 2H), 7.60 (s, 1H), 7.46 (t, J = 7.4 Hz. 2H),
7.41-7.35 (m, 3H), 7.30-7.24 (m, 2H), 5.61 (s, 2H), 2.08 (s, 6H); & (150 MHz, CDsOD):
189.3, 143.9, 142.3, 138.5, 138.0, 132.7, 131.3, 130.3, 129.7, 129.5, 128.9 (2C), 128.4 (3C),
126.5, 125.4 (2C), 122.6, 107.2 (2C), 11.5 (2C); vimax/cm™* (NaCl): 1670, 1591, 1505, 1435,
1235, 1109, 754, 736, 647. HRMS [M + H]: for C23H19CINOS, predicted 392.0876, found

392.0868.

(2-Chlorophenyl)(2-(2,5-dimethyl-1H-pyrrol-1-yl)-4,5,6,7-tetrahydrobenzo[b]thiophen-3-
yl)methanone (6f). Previously unreported compound 6f was prepared from substrate 4f (108
mg, 0.37 mmol) following General Procedure C (40% CH2Cl/ hexanes) as a brown oil in 46%

yield (63 mg, 0.17 mmol).

54 (400 MHz, CDCls): 7.24-7.22 (m, 2H), 7.09-7.08 (m, 2H), 5.52 (s, 2H), 2.78 (dt, J = 14.7
and 5.6 Hz, 4H), 1.98-1.86 (complex m, 10H); &c (100 MHz, CDCls): 192.3, 140.5, 138.8,
137.8,135.2,134.5, 131.2 (2C), 130.8, 130.2, 129.3, 128.4, 126.5, 106.9 (2C), 25.2, 25.1, 23.2,
22.4, 12.6 (2C); vinaxlcm™ (NaCl): 2943, 1662, 1436, 1037, 754, 647. HRMS [M + Na]: for

C21H20CINOSNa, predicted 392.0852, found 392.0847.

3.5.3 Biology

Human bronchial epithelial cells (BEAS-2B) were cultured in the serum free bronchial
epithelial basal medium (BEBM) supplemented with the BulletKit (BEGM) at 37°C and 5%

COz. The BEAS-2B cells were sub-cultured in a T-75 and were used for the experiments at
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passage numbers <15 passages. The clinical strain of NTHi bacteria, RHH3 were labelled with
fluorescein isothiocyanate (FITC). Briefly, bacteria were grown overnight in brain heart
infusion medium supplemented with hemin (1 mg/mL) and nicotinamide adenine dinucleotide
(NAD, 10 mg/mL) and then bacteria (108 CFU/mL) were incubated for 1 h at 4°C with 1
mg/mL (w/v) FITC prepared in a carbonate buffer (0.9 M sodium carbonate, 0.015 M sodium
bicarbonate and 0.1 M sodium chloride). The FITC-labelled bacteria were washed three times
with phosphate buffered saline (PBS) and resuspended in BEGM without antibiotics at a
density of 5 x 10’ CFU/mL. BEAS-2B cells were transferred to sterile 8-well chambered glass
slides pre-coated with 5% (v/v) bovine collagen | at a density of 30,000 cells per well and
cultured for an additional 24 h to form a confluent monolayer. The cell monolayer was then
exposed to CSE at a concentration of 87.5 pg/mL. After exposure to the CSE, the BEAS-2B
cells were washed with pre-warmed PBS and treated with PAFR antagonists. Compounds were
prepared in DMSO at 10mM concentration and then diluted in antibiotic-free BEGM to a final
concentration of 10 uM for initial screening and 100 uM, 10 uM, 1 puM, 100 nM, 10 nM and
1 nM for compound 5d. The BEAS-2B cells were incubated with 200 pL of different
concentrations of compound for 1 h at 37°C and 5% CO». FITC-tagged NTHi (100 pL) was
added to the monolayer at a multiplicity of infection of 50:1. The cells were incubated for 1 h

at 37°C and 5% CO- and then washed three times with pre-warmed PBS.

Cells were analysed via immunocytochemistry and analysis of microscopy images. BEAS-2B
cells were fixed with 200 uL of 4% (w/v) paraformaldehyde for 20 min at r.t. After two washes
with PBS, cells were permeabilised with 100 pL of chilled (=20°C) acetone for 10 min at r.t.
Then cells were washed three times with PBS and blocked with 200 pL of 1% (w/v) bovine
serum albumin (BSA), prepared in 1% (v/v) Tween-20-PBS for 1 h at r.t. The cells were then
incubated with mouse anti-human platelet activating factor receptor monoclonal antibody (anti-
PAFR mADb, 2.5 ug/mL) overnight in the dark at 4°C. After here washed with 0.1% (w/v) BSA,
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cells were incubated with 1:100 dilutions of Alexa Fluor 594-conjugated goat anti-mouse 1gG
(H+L) secondary antibody for 1 h at r.t. The cells were then rinsed three times with 0.1% (w/v)
BSA, followed by staining with 4’,6-diamidino-2-phenylindole (DAPI, 1 pg/ mL) in the dark
at r.t for 0.25 h. Finally, the cells were washed three times with PBS and air-dried before the
slides were mounted with Dako fluorescence mounting media. Cells were examined with an
Olympus BX50 epifluorescence microscope equipped with NIS elements software and Cool
Snap Hg2 CCD camera under 400x magnification. Ten images were taken per well from
different points using three different fluorescence channels for DAPI (violet excitation and blue
emission, 200 ms exposure), Alexa Fluor 594 (green excitation and red emission, 300 ms
exposure) and FITC (blue excitation and green emission, 500 ms exposure). Image merging

and bacterial and BEAS-2B cell counting was performed using the software ImageJ.

3.5.4 Compound toxicity

Cells were seeded into sterile clear flat-bottom 96-well plates at a density of 5,000 per well and
incubated overnight at 37°C and 5% CO.. The cells were exposed to different concentrations
of the compound, followed by Alamar Blue at a concentration of 10% (v/v). The cells were
then incubated for 4 h and 24 h at 37°C and 5% CO to allow cells to convert resazurin (blue)

to resorufin (red).
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4 Chapter 4: Cow Dung Biomass Smoke Exposure Increases
Adherence of Respiratory Pathogen Nontypeable Haemophilus

influenzae to Human Bronchial Epithelial Cells

In the previous chapter (Chapter 3), we identified a compound that exhibited significant
inhibitory activity towards adhesion of nontypeable H. influenzae to cigarette smoke exposed
human bronchial epithelial cells. This chapter aimed to investigate the in vitro effect of biomass
smoke exposure on adherence of nontypeable H. influenzae to airway epithelial cells, and
utilise the compound (identified in Chapter 3) to establish a relationship between bacterial

attachment and the host cell receptor, platelet activating factor receptor.

This Chapter is presented as a Word document unchanged from the final accepted version
published in a peer-reviewed journal with an exception of a minor change in Figure 4.3 in
response to the Examiner’s recommendation. In Figure 4.3, information on the type of smoke
has been added in the graphs and Y-axes of all the graphs have been modified to a similar scale

of 0-5.

KC R, Hyland IK, Smith JA, Shukla SD, Hansbro PM, Zosky GR, Karupiah G, O’Toole RF.
Cow Dung Biomass Smoke Exposure Increases Adherence of Respiratory Pathogen
Nontypeable Haemophilus influenzae to Human Bronchial Epithelial Cells. 2020. Reused by

permission from Springer Nature Exposure and Health (KC et al., 2020a), © 2020.
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4.1 Abstract

Biomass smoke exposure is associated with a heightened risk of development of respiratory
diseases that include chronic obstructive pulmonary disease (COPD). The aim of this study
was to increase our understanding of how biomass smoke could contribute to an increased
susceptibility to respiratory infection. We investigated the effects of cow dung and wood smoke
exposure on human bronchial epithelial cells with respect to adherence of a major respiratory
bacterial pathogen in COPD, nontypeable Haemophilus influenzae (NTHi), using
immunofluorescence microscopy. In addition, expression of a known receptor of NTHi,
platelet activating factor receptor (PAFR), and two proinflammatory cytokines, interleukin-6
(IL-6) and interleukin-8 (1L-8), were determined using quantitative polymerase chain reaction.
We observed a dose-dependent increase in NTHi adhesion to human bronchial epithelial cells
following exposure to cow dung but not to wood smoke extracts. Pretreatment with PAFR
antagonists, WEB-2086 and its analogue, C17, decreased adherence by NTHi to bronchial
epithelial cells exposed to cow dung smoke. Both cow dung and wood smoke induced
expression of PAFR, as well as of IL-6 and IL-8, which was inhibited by WEB-2086 and C17.
In conclusion, biomass smoke from combustion of cow dung and wood induced expression of
PAFR and airway inflammatory markers in human bronchial epithelial cells. Cow dung
exposure, but not wood smoke exposure, mediated a measurable increase in NTHi adhesion to
bronchial epithelial cells that was inhibited by PAFR antagonists. This work highlights the
potential of PAFR as a therapeutic target for reducing the impact of hazardous biomass smoke

exposure on respiratory health.
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4.2 Introduction

Almost half of the world’s population is reliant on biomass, such as wood, animal dung, and
crop residues as their primary source of fuel for cooking and heating purposes (WHO,
2018c). Rural human populations of low- and middle- income countries, in particular women
and young children, are constantly exposed to extremely high levels of smoke from wood/cow
dung that is used for cooking. For instance, in a rural Costa Rican setting, Park and Lee (Park
and Lee, 2003) monitored the quality of indoor air of the households with wood burning stoves
for 24-h and reported elevated concentrations of PMy s (44 ug/m?), PM10 (132 pug/m?®), carbon
monoxide (0.5 and 3.3 ppm). The concentration of these parameters considerably peaked
during cooking, with PM2s and PMyo levels reaching a concentration of approximately 310 to

8170 pg/m3 and 500 to 18900 pg/m3 respectively (Park and Lee, 2003).

Household biomass smoke exposure has been linked to an increased risk of airway disease
including chronic obstructive pulmonary disease (COPD) (Kc et al., 2018a, Capistrano et al.,
2017). An Indian study involving non-smoking women reported an increased prevalence of
respiratory symptoms (chronic bronchitis and dyspnoea) in those who used biomass fuel for
cooking (Behera and Jindal, 1991). Another recent Indian study reported that a substantial
proportion (>60%) of biomass fuel (cow dung cakes and firewood) users are at higher risks of
developing COPD, bronchial asthma and tuberculosis (Faizan and Thakur, 2019). Worldwide,
COPD is responsible for 3 million deaths each year making it the third largest cause of human
mortalities after heart disease and stroke (WHO, 2018d). While tobacco smoking is still the
primary causative factor of COPD in high-income countries, in low and middle countries over
45% of COPD patients have been found to be never smokers (Kc et al., 2018a). There is
emerging evidence that smoke from biomass fuels is an independent risk factor for the

development of COPD where reliance on biomass fuel is high (Ehrlich et al., 2004, Magitta et
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al., 2018). However, the exact mechanism how biomass smoke exposure contributes to the
development and progression of COPD is still unknown. Since, biomass fuel smoke has been
linked to acute respiratory infections (Po et al., 2011) we hypothesized that the exposure of
bronchial epithelial cells to biomass smoke extracts increases adherence of nontypeable
Haemophilus influenzae (NTHi), the major respiratory pathogen involved in the pathogenesis

of COPD.

This study was conducted to advance our understanding of how biomass smoke could
contribute to an increased susceptibility to respiratory infection, In this work we investigated
the response of human bronchial epithelial cells to cow dung and wood smoke extract
exposures, in particular, the expression of platelet activating factor receptor (PAFR) and pro-
inflammatory cytokines, interleukin 6 (IL-6) and IL-8, and the level of adhesion of NTHi to
smoke-extract treated cells. . We demonstrated that exposure of bronchial epithelial cells to
cow dung smoke extract results in the increased adhesion of NTHi. We further established an
association between PAFR expression and the adhesion of NTHi to the bronchial epithelial
cells. Interestingly the same increased adherence of NTHi was not observed in response to

wood smoke extract.

4.3 Methods

4.3.1 Generation of cigarette, cow dung and wood smoke extracts

In our previous paper, we described in detail the cost-effective and reproducible method for
the generation of different smoke extracts, including cigarette, cow dung and wood smoke
extracts (CSE, CDSE and WSE, respectively) (KC et al., 2018b). Briefly, three cigarette rolls,

four rolls of cow dung powder, and four rolls of wood shavings were smoked using a water
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aspirator. The cigarette, cow dung and wood smoke extracts were prepared by vortexing cotton
filter containing the trapped smoke particles in 1 mL dimethyl sulfoxide (DMSO). The smoke
extracts were then filter-sterilized through a 0.22 um membrane filter and quantified by weight
measurement. Finally, the prepared extracts were normalized to the same concentration (8.75
mg/mL) and stored at -20°C. The extracts were diluted in bronchial epithelial cell growth

medium (BEGM) for use in exposure experiments.

4.3.2 Invitro BEAS-2B cell culture and fluorescence labelling of bacteria

Airway epithelial cells are the primary cells to respond to environmental insults to the
respiratory system, such as smoke and dust particles (Crystal et al., 2008). Undoubtedly, these
cells are of considerable interest to investigate the biological and/or pathological effects of
environmental air pollutants/pathogens (Gruenert et al., 1995). The in vitro system comprising
airway epithelial cells, including bronchial and alveolar epithelial cells are routinely utilised in
both basic and clinical research settings, with the advantage to exposing these cells directly to
environmental stimuli. Bronchial epithelial cells are the primary sites in the respiratory tract to
interact and respond to pathogenic microbes and environmental substances. Primary human
bronchial epithelial cells are mortal, show high degree of variability and are difficult to isolate,
whereas, commercially available bronchial epithelial cells, such as BEAS-2B cells, are
immortal, much more homogenous under normal conditions and are easily available. Thus, we
utilized BEAS-2B cells to evaluate the effect of smoke extract exposures. The BEAS-2B cells
(Catalogue no 95102433, Sigma-Aldrich) were cultured in serum free bronchial epithelial basal
medium (BEBM) supplemented with the BulletKit (BEGM) (Lonza, Basel, Switzerland) at
37°C and 5% CO.. The BEAS-2B cells were sub-cultured in a T-75 flask (Corning, NY, USA),

and were used for experiments at < 15 passages. The NTHi strain RHH3 was collected as part
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of routine hospital laboratory diagnosis at the Royal Hobart Hospital, Hobart, Tasmania,
Australia and no research participants or patients were recruited for this purpose. The study
was approved by the Tasmanian Health and Medical Human Research Ethics Committee
(EC00337) and conducted in accordance with the Declaration of Helsinki. The bacteria were
labelled with fluorescein isothiocyanate (FITC) (Sigma-Aldrich, USA) as previously described
(Geelen et al., 1993). Briefly, bacteria were grown overnight in brain heart infusion medium
supplemented with hemin (1 mg/mL) and nicotinamide adenine dinucleotide (10 mg/mL).
Subsequently, bacteria (108 CFU/mL) were incubated for 1 h at 4°C with 1 mg/mL (w/v) FITC
prepared in a carbonate buffer (0.09M sodium carbonate, 0.015 M sodium bicarbonate and 0.1
M sodium chloride). The FITC-labelled bacteria were washed three times with phosphate
buffered saline (PBS) and resuspended in BEGM without antibiotics at a density of 5 x 10’

CFU/mL.

4.3.3 Smoke extract exposure

For adherence assays, the BEAS-2B cells were transferred to sterile 8-well chambered glass
slides (Millipore, MA, USA) pre-coated with 5% (v/v) bovine collagen | (Thermo Fisher
Scientific, USA) at a density of 30,000 cells per well and cultured for an additional 24 h to
form a confluent monolayer. The cell monolayer was then exposed to CSE, CDSE and WSE
at concentrations ranging from 87.5 ng/mL to 87.5 pg/mL for 4 h at 37°C and 5% CO> as

described in our previous paper (KC et al., 2018Db).
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4.3.4 Pre-treatment with PAFR antagonists

After exposure to smoke extracts, the BEAS-2B cells were washed with pre-warmed PBS and
treated with PAFR antagonists, WEB-2086 (Sigma-Aldrich, USA) and a new analogue C17
that was synthesized at the University of Tasmania whereby the fused triazolo-diazepine ring
and oxopropylmorpholine side chain group were replaced by a pyrrole ring and a dodecyl
group, respectively (Figure 4.1). A 10 mM stock solution was prepared in DMSO (Sigma,
USA) and diluted in antibiotic-free BEGM to final concentrations of 100 uM, 10 uM, 1 uM
and 100 nM. The BEAS-2B cells were pre-incubated with 200 uL of 100 uM, 10 uM, 1 uM

and 100 nM concentrations of WEB-2086 or C17 for 1 h at 37°C and 5% CO..

4.3.5 Bacterial adhesion assays

Following pre-treatment of the BEAS-2B cell monolayer with PAFR antagonists, 100 pL of
FITC-tagged NTHi was added to the monolayer at a multiplicity of infection of 100:1. We
conducted the smoke extract exposure and bacterial adhesion experiments at 37°C mimicking
the in vivo body temperature. NTHi being an obligate human pathogen exhibits optimal
infectivity at 37°C, therefore, we conducted this experiment only at 37°C. The cells were
incubated for 1 h at 37°C and 5% CO> and subsequently washed three times with pre-warmed
PBS. BEAS-2B cells were fixed with 200 pL of 4% (w/v) paraformaldehyde (Sigma-Aldrich,
USA) for 20 minutes at room temperature. After 2 washes with PBS, cells were permeabilized
with 100 pL of chilled (-20°C) acetone for 10 minutes at room temperature. Subsequently, the
cells were washed three times with PBS and blocked with 200 pL of 1% (w/v) bovine serum
albumin (BSA) (Sigma-Aldrich, USA), prepared in PBS containing 1% (v/v) Tween-20

(Sigma-Aldrich, USA) for 1 h at room temperature. The cells were then incubated with mouse
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anti-human platelet activating factor receptor monoclonal antibody (anti-PAFR mAb, 2.5
pug/mL) (11A4, Clone 21, Cayman Chemical Company, USA) overnight in the dark at 4°C.
After 3 washes with 0.1% (w/v) BSA, cells were incubated with a 1:100 dilution of Alexa Fluor
594-conjugated goat anti-mouse 1gG (H+L) secondary antibody (Thermo Fisher Scientific,
USA) for 1 h at room temperature. The cells were then rinsed three times with 0.1% (w/v)
BSA, followed by staining with 4’,6-diamidino-2-phenylindole (DAPI, 1 pg/mL) (Thermo
Fisher Scientific, USA) in the dark at room temperature for 15 min. Finally, the cells were
washed three times with PBS and air-dried before the slides were mounted with Dako

fluorescence mounting media (Agilent, USA).
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Figure 4.1 Chemical structure of WEB-2086 (1) and its analogue C17 (2).

WEB-2086 is a PAFR antagonist and belongs to the group of thienotriazolo-1,4-diazepines
(hetrazepines). C17 is an analogue of WEB-2086 in which the fused triazolo-diazepine ring
and the oxopropylmorpholine side chain group are replaced by a pyrrole ring and a dodecyl

group, respectively.

4.3.6 Microscopy and image analysis

The cells were examined with an Olympus BX50 epifluorescence microscope equipped with
NIS elements software (Nikon, Japan) and a Cool Snap Hg2 CCD camera (Photometrics, USA)
under 400x magnification. Ten images were taken per well from different points using three

different fluorescence channels for DAPI (violet excitation and blue emission, 200 ms

87



exposure), Alexa Fluor 594 (green excitation and red emission, 300 ms exposure) and FITC
(blue excitation and green emission, 500 ms exposure). Image merging and bacterial and

BEAS-2B cell counting were performed using ImageJ (NIH, USA).

4.3.7 Quantitative real-time polymerase chain reaction (QRT-PCR) analysis

To determine the transcriptional level of expression of PAFR, IL-6 and IL-8, the BEAS-2B
cells were seeded into sterile clear flat-bottom 12-well plates (Corning, USA), not coated with
collagen, at a density of 2 x 10° cells per well and incubated overnight at 37°C and 5% CO..
The cells were then exposed to smoke extracts CSE, CDSE or WSE for 4 h at 37°C and 5%
CO.. After 4 h, total RNA was extracted using Tri-reagent (Sigma-Aldrich, USA), according
to the manufacturer’s instructions. Any traces of genomic DNA were degraded by treating the
total RNA extract with DNase (Promega, USA). This was followed by first-stranded cDNA
synthesis using a SensiFAST cDNA synthesis kit (Bioline, UK). Subsequently, the cDNA
generated was amplified on a LightCycler 480 System (Roche, Switzerland) using SensiFAST
Probe No-ROX kit (Bioline, UK). Finally, mMRNA expression was normalized to the expression
of a housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and the fold-
changes in PAFR, IL-6 and IL-8 mRNA levels in smoke extract exposed cells were expressed
relative to mRNA levels in mock (1% DMSO) treated cells using the primer pairs: GAPDH_F,
GCCAAGGTCATCCATGACAACT; GAPDH_R, GGGCCATCCA-CAGTCTTCTG;
PAFR_F, GACAGCATAGAGGCTGAGGC; PAFR_R, TAGCCATT-AGCAATGACCCC;
IL-6_F, ACAGCCACTCACCTCTTCAG,; IL-6_R, CCATCTTT- TTCAGCCATCTTT; IL-
8 F, CTTGGCAGCCTTCCTGATTT,; IL-8 R, TTCTTTAG- CACTCCTTGGCAAAA,

respectively.
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4.3.8 Cytotoxic effect of WEB-2086 and C17 on BEAS-2B cells

To ascertain whether the compounds WEB-2086 and C17 exhibited toxicity towards bronchial
epithelial cells, BEAS-2B cells were seeded into sterile clear flat-bottom 96 well plates (Sigma-
Aldrich, USA), not coated with collagen, at a density of 5,000 cells per well and incubated
overnight at 37°C and 5% CO.. The cells were then treated in triplicate with different
concentrations of WEB-2086 or C17 ranging from 100 nM to 100 uM, followed by the addition
of Alamar Blue (Life Technologies, USA) to each well at a final concentration of 10% (v/v).
The cells were then incubated for 4 h at 37°C and 5% CO3 to allow reduction of resazurin (blue)
to resorufin (red). The absorbance signal was then measured at 570 nm with 600 nm as a
reference wavelength after 4 and 24 h of treatment with WEB-2086 or C17, using a Spectromax
Spectrophotometer Microplate Reader (Molecular Devices, USA). The percent reduction of

Alamar Blue was calculated as previously described (KC et al., 2018b).

4.3.9 Statistical analysis

Two independent experiments, each including two or three replicates, were analyzed. Data
from four or six biological replicates from two experiments were included in the analysis and
were expressed as the mean + standard error. Differences between groups were tested by one-
way or two-way analysis of variance (ANOVA) with Dunnett’s or Bonferroni post-hoc analysis
using GraphPad Prism version 5.0 for Windows, GraphPad Software, San Diego California

USA, www.qgraphpad.com.
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4.4 Results

44.1 CDSE but not WSE significantly upregulated NTHi adherence to human

bronchial epithelial cells

We investigated whether exposure to cow dung and wood smoke extracts increases the
susceptibility of bronchial epithelial cells to NTHi adhesion. For this BEAS-2B cells were
exposed to CDSE and WSE at concentrations ranging from 87.5 ng/mL to 87.5 pg/mL for 4 h.
Parallel exposures of BEAS-2B cells to CSE were performed for comparison. Treatment of
BEAS-2B cells with CSE, CDSE and WSE correlated with increased PAFR expression as
measured by immunofluorescence (KC et al., 2018b) Challenge of BEAS-2B with FITC-
labelled NTHi for 1 h revealed that bacterial adhesion to unstimulated BEAS-2B cells was low,
i.e. 1.859 £ 0.023 bacteria per cell. The number of bacteria adhering to BEAS-2B cells exposed
to CSE and CDSE increased in a dose-dependent manner. NTHi adherence to CSE- and CDSE-
exposed BEAS-2B cells was 2.0 (p < 0.001), and 1.6 (p < 0.01) fold higher, respectively, with
respect to 1% DMSO (mock) treated BEAS-2B cells, at the 87.5 ug/mL concentration (Figure
4.2). At lower concentrations of CSE and CDSE, i.e. 875 ng/mL and 87.5 ng/mL, NTHi
adhesion did not differ significantly between mock treated and smoke-extract exposed BEAS-
2B cells. Regression analyses were performed on levels of PAFR expression based on PAFR
fluorescence intensity with respect to NTHi adhesion. The adherence of NTHi to CSE and
CDSE exposed BEAS-2B cells was positively correlated with levels of PAFR expression (r =
0.96 p=0.04 and r =0.979 p = 0.021, respectively) (Figure 4.3). WSE exposure did not result
in increased attachment of NTHi to BEAS-2B cells across the concentration range tested, i.e.
87.5 ng/mL to 87.5 pg/mL. Compared to 87.5 pug/mL WSE exposure, NTHi adhesion to
bronchial epithelial cells was 80% (p < 0.001) and 42% (p < 0.05) higher in CSE and CDSE

exposures, respectively.
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Figure 4.2 Effect of biomass smoke exposure on the adhesion of RHH3 strain of nontypeable

H. influenzae to human bronchial epithelial cells.

(A) Mock treatment of BEAS-2B cells with 1% DMSO as a control. (B) BEAS-2B cells
exposed to 87.5 pg/mL CSE for comparison. (C) BEAS-2B cells exposed to 87.5 pug/mL
CDSE. (D) BEAS-2B cells exposed to 87.5 pg/mL WSE. All immunofluorescence
micrographs show NTHi labelled with FITC (Lmg/mL, green) and BEAS-2B cells stained for
PAFR expression (anti-PAFR monoclonal antibody; 2.5 pg/mL, red), and nuclei counterstained
with DAPI (1 pg/mL, blue). Magnification =400x%. (E) Exposure of BEAS-2B cells to different
concentrations of CSE, CDSE and WSE ranging from 87.5 ng/mL to 87.5 pg/ml. NTHi
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adherence was significantly increased in CSE (8.75 and 87.5 pug/ml) and CDSE (87.5 pg/ml)
exposed BEAS-2B cells. The data represent the mean + standard error for four independent
replicates (comprising 5 images from each replicate) from two experiments; *p < 0.05, **p <
0.001, ***p < 0.001, relative to mock treated cells, one-way ANOVA with Dunnett’s multiple
comparison test. CSE, cigarette smoke extract; CDSE, cow dung smoke extract; WSE, wood
smoke extract; NTHi, nontypeable Haemophilus influenzae; PAFR, platelet activating factor
receptor; DMSO, dimethyl sulfoxide; FITC, fluorescein isothiocyanate; DAPI, 4, 6-
diamidino-2-phenylindole.
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Figure 4.3 Correlation between PAFR expression and NTHi adhesion on BEAS-2B cells
exposed to (A) CSE (B) CDSE (C) WSE.

PAFR expression corresponds to logl0 of fluorescence intensity, which is significantly
positively correlated with the number of NTHi attached per BEAS-2B cells for CSE and CDSE
exposures. For WSE exposure, NTHi adhesion is not associated with expression of PAFR. Data
are presented from four independent replicates from two experiments. CSE, cigarette smoke
extract; CDSE, cow dung smoke extract; WSE, wood smoke extract; NTHi, nontypeable

Haemophilus influenzae; PAFR, platelet activating factor receptor.

4.4.2 WEB-2086 and C17 significantly reduced the adhesion of NTHi to cow dung

smoke exposed BEAS-2B cells

To determine whether PAFR played a role in adhesion by NTHi to cow dung smoke exposed
bronchial epithelial cells, BEAS-2B cells were treated with a well-known PAFR antagonist,

WEB-2086 at concentrations ranging from 100 nM to 100 uM for 1 h. We observed significant
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decrease in CDSE-induced PAFR expression upon treatment with WEB-2086 as shown in
Figure 4.4. The treated BEAS-2B cells were then challenged with FITC-tagged NTHi. The
adherence of NTHi to both CSE- and CDSE- exposed BEAS-2B cells was reduced in the
presence of WEB-2086 in a dose-dependent manner (Figure 4.5). Compared to mock
stimulated cells, NTHi adhesion to WSE-exposed BEAS-2B cells was not affected by treatment
with WEB-2086 (p > 0.05) (Figure 4.5). C17, an analogue of WEB-2086 was also tested for
its activity towards the expression of PAFR on and the adhesion of NTHi to CSE, CDSE and
WSE exposed bronchial epithelial cells. Consistent with WEB-2086 results, C17 exhibited
significant inhibition of CSE-, CDSE- and WSE-induced expression of PAFR on the bronchial
epithelial cells (Figure 4.4). Notably, C17 exhibited significant abrogation of attachment of

NTHi to both CSE- and CDSE-treated bronchial epithelial cells in a dose dependent manner

(Figure 4.6).
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Figure 4.4 Smoke extracts (CSE, CDSE and WSE) exposure induced PAFR expression on
bronchial epithelial cells and their inhibition by PAFR antagonists WEB-2086 and C17.

PAFR expression corresponds to logl0 of fluorescence intensity following labelling with
Alexa Fluor 594 conjugate antibody targeting anti-PAFR mAb in immunofluorescence assay.
Data are representative of two independent experiments. sssp < 0.001 relative to 1% DMSO
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treated control cells, ***p < 0.001 relative to vehicle-treated smoke extracts-exposed cells,
one-way ANOVA with Dunnett’s multiple comparison test. CSE, cigarette smoke extract;
CDSE, cow dung smoke extract; WSE, wood smoke extract; PAFR, platelet activating factor
receptor; DMSO, dimethyl sulfoxide.
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Figure 4.5 Effects of PAFR antagonist, WEB-2086, on attachment of NTHi to CSE and CDSE
exposed BEAS-2B cells.

The BEAS-2B cells were exposed to 1% DMSO or 87.5 pg/mL of CSE, CDSE, or WSE for 4
h. This was followed by treatment with vehicle (1% DMSQO) or PAFR antagonist, WEB-2086,
at a concentration range of 100 nM to 100 uM for 1 h and subsequent challenge with FITC-
labelled NTHi for an additional hour. WEB-2086 exhibited dose dependent inhibition of NTHi
adhesion to the CSE and CDSE exposed BEAS-2B cells. The data represent the mean *
standard error for four independent replicates (comprising 5 images from each replicate) from
two experiments; *p < 0.05, ***p < 0.001, relative to vehicle-treated CSE-exposed cells, one-
way ANOVA with Dunnett’s multiple comparison test. CSE, cigarette smoke extract; CDSE,
cow dung smoke extract; WSE, wood smoke extract; NTHi, nontypeable Haemophilus
influenzae; PAFR, platelet activating factor receptor; DMSO, dimethyl sulfoxide; FITC,

fluorescein isothiocyanate.
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Figure 4.6 Effect of new compound, C17, on attachment of NTHi to CSE and CDSE exposed
BEAS-2B cells.

The BEAS-2B cells were exposed to 1% DMSO or 87.5 pg/mL of CSE, CDSE, or WSE for 4
h. This was followed by treatment with vehicle (1% DMSO) or compound C17 at a
concentration range of 100 nM to 100 uM for 1 h and subsequent challenge with FITC-labelled
NTHi for an additional hour. C17 exhibited dose dependent inhibition of NTHi adhesion to the
CSE and CDSE exposed BEAS-2B cells. The data represent the mean + standard error for four
independent replicates (comprising 5 images from each replicate) from two experiments; *p <
0.05, ***p < 0.001, relative to vehicle-treated CSE-exposed cells, one-way ANOVA with
Dunnett’s multiple comparison test. CSE, cigarette smoke extract; NTHi, nontypeable
Haemophilus influenzae; PAFR, platelet activating factor receptor; DMSO, dimethyl

sulfoxide; FITC, fluorescein isothiocyanate.

4.4.3 Transcriptional response of BEAS-2B cells following CSE, CDSE, and WSE

exposure

The effect of CSE-, CDSE-, and WSE-exposure on BEAS-2B cells expression of a known
receptor of NTHi, PAFR, was investigated at the transcriptional level. PAFR mRNA levels in
87.5 ng/mL CSE-, CDSE-, and WSE-exposed BEAS-2B cells increased by 9.0 (p <0.001), 7.2
(p < 0.01) and 9.5-fold (p < 0.001), respectively, compared to mock (1% DMSOQO) treated
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BEAS-2B cells (Figure 4.7). mRNA transcripts for the pro-inflammatory cytokines,
interleukin-6 (IL-6) and interleukin-8 (IL-8), were significantly induced in BEAS-2B cells by
87.5 ug/mL CSE, CDSE, and WSE as illustrated in Figure 4.7. In comparison to the mock (1%
DMSO) treated control BEAS-2B cells, the mean IL-6 and IL-8 levels of expression were
approximately 8.4 (p < 0.001) and 11.2 (p < 0.001) times higher in CSE-treated cells,
respectively; 7.2 (p < 0.001) and 11.9 (p < 0.001) times higher in CDSE stimulated cells,
respectively; and 6.6 (p < 0.001) and 12.2 (p < 0.001) times higher in WSE exposed cells,

respectively.
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Figure 4.7 Relative fold change in PAFR, IL-8, and IL-6 mRNA normalized with GAPDH.
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BEAS-2B cells exposed to CSE, CDSE, and WSE for 4 h at concentrations 8.75 and 87.5
pg/mL following treatment with PAFR antagonists, WEB-2086 and C17 at concentrations 10
MM and 100 uM for 1 h. The data are presented as the mean of the observed fold-change +
standard error for four independent replicates from two experiments; ¥%p < 0.01, %%p < 0.001,
relative to mock (1% DMSO) treated control; *p < 0.05, ** p < 0.01, *** p < 0.001, relative to
the 87.5 pg/mL smoke extract exposed BEAS-2B cells; two-way ANOVA with Bonferroni
post-hoc test. CSE, cigarette smoke extract; CDSE, cow dung smoke extract; WSE, wood
smoke extract; NTHi, nontypeable Haemophilus influenzae; PAFR, platelet activating factor
receptor; IL-6, interleukin 6; IL-8, interleukin 8; GAPDH, glyceraldehyde-3-phosphate

dehydrogenase.

4.4.4 Effects of the WEB-2086 and the C17 treatment on induced transcriptional

expression of PAFR and inflammatory cytokines IL-6 and IL-8

The effects of WEB-2086 and C17 on the expression of PAFR, IL-6 and IL-8 in CSE-, CDSE-
, and WSE-treated BEAS-2B cells were also examined. Treatment of smoke extract-exposed
BEAS-2B cells with WEB-2086 or C17 for 1 h significantly downregulated the expression of
PAFR mRNA (Figure 4.7). WEB-2086 and C17 at a concentration of 100 uM reduced the
levels of PAFR mRNA by 54% (p < 0.05) and 56% (p < 0.05), respectively. Compared to CSE-
exposed BEAS-2B cells (87.5 pg/mL) that were treated with vehicle (1% DMSO),
transcriptional levels of IL-6 and IL-8 were significantly inhibited by 68% (p < 0.001) and 73%
(p <0.001), respectively, with 100 uM WEB-2086 treatment, and by 85% (p < 0.001) and 79%
(p < 0.001), respectively, with 100 uM C17 treatment. In addition, both WEB-2086 and C17
treatment downregulated the CDSE-induced expression of IL-6 in a dose dependent manner
i.e. for 10 uM versus 100 uM of WEB-2086 and C17, 49% (p < 0.001) versus 60% (p < 0.001)
and 43% (p < 0.01) versus 69% (p < 0.001), respectively. Similarly, the levels of IL-8 mMRNA
were also reduced in a dose dependent manner by both WEB-2086 and C17 i.e. 68% (p <

0.001) versus 81% (p < 0.001) and 79% (p < 0.001) versus 83% (p < 0.001), for 10 uM versus
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100 uM of WEB-2086 and C17 treatments, respectively (Figure 4.7). Furthermore, the

compounds were also found to suppress the expression of IL-6 and IL-8 in WSE-treated cells.

4.45 Tolerance of compounds WEB-2086 and C17 by human bronchial epithelial cells

WEB-2086 and C17 were tested for toxicity towards BEAS-2B cells across the concentration
range of 100 nM to 100 uM using the Alamar Blue assay. No significant signs of cytotoxicity
were seen after 24 h treatments. The reduction of Alamar Blue by BEAS-2B cells was similar
for treatment with both vehicle (1% DMSO) and 100 uM WEB-2086, i.e. 49.2% versus 44.8%
at 4 h (p > 0.05), and 102.3% versus 104.1% at 24 h (p > 0.05). Furthermore, the viability of
the bronchial epithelial cells was similar across treatment with vehicle and 100 uM C17, i.e.
49.2% versus 45.9% at 4 h (p > 0.05), and 102.3% versus 102.5% at 24 h (p > 0.05). Thus,
both compounds, WEB-2086 and C17, were found to be tolerated by BEAS-2B cells up to the

highest concentration tested of 100 pM.

45 Discussion

Nearly 4 million deaths annually have been attributed to household air pollution (WHO,
2018c). A number of meta-analyses of epidemiological studies have reported an overall 1.4 to
2.8-fold increased risk of COPD development in solid biomass fuel users compared to clean
fuel users (Hu et al., 2010, Yang et al., 2017, Kurmi et al., 2010, Sana et al., 2018, Po et al.,
2011). A recent PUMA (Prevalence Study and Regular Practice, Diagnosis, and Treatment
Among General Practitioners in Populations at Risk of COPD in Latin America) study
conducted in primary care settings in four Latin American countries reported a higher
proportion of subjects with COPD were exposed to biomass smoke compared to those without
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COPD (Montes de Oca et al., 2017). Da Silva and colleagues examined the dose-response
relationship and reported a significant correlation between reduced pulmonary function and the
level and duration of biomass exposure (da Silva et al., 2012). Several short-term trials using
improved cooking stoves and kitchen ventilation have provided support for the efficacy of
interventions, suggesting an association between biomass smoke exposure and lung function

impairment (Zhou et al., 2014, Romieu et al., 2009, Pope et al., 2015).

Smith et al., in a population-based study of ~317,000 nonsmoking Chinese adults, reported
airflow obstruction to be positively associated with cooking with coal but not with other
sources of household air pollution (Smith et al., 2014). Recently, two large-scale multinational
studies were conducted to address the role of household air pollution in airflow obstruction and
were published in the same issue of the American Journal of Respiratory and Critical Care
Medicine in 2018 (Amaral et al., 2018, Siddharthan et al., 2018). Amaral and colleagues, using
data from the BOLD (Burden of Obstructive Lung Disease) study, reported no evidence of
association between airflow obstruction and the use of solid fuels (Amaral et al., 2018).
However, they reported a 28% higher risk of chronic phlegm in never-smoker women who had
used solid fuels for cooking or heating over twenty years or more (Amaral et al., 2018).
Siddharthan and co-investigators analyzed population data from the PRISA (Pulmonary Risk
in South America) and CRONICAS cohort studies in South America, a longitudinal study
conducted by the Centre for Control of Chronic Diseases in Bangladesh, and the LINK (Lung
Function Study in Nakaseke and Uganda) and FRESH AIR studies in Africa. They reported
that study participants with household air pollution exposure from biomass fuel use were 41%
more likely to have COPD than non-exposure individuals and that the association between
household air pollution exposure and COPD was more pronounced in women (adjusted odds
ratio 1.70; 95% confidence interval, 1.24 - 2.32) than in men (1.21; 0.92 - 1.58) (Siddharthan
et al., 2018). The findings from the above two studies are therefore not in agreement and it has
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been acknowledged that the lack of direct measurement of exposure and level of ventilation
may have impacted the studies (Balmes and Eisen, 2018). The role of biomass smoke in airway
obstructive disease requires further extensive research including examining the effect of

biomass smoke at a cellular level, which was the focus of our study.

In this work, we report for the first time that exposure of bronchial epithelial cells to biomass
smoke in the form of cow dung smoke exposure results in increased adhesion by NTHi, a major
respiratory bacterial pathogen in the chronic respiratory disease COPD. NTHi are opportunistic
bacterial pathogens that are normal commensals of the upper respiratory tract (Bakaletz and
Novotny, 2018). However, in COPD patients, due to impaired immunity they colonize the
lower airways of COPD patients, thereby inducing considerable inflammation, resulting in a
worsening of symptoms and an increased frequency of exacerbations (Leung et al., 2017).
More than half of acute COPD exacerbations are caused by bacterial infections, particularly
NTHi (Sethi et al., 2002). This study suggests that cow dung smoke exposure could translate
into an increased susceptibility to NTHi infection in the respiratory tract of patients with

biomass smoke associated COPD.

We further investigated the effect of CDSE and WSE on bronchial epithelial cells. As shown
in Figure 4.7, expression of both IL-6 and IL-8 was upregulated several-fold in bronchial
epithelial cells following exposure to CDSE and WSE with respect to controls. IL-6 is a major
stimulator of the production of acute phase proteins (Castell et al., 1989) and mediates
upregulation of the Th17/Treg balance disrupting immunological tolerance and thus,
contributes to the development of autoimmune and chronic inflammatory diseases (Kimura and
Kishimoto, 2010). IL-8, on the other hand, is a key mediator in neutrophil-mediated acute
inflammation via neutrophil transmigration and activation, including degranulation and the

release of leukotrienes and platelet activating factor (Mukaida, 2003, Schréder, 1989, Mukaida,
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2000). A significant upregulation of expression of pro-inflammatory cytokines, IL-6 and IL-8
upon exposure to biomass smoke play an important role in the pathogenesis of chronic
inflammatory diseases, particularly in COPD (Tamimi et al., 2012, Gabay, 2006, Oishi et al.,
1994). The results are in agreement with other human and animal model studies. Increased
sputum and serum levels of IL-6 and IL-8 have been observed in women cooking with biomass
fuels compared to the clean fuel users (Dutta et al., 2012, Dutta et al., 2013). Similar
upregulation of cytokines was also observed in a mouse model of biomass exposure and in the
in vitro exposure of biomass smoke to primary human small airway epithelial cells (Sussan et
al., 2014, McCarthy et al., 2016a). This may in part be linked to the potential role of biomass
smoke exposure in airway obstructive disease in never smokers, particularly, in low- and
middle-income countries where biomass fuel is the primary source of domestic energy (Kc et

al., 2018a).

Similar to CDSE, WSE exposure also increases the expression of PAFR (Figure 4.4 & 4.7).
However, WSE exposure did not increase the attachment of NTHi to respiratory epithelial cells.
There are two possible reasons for a lack of a measured effect of WSE on NTHi adhesion to
bronchial epithelial cells. Firstly, the possible presence of compounds in WSE that
competitively inhibit the binding of NTHi to PAFR. Secondly, the utilization of other potential
epithelial receptors besides PAFR in CDSE-induced NTHi adhesion (Fink et al., 2002,
Novotny and Bakaletz, 2016, Avadhanula et al., 2006, Klaile et al., 2013). PAFR has been
reported to be the major receptor for NTHi binding via lipooligosaccharide glycoforms
containing phosphorylcholine (Shukla et al., 2015, Shukla et al., 2016a, Swords et al., 2000).
The temporal upregulation of PAFR expression in airway cells upon exposure to biomass
smoke, air pollutants as well as cigarette smoke (KC et al., 2018b, Shukla et al., 2016b,
Miyashita et al., 2017) appears to increase the susceptibility to NTHi infection (Shukla et al.,
2015). Besides PAFR, NTHi has been reported to utilize the host extracellular matrix (ECM)
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proteins; fibronectin, laminin and collagen IV for colonization in the respiratory tract via the
Hap autotransporter (Fink et al., 2002). In addition, the NTHi Type IV pilus and the outer
membrane protein P1 interacts with the intercellular adhesion molecule-1 (ICAM-1) and the
carcinoembryonic antigen-related cell adhesion molecules (CEACAMS), respectively to
adhere to respiratory tract epithelial cells (Novotny and Bakaletz, 2016, Avadhanula et al.,
2006, Klaile et al., 2013). Thus, further work is needed to investigate the effect of CDSE and
WSE on the expression of ECM proteins, ICAM-1 or CEACAMSs, and how they relate to
adherence of NTHi to the airway epithelium. While a number of studies have reported
differential effects of wood and cigarette smoke exposure in terms of COPD phenotypes (Camp
et al., 2014, Rivera et al., 2008, Fernandes et al., 2017), investigations are also needed to

compare the effects of cow dung and cigarette smoke on the manifestation of COPD.

In terms of treatment of respiratory bacterial infections, the major challenges to antimicrobial
therapy are the acquisition and spread of antibiotic resistance and the limited number of new
antibiotics being developed and clinically approved for human use (Ventola, 2015). Therefore,
a novel alternative approach is needed to prevent and treat bacterial airway infections through
interfering with bacterial/host tissue interfaces. A number of PAFR antagonists, including
WEB-2086, Ginkgolide-B, CV-3988, PCA-4248, and CAS-99103-16-9 have been reported to
block the attachment of bacterial pathogens to respiratory epithelium (Grigg et al., 2012,
Barbier et al., 2008, Shukla et al., 2016a, Hergott et al., 2015, Negro Alvarez et al., 1997).
Here, WEB-2086 and its structural analogue, C17, were found to reduce the adhesion of NTHi
to CSE- and CDSE-exposed human bronchial epithelial cells in a dose dependent manner. In
addition, they both inhibited biomass and cigarette smoke-induced expression of pro-

inflammatory cytokines IL-6 and IL-8, which are a hallmark feature of COPD.
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A major limitation of this study is the use of a commercial airway epithelial cell line. Further
work is now needed to evaluate the effects of biomass smoke exposure on PAFR expression
and adherence of bacterial pathogens in vivo. Nevertheless, the results of the work reveal that
biomass smoke exposure increases the adherence of a bacterial pathogen to bronchial epithelial
cells. Furthermore, through the use of antagonists, we identified PAFR as a potential
therapeutic target for alleviating the impact of biomass smoke exposure and reducing the risk
of NTHi exacerbations. Translation of these findings would contribute to the development of

new management strategies for biomass smoke-related obstructive airway disease.

4.6 Recommendation

This study has highlighted the need for global immediate action towards reducing the exposure
to and impact of smoke generated from combustion of biomass fuel. National policies, and
community awareness and education on preventive interventions, including the use of efficient
cooking stoves and cleaner fuels such as biogas, liquefied petroleum gas and electricity are
necessary to substantially reduce the number of deaths and illnesses from hazardous effects of
biomass smoke exposure. Furthermore, therapeutic interventions, including the use of anti-
oxidants, anti-inflammatory and anti-microbial drugs may be promising in limiting the effects
of biomass exposure related respiratory diseases, including COPD. This will thus, significantly
contribute to achieving the primary goal target of the Sustainable Development Goal 3; Ensure

healthy lives and promote well-being for all at all ages.
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S5 Chapter 5: Whole-genome analyses reveal gene content differences
between nontypeable Haemophilus influenzae isolates from chronic

obstructive pulmonary disease compared to other clinical phenotypes

In the previous chapter (Chapter 4), we showed how temporal upregulation of PAFR during
biomass exposure provides a gateway for NTHi adherence to human bronchial epithelial cells.
In addition to PAFR mediated adherence, NTHi leverages a wide array of factors to survive
and colonise in the COPD airways. It is still not clear what makes NTHi competent to establish
infection in lower airways of COPD patients and how the COPD strains are different from
NTHi isolates collected from other clinical diseases. This chapter aimed to elucidate genetic

distinction between bacterial strains isolated from COPD and other clinical diseases.

This Chapter is presented as a Word document unchanged from the manuscript version

submitted to Microbial Genomics for publication as

KC R, Leong KWC, Harkness NM, Gautam SS, Cooley LA, Lachowicz J, McEwan B,
Petrovski S, Karupiah G, O’Toole RF. Whole-genome analyses reveal gene content differences
between nontypeable Haemophilus influenzae isolates from chronic obstructive pulmonary
disease compared to other clinical phenotypes. Microbial Genomics. 2020 Jul 24. doi:

10.1099/mgen.0.000405 (Kc et al., 2020b)
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5.1 Abstract

Nontypeable Haemophilus influenzae (NTHi) colonises human upper respiratory airways and
plays a key role in the course and pathogenesis of acute exacerbations of chronic obstructive
pulmonary disease (COPD). Currently, it is not possible to distinguish COPD isolates of NTHi
from other clinical isolates of NTHi using conventional genotyping methods. Here, we
analysed the core and accessory genome of 568 NTHi isolates, including 40 newly sequenced
isolates, to look for genetic distinctions between NTHi isolates from COPD with respect to
other illnesses including otitis media, meningitis and pneumonia. Phylogenies based on
polymorphic sites in the core genome did not infer discrimination between NTHi strains
collected from different clinical phenotypes. On the other hand, pan genome wide association
studies identified 79 unique NTHi accessory genes which were significantly associated with
COPD. Furthermore, many of the COPD-related NTHi genes have known or predicted roles in
virulence, transmembrane transport of metal ions and nutrients, cellular respiration and
maintenance of redox homeostasis. This indicates that specific genes may be required by NTHi
for its survival or virulence in the COPD lung. These results advance our understanding of the

pathogenesis of NTHi infection in COPD lungs.

5.2 Impact Statement

Chronic obstructive pulmonary disease (COPD) is emerging as the third leading cause of
human mortalities worldwide. Nontypeable Haemophilus influenzae (NTHi) is a major
pathogen causing acute exacerbations resulting in diminished quality of life, hospitalisation,
and increased risk of death in COPD patients. We analysed the core and accessory genome of
568 NTHi isolates, including 40 newly sequenced isolates, to genotypically distinguish

between NHTi from COPD and other clinical phenotypes. This genome-wide analysis
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identified accessory gene content differences between COPD and non-COPD strains. It
highlighted a set of virulence and metabolic functions that may be differentially required by
COPD strains. This knowledge is important for developing improvements in the management

of NTHi infections that may lead to acute exacerbations in COPD patients.

5.3 Data Summary

1. Sequence read files for all 40 isolates sequenced in this work have been deposited in SRA
and are accessible through NCBI BioSample and SRA accession numbers SAMN13942196

and SRS6166046, respectively.

2. All supporting data have been provided through supplementary data files. Five
supplementary datasets (Dataset 1-5) and a multifasta file of non-redundant pan-gene
sequences (pangene_sequence.fa) are available on Figshare

(https://doi.org/10.6084/m9.figshare.12545957.v1).
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5.4 Introduction

While nontypeable Haemophilus influenzae (NTHi) is a common commensal of the human
nasopharynx, this bacteria is also associated with a spectrum of diseases including otitis media,
sinusitis as well as hospital- and community-acquired pneumonia (Agrawal and Murphy,
2011). In addition, NTHi is the most common bacterial cause of COPD exacerbations
(Moghaddam et al., 2011, Murphy et al., 2004, Sriram et al., 2018). NTHi has developed
mechanisms to thrive in the hostile environment of different anatomical regions, such as the
middle ear, upper and lower respiratory tracts, blood, and the meninges (Wong and Akerley,
2012). Evolutionary and ecological forces drive bacteria to adapt and grow in different niches
(Messer et al., 2017, Pettigrew et al., 2018, Harrison et al., 2020, Elhenawy et al., 2019) by
utilising the basic nutrients available and resisting toxic products present in its environment
(Clementi and Murphy, 2011). This evolutionary adaptation typically involves two
fundamental processes. The first is through mutations in genes, such as single nucleotide
polymorphisms or nucleotide insertions/deletions, that can potentially alter the antigenicity of
surface proteins or change the activity of enzymatic and transport proteins (LeClerc et al.,
1996). A related mechanism is phase variation in which loci susceptible to hypermutation can
undergo slipped-strand mispairing, due to changes in simple sequence repeats, which can
rapidly modulate the expression levels of genes (Torres-Cruz and van der Woude, 2003,
Pettigrew et al., 2018). The second process is the acquisition of entirely new genetic sequences
via horizontal gene transfer, which can undergo homologous or non-homologous
recombination into the recipient genome (Ochman et al., 2000). During homologous
recombination, a chromosomal fragment of a genome is replaced with a homologous sequence
from another genome whereas non-homologous recombination results in gain and loss of
genetic material (Didelot et al., 2012). These processes can contribute to phenotypic changes
including increased virulence, antibiotic resistance, and adaptations to the host
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microenvironments such as immune evasion and greater metabolic capacity (Wilson et al.,
2016, Leimbach et al., 2013, Barrick et al., 2009, Lieberman et al., 2011, Pettigrew et al., 2018,

Didelot et al., 2016, Harrison et al., 2020).

Conventional typing methods such as multi-locus sequence typing (MLST) cannot distinguish
between commensal and pathogenic strains of NTHi (LaCross et al., 2013, De Chiara et al.,
2014, Erwin et al., 2008). Furthermore, a previous study by De Chiara and colleagues reported
that phylogeny provides insufficient resolution to discriminate between strains isolated from
different clinical sources based on an analysis of 97 NTHi isolates (De Chiara et al., 2014).
Here, we hypothesised that NTHi associated with COPD may exhibit genetically encoded
functional variances when compared to the isolates from non-COPD clinical illnesses. We
therefore performed an analysis on a larger set of 568 NTHi genomes, which included 40
Australian isolates that were newly sequenced in this study. Our analyses involved the
application of pan genome wide association studies (pan-GWAS) of genes to determine
whether NTHi from COPD could be discriminated from isolates from other types of clinical

disease.

5.5 Materials and methods

5.5.1 Bacterial strains collection, DNA extraction, and genome sequencing

Forty NTHi isolates were retrieved from sputum samples of patients admitted to the Royal
Hobart Hospital (RHH) in Tasmania, Australia, from 2017 to 2018. Of these, thirteen isolates
were collected from COPD patients with the remaining twenty-seven collected from patients
with other disease presentations listed as non-COPD as shown in Dataset 1. DNA extraction

and genome sequencing were performed using the protocol that has been described in detail in
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our previous methods paper (Gautam et al., 2019). Briefly, for DNA preparation, pure cultures
of NTHi isolates grown on chocolate agar were suspended in phosphate buffered saline.
Chromosomal DNA was extracted using the DNeasy® Blood and Tissue Kit (Qiagen, Hilden,
Germany) and was treated with RNase for the removal of RNA from genomic DNA samples.
RNase-treated DNA was further purified using the High Pure PCR Template Preparation Kit
(Roche, Basel, Switzerland) as described previously (Gautam et al., 2019). The genomic DNA
library of these isolates was then prepared using the Illumina Nextera XT Library Preparation
Kit t (Ilumina Inc., San Diego, CA, United States) and loaded into an Illumina MiSeq v2 (2 x
150-bp paired-end reads) cartridge for sequencing using an Illumina MiSeq platform at La

Trobe University, Australia.

In addition to the 40 Australian NTHi isolates that were sequenced, 528 publicly-available
NTHi genomes (Harrison et al., 2005, Pettigrew et al., 2018, Moleres et al., 2018, De Chiara
et al., 2014, Kappler et al., 2017, Aziz et al., 2019, Atack et al., 2018, Kc et al., 2020c) were
also downloaded from the National Centre for Biotechnology Information (NCBI)

(https://ftp.ncbi.nlm.nih.gov/genomes/refsea/bacteria/Haemophilus influenzae/all assembly

versions/) on September 10, 2019 for analysis. The collection was composed of a
heterogeneous group of isolates, in terms of geographical coverage. Based on the clinical
source, the isolates were classified into two groups, COPD (n=373 isolates) and non-COPD

(n=195 isolates).

5.5.2 De novo genome assembly, annotation and pan genome analysis

Raw Fastq files generated from the Illumina sequencer were uploaded to the Galaxy web
platform (Afgan et al., 2018) and the St. Petersburg genome assembler (SPAdes) tool

(Bankevich et al., 2012) was used for the de novo assembly of the sequence reads (Afgan et
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al., 2018). The default settings for all parameters were used, except for the size of k-mers,
which were manually chosen as 21, 33, 43, 53, 63, 75. The quality of genome assembly was
evaluated using the Quality Assessment Tool (QUAST) (Gurevich et al., 2013). Coverage of
the reference genome was determined by aligning all of the sequenced genomes to the reference
complete genome of the strain 86-028NP (Harrison et al., 2005). The 40 isolates sequenced in
this study had on average 120 contigs (>500 bp), with mean genome size of 1,906,568 bp,

reference genome coverage of 87.3%, and average read depth of 118.8 -fold.

The assembled FASTA/FNA files of 40 RHH isolates and 528 publicly available datasets were

uploaded to the NeCTAR research cloud (http://cloud.nectar.org.au/) for subsequent analyses.

We annotated relevant genomic features on the assembled/downloaded contigs using command
line software tool, Prokka version 1.12 with default parameters (Seemann, 2014). An e-value
threshold of 10 was used to determine the best match to known proteins in the databases,
which includes UniProt, Pfam and TIGRFAMs. If no matches were found, an open reading

frame was labelled as an “hypothetical protein’.

The annotated genome assembly outputs from Prokka (in GFF3 format) were aligned to build
large-scale pan genomes using a rapid large-scale prokaryote pan genome analysis pipeline,
Roary version 3.12 (Page et al., 2015). An additional argument “-e --mafft’ was added to
generate a multiFASTA alignment of core genes using MAFFT (Katoh et al., 2002). All other
Roary parameters were used as default; minimum blastp identity of 90%; Markov Clustering
Algorithm (MCL) inflation value of 1.5. The genes identified within the genome alignment
were classified with respect to their presence among the isolates: core (= 95%), shell (= 15%
and < 95%), and unique or cloud genes (<15%). The output files from Roary,

gene_presence_absence.csv (Dataset 2) and accessory_binary genes.fa.newick,  were
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visualised using a Python script roary_plots.py, developed by Marco Galardini (Galardini,

2013).

5.5.3 Insilico MLST

The draft and complete genomes of 568 NTHi isolates were genotyped based on the allelic
profile of seven housekeeping genes (adk, atpG, frdB, fucK, mdh, pgi and recA) hosted at
https://pubmlst.org/hinfluenzae/ (Jolley et al., 2018). Each isolate was assigned with a
sequence type using in silico MLST typing (Seeman, 2014). Minimum spanning tree (MST)
was then generated based on the MLST profiles using the goeBurst algorithm (Francisco et al.,

2009) and the tree was visualised using Phyloviz (Francisco et al., 2012).

5.5.4 Core genome SNP extraction and identification of genetic clusters

The core genome alignment file was converted into a genlight object using the function
fasta2genlight in the R package adegenet (version 2.1.1, RStudio version 1.0.143) (Jombart,
2008). The core genome SNPs (cgSNPs) were extracted and analysed to determine clusters of
genetically-related individuals using the multivariate analysis method called Discriminant
Analysis of Principal Components (DAPC) (Jombart et al., 2010). The cgSNPs raw data were
initially transformed using principal component analysis (PCA), followed by the identification
of genetic clusters using the k-means clustering algorithm. k-means determines a given number
of groups (clusters) such that sequences belonging in the same cluster are more similar to each
other than to sequences in other clusters. This was achieved using the function find.clusters
with 150 principal components (PCs) retained, accounting for >90% of the sample variability.

The optimal number of clusters was then inferred using Bayesian Information Criterion (BIC)
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as eight genetic clusters which were then efficiently described using the dapc function with 60
PCs retained. The a-score was used to choose the optimal number of PCs retained for DAPC
analysis. The a-score is the difference between reassignment probabilities for the true cluster
and randomly permuted clusters. The average a-score for 60 retained PCs was found to be 0.70.
The first three eigenvalues (discriminant functions) were then selected for visualisation and

interpretation.

In addition, we performed DAPC analysis on the presence and absence profile of accessory
genes to assess if the composition of the accessory genome supports the partitioning of the
collection into the identified clades. The same predefined clusters (Clade I-VI11) identified by
the core genome-based k-means clustering, were used to group the isolates. The accessory
genome DAPC was carried out using the same methodology used for the core gene DAPC
analysis except that the gene presence and absence matrix file was used instead of the core
genome alignment file. We retained the first 60 PCs and three eigenvalues to examine the

genetic clusters. The mean a-score for 60 retained PCs was found to be 0.68.

5.5.5 Phylogenetic analysis

cgSNPs were further utilised for performing phylogenetic analyses using the MEGAX software
(Kumar et al., 2018). Evolutionary genetic distances between the strains were computed using
the Maximum Composite Likelihood method (Tamura et al., 2004). The evolutionary
relationship was inferred using the Neighbour-Joining method (Saitou and Nei, 1987).
Reliability of tree topology was tested using a bootstrap interior-branch test (Sitnikova, 1996).

All the branches were supported by the bootstrap values >90%.
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5.5.6 Identification of COPD-associated genes

The distribution of COPD strains in the subpopulation (clades) of isolates was assessed. We
also evaluated the genetic distinction between COPD and non-COPD strains using DAPC
analysis on cgSNPs and the ‘presence/absence’ profile of accessory genes. A pan-genome-
wide association study (pan-GWAS) approach was applied to determine if any genes in the
accessory genome were linked to a particular patho-phenotype including COPD using Scoary
(Brynildsrud et al.,, 2016). Scoary was implemented in Python using
gene_presence_absence.csv (output from Roary) and trait.csv for the genotype and phenotype
input files, respectively. Each candidate gene in the pan genome was scored according to its
apparent correlation to the clinical phenotype using a 2x2 contingency table of the
‘presence/absence’ profile of each gene for the clinical phenotype. A Fisher’s exact test was
performed on each gene in a population-agonistic manner. The Benjamini-Hochberg false
discovery rate (FDR) adjustment was applied to correct for multiple comparisons (Benjamini
and Hochberg, 1995). The cut-off for a significant association was a p-value lower than 0.05.
Furthermore, for casual inference, pairwise comparison algorithm was implemented that
controls for spurious associations dependent on the population structure (Maddison, 2000). The
phylogenetic tree calculated internally by Scoary from the Hamming distances in the genotype
matrix was used for the pairwise comparisons (Brynildsrud et al., 2016). The causal association
was scored as significant when the p-values for both the best and the worst pairings were lower
than 0.05. Finally, an additional label-switching permutation was implemented by running pan-
GWAS on randomly permutated phenotypic values between individuals for 1000 times and
retaining the 5% quantile, referred to as an empirical p-value (North et al., 2003). A minimum
allele frequency threshold of 5% was used so that genes present in either more than 28 isolates
or less than 540 isolates were included in the pan-GWAS analysis to avoid assigning too high
importance to very rare genes/variants.
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5.5.7 Functional annotation and classification of candidate COPD genes

The nucleotide sequences of candidate genes were translated to their corresponding peptide
sequences using EMBOSS Transeq (https://www.ebi.ac.uk/Tools/st/emboss_transeq/). The
peptide sequences were then queried against the UniProt database using the basic local

alignment search tool with an E-threshold of 0.001 (https://www.uniprot.org/blast/). In order

to better understand the underlying biological processes, we performed functional
classification of the COPD-associated genes using the Gene List Analysis Tool that is accessed
through the web-based PANTHER version 14 classification system (http://pantherdb.org/) (Mi
et al., 2019). The complete Gene Ontology (GO) annotation system, which consists of three
datasets, was used for mapping the functions of the genes of interest (Ashburner et al., 2000).

We classified our genes based on the GO molecular function and biological process.

5.5.8 Ethical approval

This work was conducted in accordance with Ethics Approval #H0016214 from the Tasmanian

Health and Medical Human Research Ethics Committee.

5.6 Results
5.6.1 Global collection of 568 NTHi strains, including 40 newly sequenced Australian

isolates

For the initial assessment of the genetic diversity of the collection of NTHi isolates, we
determined their sequence type (ST) using in silico MLST allelic profile. Based on the MLST

profile, the 568 NTHi isolates were assigned to 174 unique sequence types (STs) (Jolley et al.,
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2018). Of which, 70 STs were associated with COPD, 34 STs contained both COPD and non-
COPD strains and the remaining 70 STs included non-COPD strains only (Figure 5.1B). Sixty-
one STs contained more than two NTHi isolates, of which 27 STs were found to be associated
with COPD (Figure 5.1B). Some of the important COPD-associated STs that contained 5 or
more NTHi isolates were ST12 (n=11), ST98 (n=6), ST196 (n=7), ST349 (n=5), ST485 (n=5),

ST1025 (n=13), and ST1812 (n=5).

A minimum spanning tree (MST) overview of all the isolates was generated by Phyloviz
(Francisco et al., 2012) (Figure 5.1) using the goeBurst full MST algorithm based on MLST
profile (Francisco et al., 2009). The MST overview was overlaid by the isolation data based on
the geographical (Figure 5.1A) and clinical (Figure 5.1B) sources of the isolates. The
distribution of NTHi collection was uniform over the entire MST, in terms of geographical and
clinical isolation (Figure 5.1A and 5.1B). There was no clustering specific to a geographical
area. The US, Spanish, Portuguese and Australian isolates were present in all groups and
scattered throughout the entire tree. Moreover, COPD isolates were also dispersed all over the
MST tree. By applying the traditional definition of clonal complex (CC) (genotypes which
have allelic profiles that differ from the ST genotype at only one of the seven MLST loci i.e.,
having six out of seven identical MLST genes) (Feil et al., 2004), we found 119 different CCs,
of which 74 included a single ST. The largest clonal complex consisted of only five STs and
contained both COPD and non-COPD strains. Nine CCs included 3 or more STs; none of which
were found to be specific to COPD phenotype. This indicates a weak or no association between

MLST genotype and the disease phenotype (COPD).
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Figure 5.1 Minimum spanning tree (MST) overview of 568 NTHi isolates based on Multi-
Locus Sequence Typing (MLST), i.e. allelic profiles of seven housekeeping genes present in
the PUbMLST database.

This was generated using the goeBurst full MST algorithm and was visualised with Phyloviz
2. Each node is a sequence type (ST), and it is coloured according to the (A) geographical and
(B) clinical sources of the isolates. The size of each node is proportional to the number of
isolates. The larger STs containing more than 10 NTHi isolates are labelled in-text. There was
no absolute separation of the strains according to geography. (A) Based on the MLST profiling,
strains from the same STs were common to a wide range of geographical locations. (B) Clusters
of COPD-associated strains were scattered over the MST-based on the MLST allelic profile.
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Out of 174 unique STs assigned to our collection, 70 STs were associated with COPD strains

and 34 STs included strains from mixed infections, i.e. COPD and other clinical illnesses.

5.6.2 Pan genome analysis of 568 NTHi isolates

A pan genome of 12,249 genes was generated from the 568 draft NTHi genomes, including 40
newly sequenced isolates in this study (Figure 5.2). Here, the core genome was represented by
853 genes that were present in at least 539 isolates. The core genes accounted for approximately
47% of the number of genes (1,821) present in the reference NTHi genome (86-028NP)
(Harrison et al., 2005). The accessory pan-genome which comprised of the shell and cloud
genes, accounted for a larger proportion (93%) of the pan genome (Figure 5.2). The large
accessory pan-genome confers diversity and high levels of genomic plasticity to NTHi. The
majority of accessory pan-genes (81% of pan genes) were rare and strain-specific, found in less
than15% of the NTHi collection. The distribution of genes in the population had a characteristic
U-shape as reported in previous studies in H. influenzae and other bacterial species (Donati et

al., 2010, De Chiara et al., 2014, Touchon et al., 2009).

5.6.3 Collection of 568 NTHi isolates exhibits a population structure defined by eight

clades

The core genome alignment generated by concatenation of individual core gene alignments
was used to infer the population structure. We extracted 97,262 biallelic SNPs from the core
genome alignment of 696,234 bp. To this dataset, we applied the discriminant analysis of
principal components (DAPC) to infer the number of clusters of genetically related individuals.

Bayesian Information Criterion (BIC) supported the partitioning of this collection of isolates
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into eight clusters or clades that were clearly separated from each other, except a slight overlap

between clusters I and 11 (Figure 5.3A).

We also tested whether the presence/absence profile of accessory genes supported the
partitioning of the collection into the predefined eight clades. For this, we performed a DAPC
analysis on the dispensable genes using predefined grouping as identified by the cgSNPs
DAPC. Isolates of clades IlI, IV, VII and VIII were clearly separated from each other, while
isolates in clades I and Il were found to be more closely related, which was consistent with the
cgSNPs DAPC (Figure 5.3A and 5.3B). This suggests that the isolates in clades | and Il are
evolutionarily related and have a common ancestor. The composition of accessory genome
DAPC further showed a close association between clades V and VI, which was not observed
with the cgSNPs DAPC (Figure 5.3A and 5.3B). This indicates that a set of accessory genes
that are shared between isolates of clades V and VI could have been either inherited from a

common ancestor or acquired through horizontal gene transfer.
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Figure 5.2 Distribution of genes present in the pan genome of NTHi collection (n=568), which

was constructed using Roary version 3.12.

Of 12,249 pan genes, the NTHi core genome comprised 853 genes (present in at least 539
NTHi isolates). The remaining 11,396 genes of the accessory genome were further classified
into the shell (n=1518 genes, present in less than 539 and at least 85 NTHi isolates) and cloud
or unique (n=9,878 genes, present in less than 85 NTHi isolates). On average, 47% of each
NTHi strain’s gene set belonged to the core pan-genome. The remaining 53% of the strain’s
gene set belonged to the larger accessory pan-genome. This accessory pan-genome
encompassing a large repertoire of genes confers diversity and high levels of plasticity to the

NTHi genome.
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Figure 5.3 (A) 3D scatterplot of the core genome SNPs-based Discriminant Analysis of
Principal Components (DAPC) of NTHi isolates (n=568).

DAPC resolved the NTHi isolates into eight clusters (clades). Clades | and Il were closely
related to each other, whereas all other clusters were distinctly separated. (B) The accessory
genes based DAPC correlated with the cgSNPS-based DAPC with a distinct separation of
clades 11, IV, VIl and V111 and a close relationship between clades | and 11. However, the only
discrepancy was with the isolates of clades V and VI, which were clearly separated on cgSNPs
DAPC whereas overlapped on the accessory gene content DAPC. Each dot is an isolate,
coloured according to the classification into one of the eight clusters/clades as assigned by the

core genome SNPs-based DAPC analysis.

5.6.4 Phylogeny separates isolates into groups that correlate with clades

We then compared the clade partitioning to standard phylogenetic analyses. We built a NJ
phylogenetic tree using the cgSNPs (Figure 5.4). Molecular phylogenetic analysis correlated
perfectly with the clade partitioning as defined by the population genetics, supporting the clonal
nature of NTHi population characterised by eight distinct lineages. Isolates of clades I and 11
were evolutionarily related, as suggested by the cgSNPs and the accessory genes DAPC
analyses. Consistent with the accessory genes DAPC, phylogenetic analysis showed a close
relationship between clades V and VI. This suggests that a set of accessory genes shared by

isolates of clades V and VI were vertically transferred from a common ancestor.

The clade partitioning, as defined by population genetics and evolutionary relationship based
on the cgSNPs, partially correlated with the general clustering based on the MLST profile
(Figure 5.1) as shown in the Figure 5.5. Clades I, Il and I11 and Clades V and VI were clustered
together in the MST (Figure 5.5) which correlated with the phylogenetic tree topology (Figure
5.4). However, isolates of Clades 1V, VII and VIII did not form a distinct cluster and were

uniformly dispersed over the MST tree (Figure 5.5).
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5.6.5 Composition of the accessory genome but not the distribution of cgSNPs separates

COPD from non-COPD strains

We then tested whether the 373 COPD strains could be associated with a particular clade(s).
We overlaid the information on the clinical source of isolates on the NJ phylogenetic tree as
shown in Figure 5.6. We found that COPD strains were distributed among all eight clades with
no absolute separation of the strains according to clinical source (Figure 5.6). Expanding on
our analysis, we next investigated whether the information on core genome-wide polymorphic
sites could be used to classify the collection into groups based on their clinical phenotypes.
Discrimination analysis on cgSNPs showed significant overlap between COPD and non-COPD
isolates, which is consistent with the previous results, suggesting poor resolution of cgSNPs

for separating isolates according to their clinical source (Figure 5.7A).

We then applied DAPC analysis on the composition of the accessory genome, and found that,
based on the first discriminant function, the presence/absence profile of dispensable genes
could separate the COPD strains from the rest (Figure 5.7B). The mean discriminant function
separating the two populations was significantly different (p < 0.0001, unpaired t-test with
Welch’s correction). This result indicates that there is a difference in the composition of the
accessory genome in NTHi that could potentially separate COPD strains from those associated

with other clinical illnesses.

122



Clade |
Clade II
Clade Ill

Clade IV
Clade V

B cicevi

Clade VII
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Figure 5.4 (A) Neighbour-joining phylogenetic tree of 568 NTHi isolates, based on the core

genome SNPs.

The evolutionary distances were computed using the Maximum Composite Likelihood method
and are in the units of the number of base substitutions per site. There were a total of 664,470
positions in the final dataset. Distinct sub-structuring of the NTHi population was evident with
the core genome SNPs-based phylogeny. The phylogenetic analysis perfectly correlated with
the DAPC-based classification that identified eight monophyletic clades. The close association
between clades | and 11, and between clades V and VI, as observed in accessory genome-based
DAPC, is consistent with the evolutionary relationship between them observed in the core gene
sequence-based phylogeny obtained using neighbour-joining maximum composite likelihood
method. The tip labels are coloured according to the clades assigned by the core genome SNPs-
based DAPC. SNP, single nucleotide polymorphism; DAPC, discriminant analysis of principal

components.
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Figure 5.5 Classification of the isolates into Clades I-VIII highlighted on the minimum

spanning tree (MST) based on the multi-locus sequence typing (MLST) allelic profile.

This was generated using the goeBurst full MST algorithm and was visualised with Phyloviz
2. Each node is a sequence type (ST). The isolates classified in clades I-111, V and VI appear to
be correlated also in the MST. Moreover, clades I-111 and V-VI, which are more closely related
to each other according to the phylogenetic relationship based on the cgSNPs and the DAPC
analysis of accessory genome composition, are also related on the MST. However, isolates of
clades IV, VIl and VI are dispersed over the entire MST.
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Figure 5.6 Distribution of 568 NTHi isolates over the core-genome SNPs-based Neighbour-
joining phylogenetic tree, which is annotated with the clinical source of isolation of the samples
as COPD or non-COPD.

Each evolutionary clade includes both COPD and non-COPD strains. Branch tips representing
COPD strains are highlighted in red and the tip labels are coloured according to the clades (I
to VIII) as assigned by the core genome SNPs-based DAPC analysis. COPD, chronic
obstructive pulmonary disease; DAPC, discriminant analysis of principal components.
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Figure 5.7 Discriminant Analysis of Principal Components (DAPC) of 568 NTHi genomes

from COPD and other disease isolates.

(A) The first discriminant function of the retained PCs based on core genome SNPs leaves
substantial overlap between COPD and non-COPD strains, 356 NTHi isolates (231 COPD and
125 non-COPD strains) were in the overlapping region. (B) DAPC analysis on
presence/absence profile of accessory genes clearly provides a higher level of separation of
COPD from non-COPD strains with only 226 NTHi isolates (119 COPD and 107 non-COPD
strains) in the overlapping region. Composition of accessory genes, but not the distribution of
polymorphic sites in the core genome, discriminates COPD strains from other clinical
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phenotype strains of NTHi. Each line is an isolate. COPD and non-COPD isolates are coloured

in red and black, respectively.

5.6.6 Genome wide association studies identified a set of accessory genes that are

significantly associated with COPD strains

We determined the accessory genes in the bacterial dataset that were associated with a COPD
phenotype. Scoary, a pan genome-wide association studies (pan-GWAS) tool, was used to
screen the genes for association with COPD (Brynildsrud et al., 2016). After the FDR
correction, Scoary predicted 680 genes present in the NTHi pan genome to be significantly
enriched in NTHi collection from the COPD airways (Dataset 3). Out of the 680 genes, 226
genes were found to be significantly overrepresented in the COPD strains as compared to non-

COPD strains (odds ratio > 2, p < 0.05) (Dataset 3).

Additionally, Scoary identified 145 (out of 680) genes to be significantly associated with the
COPD phenotype (p < 0.05) after pairwise comparison (Dataset 3). The other remaining 535
genes identified as significant prior to population-aware analysis were found to be lineage-
specific effects upon inspection of the population distribution by the pairwise comparisons test.
Furthermore, 1000 random permutations of the phenotype data were implemented, and the
associated test statistic was calculated for each permutation. After the permutations, only 122
genes were found to have a significant association with the COPD phenotype (Dataset 3). Out
of 122 significant hits, 86 hits were found to be different alleles (variants) of the same gene,
one positively and one negatively associated with the COPD phenotype. The two alleles of
these 43 genes were different enough to not be clustered as the same by Roary. Finally, there

were 79 unique genes likely to play a role in COPD (Dataset 3).
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5.6.7 Functional classification of candidate COPD-associated genes

We next predicted the biological functions of the 79 unique COPD candidate genes. Seventy
out of 79 genes mapped to UniProt proteins with a minimum identity threshold of 90% (Dataset
4). Furthermore, the candidate genes were functionally annotated by assigning their encoded
proteins to Clusters of Orthologous Groups of proteins (COGs) (Tatusov et al., 2001). The
COG analysis, however, did not result in an increase in confident functional prediction for the
candidate genes as compared to the original annotations, i.e. 70 genes were assigned to known

orthologous groups when identity threshold was maintained at 90% (Dataset 4).

Additionally, the functionally annotated genes that confer COPD phenotype were classified
based on their molecular functions and the biological processes they are involved in. Fifty-four
and fifty-two of the 70 functionally annotated COPD-linked genes were assigned to GO
molecular functions and biological processes, respectively (Dataset 4). A large number of these
candidate genes were found to be associated with transmembrane transporter activity (n=10),
regulating the transport of inorganic phosphates, cations (Na* and K*), metal ions such as
copper and iron, lactate, dicarboxylate, carbohydrate, amino acids and proteins in and out of
the bacterial cell (Table 5.1). Others were genes involved in cell redox homeostasis and cellular
carbohydrate and protein metabolic processes, including the biosynthesis of aromatic and
branched-chain amino acids. Consistent with previous studies (Fernaays et al., 2006, Murphy
etal., 2011), a variant form of immunoglobulin A peptidase gene has been found to be strongly
associated with the COPD phenotype (odds ratio = 4.4, p =0.0012). In addition, variants/alleles
of genes encoding glycosyltransferases, such as lex1 and isgE, and cytidylyltransferase
encoding licC that are involved in lipooligosaccharide (LOS) biosynthesis were also found to
be associated with the COPD strains. With regard to other virulence genes such as Haemophilus

adhesion and penetration protein (Hap), higher molecular weight proteins 1 and 2 (HMW1/2),
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and Haemophilus influenzae adhesin (Hia), they were found to be uniformly distributed among

COPD and non-COPD strains.

H. influenzae is known to be naturally competent for transformation (Lorenz and Wackernagel,
1994, Sisco and Smith, 1979). tfoX or sxy is a regulatory gene required to positively regulate
DNA uptake and transformation (Redfield, 1991). H. influenzae has a tfoX gene that encodes
TfoX, which interacts with cyclic-AMP receptor protein (CRP) and promotes the expression
of genes of the competence regulon (Karudapuram and Barcak, 1997, Redfield et al., 2005).
H. influenzae utilises Type 1V pili for the transport of DNA across the membrane into the
cytoplasm (Chen and Dubnau, 2004). Variant forms of both pilA (encodes PilA, a major pilin
subunit of type IV pili) (Carruthers et al., 2012) and tfoX are found to be associated with the
COPD strains of NTHi (Table 1). RecJ is an exonuclease with 5°-3” single-stranded-DNA-
specific exonuclease activity that plays a crucial role in DNA repair and recombination
pathways (Sharma and Majumdar, 2009). RecJ is associated with mismatch repair, and in
addition, in conjunction with RecQ helicase, initiates recombination from a double-stranded
break (Burdett et al., 2001). A variant of recJ has also been found to be associated with the

COPD phenotype (odds ratio = 2.5, p = 0.019).
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Table 5.1 List of virulence and transformation competency associated genes that significantly
correlated with COPD strains of NTHI.

Gene Gene Name OR p Pairwisep Empp Function
. Immunoglobulin Al protease 1.4x107- .
igA autotransporter 45 0.0012 15.3%10° 0.0009 Virulence
-6_

isge N-acetyl-glucosamine-transferase 5.5 0.0008 égﬁgs 0.0009 LOS synthesis

Lipooligosaccharide biosynthesis 3.6x10°°- .
lex1 protein Lex1 2.8 0.0274 0.0227 0.0009 LOS synthesis
. 2-C-methyl-D-erythritol 4- o 4.0x10%- .
licC phosphate cytidylyltransferase 64 4910 2.3x107 0.0019  LOS synthesis

3.1x10°5- Adhesion;

pilA  Type IV pilin subunit protein PilA 5.1  0.0002 31x10° 0.003 Transformation
-8_
tfoX  DNA transformation protein 8.6 0.0003 22:187 0.001  Transformation

OR, odds ratio; p, false rate discovery adjusted p value; Pairwise p, range of p values from the

pairwise comparisons; Emp p, empirical p values after 1000 permutations.

5.7 Discussion

NTHi is associated with a wide range of diseases, including otitis media, meningitis and
conjunctivitis, and is a major bacterial cause of exacerbations in COPD patients (Murphy et
al., 2004, Thanavala and Lugade, 2011, van Wessel et al., 2011, Bodor et al., 1985). The ability
to predict a disease phenotype based on the genotype of a pathogen would be valuable in
informing an appropriate prevention and treatment response. In some cases, traditional
phenotyping methods such as virulence factor profiling demonstrates clustering of the bacterial
isolates into specific serotypes as in the case of Streptococcus pneumoniae (Hausdorff et al.,
2005). While in others, MLST profiling correlate well with the disease induced by a pathogen,
as in the case of Enterococcus faecium; for instance few particular MLST sequence types:
ST796, ST1421, ST233 and ST80 are associated with vancomycin-resistance (Leong et al.,

2018, Leong et al., 2019). In terms of infections with H. influenzae, capsulated strains have
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been reported to form serotype-specific clusters, in particular serotypes c, d, e, and f that formed
monophyletic clusters on a dendrogram constructed from the MLST allelic profile (Meats et
al., 2003, De Chiara et al., 2014). However, the population of NTHi has been reported to be
composed of heterogenous group of isolates that formed highly divergent clusters on the
MLST-based MST (De Chiara et al., 2014). Among the diseases caused by NTHi, Brazilian
purpuric fever, has been found to be caused by a well-defined NTHi clone (biogroup
Aegyptius) (Brenner et al., 1988), however, any correlation between genotypes of NTHi and
COPD has not been established yet (De Chiara et al., 2014). In this study, we examined the
whole genome sequences of a large collection of NTHi strains that were isolated from different
clinical sources, to reveal genetic basis of distinction between COPD and other phenotypic

strains.

Our analyses indicate that conventional MLST typing exhibits low discriminatory power and
is thus, unsuitable for identifying COPD specific clusters of NTHi. To increase the
discriminatory power, we expanded the MLST scheme that comprises seven housekeeping
genes and included 853 core genes in further analysis. We performed DAPC analysis on
cgSNPs, which grouped 568 NTHi isolates into eight distinct clades (Figure 5.3A). In this
larger panel of datasets analysis, we successfully identified discreet NTHi subpopulation
structures that were less resolved in previous analysis by De Chiara and colleagues where fewer
isolates were taken into account (De Chiara et al., 2014). NTHi isolates that fall within De
Chiara’s clade | and V were further resolved into two distinct clusters, however, the other
clades (11, 111, 1V and VI) did not substructure with the analysis of 568 NTHi isolates Each
clade comprised of NTHi strains from diverse disease phenotypes. Moreover, phylogeny
derived from an analysis of cgSNPs did not provide sufficient resolution for grouping NTHi
based on their clinical source. This result is consistent with the study conducted by De Chiara’s
group and later by Pettigrew and colleagues that analysed a large collection of 403 NTHi
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genome sequences (De Chiara et al., 2014, Pettigrew et al., 2018). The finding that NTHi
strains with highly similar core genome sequences caused a range of diseases suggests that
differences in non-core accessory genes could contribute to the distinction between disease

phenotypes (Lewis et al., 2017).

The eight distinct clades supported by population genetics perfectly correlated with molecular
phylogenetic analysis based on the cgSNPs (Figure 5.3A and 5.4). Analysis of the composition
of the accessory genome further correlated with the phylogeny (Figure 5.3B and 5.4). This
consistency highlights the clonal nature of the NTHi population as described previously (De
Chiara et al., 2014). We also identified the genes that were enriched (over-represented) in each
clade (Dataset 5) and found a set of clade enriched genes distributed over the evolutionarily
distant clades. For example, out of 456, 511, and 417 genes that were specifically
overrepresented in Clades I, VIl and VIII (FDR adjusted p value < 0.001), 11 genes were found
to be common in these phylogenetically distinct clusters. This underscores the role of
horizontal gene transfer prevalent in the NTHi population that accounts for genetic diversity

among the species (Power et al., 2012)

We then applied discriminant analysis on the composition of accessory genes, which
demonstrated a clear separation between strains associated with COPD and other clinical
illnesses. Moreover, using a pan-GWAS approach, we identified a subset of NTHi accessory
genes associated with the COPD phenotype. Some key COPD-associated genes likely to be
involved in virulence or pathogenesis are listed in Table 5.1. NTHi utilises cells surface
structures, such as LOS, fimbriae and outer membrane proteins to interact with the host cells
and pave the way for colonisation and invasion (Foxwell et al., 1998). We identified a variant
form of pilA, encoding type IV pilin subunit protein and LOS biosynthetic genes (licC, lex1

and isgE) to be associated with the COPD strains. PilA and LOS have been demonstrated to
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play an important role in biofilm formation and colonisation of the respiratory tract (Jurcisek
et al., 2007, Swords et al., 2004). Evasion of host immune defence is probably the other
mechanism how NTHi strains thrive in the COPD airways. A variant form of iga, encoding
IgA protease that cleaves the immunoglobulin A has been identified to be specifically
associated with the COPD isolates of NTHi (Lombholt et al., 1993). This association was not
confirmed by the previous study that analysed 97 NTHi isolates, including 20 COPD strains.
The low number of COPD strains in the analysis might have undermined the statistical power
for correlation which is now resolved by our study that included a large number of COPD

strains and established a strong association between them.

Pettigrew’s and Molere’s groups recently investigated large prospectively collected NTHi
genomes to give insight into molecular changes during persistence in the COPD lung. (Moleres
et al., 2018, Pettigrew et al., 2018). They found genetic changes in multiple genes that regulate
expression of virulence functions, such as adherence, nutrient uptake and immune evasion that
are likely to be involved in NTHi to the COPD lung. This suggests that in comparison to other
ecological niches, such as the middle ear, sinuses, eye, meninges, and the upper respiratory
tract, NTHi in COPD airways are exposed to different microenvironments defined by distinct
nutrient availability, pH, oxidising potential and/or immune response. NTHi therefore, appears
to undergo genomic changes to survive and adapt in the hostile environment of COPD airways.
Consistent with these findings, we found that COPD isolates of NTHi encoded different
metabolic activities compared to strains associated with other clinical phenotypes. This
suggests that metabolic capacity, in part, plays an important role in enabling NTHi to contribute
to COPD pathogenesis and further supports the concept of nutritional virulence as an important

determinant of pathogenic capability in NTHi (Schoen et al., 2014).
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In conclusion, our study indicates that the virulence and survival of NTHi in COPD is
influenced by genes outside of the core genome. The set of accessory genes associated with
COPD strains might impact the strains for establishing a successful niche in COPD airways by
acquiring nutrient sources, evading immune response and by enhancing adhesion and
colonisation of airways. In addition, variation in competence and recombination association
genes may enable NTHi strains to acquire genes that confer a competitiveness advantage in the
COPD airways. Further work will examine how the finding that COPD strains of NTHi possess
a distinct gene content could be translated into improvements in the management of NTHi

infections in COPD.
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6 Chapter 6: Summary

COPD is a major public health problem affecting an estimated 300 million people globally.
Besides tobacco smoking, exposure to biomass smoke is an important risk factor for COPD
development and its progression. Despite the high burden of biomass smoke exposure,
particularly in the low- and middle-income countries, only a small number of experimental
studies have been conducted on the impact of biomass smoke on airway cells. In Chapter 1, |
hypothesised that the generation of quantifiable and preservable smoke extracts could be used
in multiple exposure experiments for comparative assessment of cellular responses to different
types of smoke. To generate smoke extracts in-house, | developed a simple, reproducible and
cost-effective method, which was successfully used to prepare quantifiable cigarette and
biomass smoke extracts as discussed in Chapter 2. This procedure has advantages over the
commonly practised method of bubbling combustion particles through cell culture medium in
terms of reducing loss of yield of combustion products during preparation and generating
extract for long-term use and storage. | tested the comparative effects of cigarette, cow dung
and wood smoke extracts on inflammatory response using human bronchial epithelial cell line
in vitro. | demonstrated both cigarette and biomass smoke extracts induced inflammatory
responses, which were marked by increases in expression of PAFR and other pro-inflammatory
mediators IL-1, IL-6 and IL-8 on bronchial epithelial cells upon exposure to smoke extracts.
Furthermore, | assessed the stability of smoke extracts over a period of 3 months and showed
that the PAFR-inducing activity of smoke extracts was preserved for at least the 3-month period
tested (Chapter 2). Thus, the smoke extracts prepared in quantifiable form in DMSO was
preservable and was successfully used in multiple exposure experiments for comparative
assessment, which proves our hypothesis to be correct. However, in terms of cellular response
to smoke extracts, the assessment was limited to selected cellular receptor (PAFR) and

cytokines. Although the chosen cellular receptor and cytokines were amongst the most

135



important inflammatory mediators, further investigation into a wider range of cellular pathways
would provide a greater insight. Nevertheless, the ability to produce biomass smoke extracts in
a reusable form, by using a cost-effective procedure will enable further experimental research
in understanding the mechanistic role of biomass smoke exposure in the pathogenesis of

respiratory disease including COPD.

We also tested the hypothesis that even with the removal of a core diazepine structure from the
well-known PAFR antagonist WEB-2086, its potency towards inhibiting NTHi adherence to
bronchial epithelial cells would be maintained. We synthesised a series of 2-aminothiphenes
and 2-pyrrolothiophenes that were structurally analogous to WEB-2086 but lacked the core
diazepine structure and tested their effects in vitro in reducing the adherence of NTHi to
cigarette smoke extract-exposed bronchial epithelial cells (Chapter 3). In Chapter 3, | showed
that the structural analogue of WEB-2086, compound C17, exhibited inhibitory activity against
NTHi adherence on cigarette exposed cells that was comparable with the activity of WEB-
2086. This proves our hypothesis to be correct that the core diazepine ring in WEB-2086 is not

essential in for its activity to inhibit NTHi adhesion.

We then hypothesised that the exposure of bronchial epithelial cells to biomass smoke extracts
(prepared by the method described in Chapter 2) would enhance adherence of NTHi. To test
this hypothesis, | exposed bronchial epithelial cells to cigarette, cow dung and wood smoke
extracts and assessed their effects on the adherence of NTHi as described in Chapter 4. | found
cow dung but not wood smoke extract to enhance the adhesion of NTHi to bronchial epithelial
cells. The results did not fully support our hypothesis as wood smoke extract did not exhibit
any effect on NTHi adherence. Inducing effect of cow dung smoke exposure on NTHi
adherence to BEAS-2B cells was found to be dose-dependent, which was similar to that of

cigarette smoke exposure. Furthermore, | assessed if the compound C17 was effective in
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reducing the cow dung smoke induced attachment of NTHi to the bronchial epithelial cells. 1
found the compound C17 to be as effective as WEB-2086 in alleviating the effect of cow dung
smoke exposure towards NTHi adherence. This result further strengthens our previous
hypothesis as the compound C17, a structural analogue of WEB-2086 that lacked a core
diazepine ring, was demonstrated to have anti-NTHi adhesion activity against a wider range of

smoke extracts.

Finally, we hypothesised that NTHi associated with COPD might exhibit genetic distinction
from the strains isolated from non-COPD phenotypes. To test this hypothesis, | performed
whole genome-based analyses on a larger set of 568 NTHi genomes collected from different
disease phenotypes, including COPD (described in Chapter 5). This NTHi collection included
40 Australian isolates that were newly sequenced for my PhD work. | demonstrated that
genotyping based on sequence profiles of both seven housekeeping genes and 500 core genes
did not discriminate COPD strains from those isolated from other disease phenotypes.
However, gene content analysis of accessory genome clearly segregated the NTHi population
based on their clinical phenotypes. | further applied pan-GWAS approach and identified a set
of accessory genes that were significantly associated with COPD strains. These results strongly
support our hypothesis that there exists genetic difference between COPD and non-COPD
strains. Functional analysis of the COPD candidate genes further revealed a set of biological
processes that were significantly enriched in the COPD strains. These included metabolic
functions that have key roles in cellular respiration and maintenance of redox homeostasis.
Thus, in Chapter 5, we showed that specific metabolic genes may be required by NTHi for its

survival or virulence in the COPD lung.

In conclusion, all the aims of my thesis have been fulfilled. This thesis has demonstrated the

potential of biomass smoke to induce inflammation in the airways and promote bacterial
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infection of respiratory epithelial cells. This provides insights into the mechanism how
exposure to biomass smoke contributes to development and progression of COPD and provides
experimental data to support the call for measures that reduce habitual exposure to biomass
fuel smoke. In addition, the thesis further found that NTHi isolated from COPD is genetically
distinct from other clinical phenotypes. This finding is important in the design of diagnostics
and therapeutics that better target strains of NTHi that have the potential to induce acute

exacerbations of COPD in patients.

Strengths and Limitations of the Thesis

In terms of strengths of the thesis, the new methodology described in this work generates
biomass smoke extract in storable and reusable form for application in experiments with human
bronchial epithelial cells. In addition, the ability to quantify the smoke extract with this method
enables standardisation of assays and minimisation of technical variation between experiments.
In addition, the work in this thesis has demonstrated that PAFR antagonist, and its analogues,
has therapeutic potential in blocking attachment of NTHi to human bronchial epithelial cells
exposed to cigarette and biomass smoke. This establishes PAFR as a potential drug target for
alleviating the impact of tobacco and biomass smoke exposure. Furthermore, the thesis has
produced a bioinformatics pipeline to elucidate the core and accessory genomes of NTHi and
to distinguish NTHi isolates from COPD cases with respect to other clinical phenotypes. This
pipeline can be used as tool for comparative genomics studies of a wide spectrum of pathogens,
including NTHi In addition, experimental design and execution practiced in this thesis have
produced data that have met the standards of international peer-review and acceptance for

publication.
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I acknowledge that the thesis still has several limitations. Firstly, the exposure experiments
were entirely carried out in vitro using commercial bronchial epithelial cell lines. Further work
is needed to evaluate the effect of smoke extracts on primary respiratory epithelial cells and
also in the context of a fully functioning lung or immune system. Secondly, investigation of
the impact of biomass smoke exposure on bronchial epithelial cells was limited to the
adherence of a single respiratory pathogen, NTHi. This needs to be expanded to other
respiratory pathogens, such as Streptococcus pneumonia, Moraxella catarrhalis and
Pseudomonas aeruginosa. Lastly, a set of accessory genes has been identified to be associated
with COPD strains that might impact the strains for establishing a successful niche in COPD
airways. Further validation for the role of individual genes in contributing to enhanced survival

and virulence of NTHi in the COPD lung is needed.

Future Directions

The findings presented in this thesis highlight the need for immediate global action towards
reducing biomass fuel use and associated smoke exposure. In addition, the thesis further
highlighted the potential of PAFR as a therapeutic target for alleviating the impact of biomass
smoke exposure by reducing the risk of NTHi-infection in COPD. In addition, the findings
presented here indicate that higher resolution diagnostics are possible for detecting NTHi
infections that may present an increased risk of exacerbations in COPD patients. Translation
of the findings from this thesis will contribute to the development of new management

strategies for biomass smoke-related obstructive airway disease including COPD.
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Abstract

Chronic exposure to household indoor smoke and outdoor air pollution is a major contributor to global morbidity
and mortality. The majority of these deaths occur in low and middle-income countries. Children, women, the elderly
and people with underlying chronic conditions are most affected. In addition to reduced lung function, children
exposed to biomass smoke have an increased risk of developing lower respiratory tract infections and asthma-related
symptoms. In adults, chronic exposure to biomass smoke, ambient air pollution, and opportunistic exposure to
fumes and dust are associated with an increased risk of developing chronic bronchitis, chronic obstructive pulmo-
nary disease (COPD), lung cancer and respiratory infections, including tuberculosis. Here, we review the evidence of
prevalence of COPD in people exposed to non-cigarette smoke. We highlight mechanisms that are likely involved in
biomass-smoke exposure-related COPD and other lung diseases. Finally, we summarize the potential preventive and

obstructive pulmonary disease (COPD)

therapeutic strategies for management of COPD induced by non-cigarette smoke exposure.
Keywords: Non-cigarette smoke, Biomass smoke, Occupational exposure, Air pollution, Lung disease, Chronic

Introduction

Worldwide, in 2016, approximately 9 million deaths were
attributed to lung diseases, including COPD, lung can-
cer and lower respiratory tract infections, among which
82.4% occurred in low and middle-income countries [1].
Tobacco smoking is one of the most well-characterized
risk factors for lung disease development, killing more
than 7 million people each year [2]. However, compared
to 1.1 billion tobacco smokers globally, nearly 3 billion
people are exposed to biomass smoke [3, 4]. Moreo-
ver, data from epidemiologic studies conducted in Asia,
Europe, South America and Africa have consistently
shown associations between biomass smoke exposure
and lung diseases, even after controlling for the primary
risk factor, tobacco smoking [5, 6]. Here, we review the
association of lung diseases, including COPD, with expo-
sure to biomass smoke, fumes, dust, gases and outdoor
air pollution.
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and indicate if changes were made.

Methods

We conducted a qualitative examination of the pub-
lished peer-reviewed literature from 1980 to June 2018
using the Medline database (https://www.nlm.nih.gov/
bsd/medline.html). We used the search terms “biomass
fuel’, “biomass smoke”, “wood smoke”, “solid fuel’, “coal
smoke’, “indoor smoke’, household pollutants’, “outdoor
air pollution’, “occupational exposure” combined using
the Boolean logic ‘OR’ Similarly, the search terms “lung
disease”, “pulmonary disease’, “airway disease’, “bron-
chitis’, “emphysema’; “asthma’, “lung cancer’, “acute res-
piratory tract infection” were also combined using the
Boolean logic ‘OR’ The two subsets were combined using
the Boolean logic ‘AND); and the results were restricted
to meta-analyses, systematic reviews, observational stud-
ies, comparative studies and original articles published
in English. The search resulted in 1953 articles that were
screened from which 168 studies were selected as being
relevant to the review.
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Prevalence and burden of biomass smoke exposure
Annually, nearly 4 million people die prematurely from
illness attributable to household biomass smoke expo-
sure, among which an estimated 55% die due to respira-
tory diseases, including pneumonia (lower respiratory
tract infections), COPD and lung cancer [7]. Nearly half
of the world’s population rely on biomass, such as wood,
animal dung, and crop residues as a primary fuel source
for cooking and heating purposes [7]. The proportion
of households using clean fuels (liquid petroleum gas,
biogas and electricity) varies considerably across the
globe (and even in the same continent) [8]. The access to
clean fuels is especially limited to relatively smaller popu-
lations in the low- and middle-income countries (Fig. 1).
Consequently, populations residing in the regional and
rural households in developing countries are heavily
reliant on biomass fuel for cooking or heating purposes
(Fig. 1) [9].

The particular concern with energy from biomass fuel
is the use of inefficient stoves for combustion, which
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generates toxic gases like carbon monoxide and nitrogen
oxides; suspended particulate matter containing volatile
organic compounds (VOCs) such as methane, aldehydes,
benzene and its derivatives; and polycyclic aromatic
hydrocarbons (PAHs) like benzola]pyrene and anthra-
cene [10]. Particulate matter (PM) with an aerodynamic
diameter of <2.5 microns (PM, ;) is light and can remain
suspended in the air for longer periods [11]. These par-
ticles can be inhaled deep into the lungs, and have been
linked to oxidative stress and inflammation induced dam-
age of the respiratory system [11]. Moreover, in develop-
ing countries, the cultural practice of indoor cooking
in housing with poor air ventilation potentially exposes
women and children to PM,; up to the levels that are
1000 times higher than the threshold recommended by
WHO (25 pg/m3) [12, 13].

Wood is the most common biomass fuel, however,
use of animal dung, such as cow, sheep and horse, as
a source of fuel is also widespread, especially in rural
areas of low- and middle-income countries, including
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Fig. 1 Global use of clean fuels in 2014, by the World Health Organization. Countries with the lowest (< 5%) and the highest (>95%) proportion of
people using clean fuels as the primary domestic source of energy are shaded dark and light blue, respectively. Reproduced with permission from
the World Health Organization [8], Copyright (2016)
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India, Nepal, and sub-Saharan Africa due to its avail-
ability in areas with limited vegetation and its lower
cost [14]. Despite this, animal dung is the least effi-
cient biofuel and burns faster as compared to wood
[15]. Relative to wood smoke, combustion of animal
dung produces more particulate matter (23% more
PM, ;5 per kilogram), toxic byproducts, such as PAHs
and oxidizing species, such as redox active metals
(copper and iron) and quinones [16, 17].

Nonetheless, exposure to biomass smoke is not
exclusively an issue in low- and middle-income coun-
tries. Use of indoor wood fires for heating purposes
and for imparting flavor during cooking processes,
such as barbecuing and wood-smoking of food, is
becoming more popular in high-income countries,
thus, increasing biomass smoke exposure [18]. In 2014,
in a survey carried out in Australia, approximately 10%
of households used wood as the main source of heating
[19]. However, in developed countries, use of biomass
fuel is primarily seasonal and exposure is largely lim-
ited by better ventilation [20]. Besides indoor biomass
smoke exposure, people in developed countries such
as Australia, Canada and the USA are also exposed to
outdoor biomass smoke from frequent bushfires [21].
Importantly, individuals exposed to biomass smoke are
more likely to have respiratory symptoms and reduced
lung function [22-24].
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Association of biomass smoke exposure

with respiratory diseases

Chronic airway disease

Worldwide, COPD claimed more than 3 million deaths
in 2016, among which 81.8% occurred in low- and mid-
dle-income countries [1]. Tobacco smoking is still the
main causative factor of COPD in high-income coun-
tries where only 15-25% of COPD cases are never smok-
ers (Table 1). However, in low and middle countries
more than 45% of COPD patients have been found to
be never smokers (Table 1). The existing literature pro-
vides strong evidence that smoke from biomass fuels is
an independent risk factor for the development of COPD,
particularly in low- and middle-income countries where
the reliance on biomass fuel is still very high. The nox-
ious particles in biomass smoke induce an inflammatory
response through: upregulation of pro-inflammatory
cytokines such as interleukin 6 (IL-6), tumor necrosis
factor alpha (TNFa), and granulocyte colony stimula-
tory factor (G-CSF); recruitment of immune cells, such
as macrophages and neutrophils; upregulation of gelati-
nases (matrix metalloproteinase 2 and 9); and epithelial-
mesenchymal transition (EMT), thereby reducing lung
function and contributing to the onset/progression of
COPD [25-27]. Da Silva et al. in a case—control study in
Brazil, evaluated the effect of exposure to biomass com-
bustion PM, ; on lung function [22]. There was a signifi-
cant loss in pulmonary function in non-smoker biomass
users compared to non-smoker liquefied petroleum gas
(LPQG) users (forced expiratory volume in one second to

Table 1 Proportion of never smokers among COPD patients and associated risk factors

Study center and design

Participants Age (years) Proportion
of never smokers

Risk factors for COPD in never-  References

smokers

among COPD patients (%)

Overall Male Female
Multinational (35 centres, 16 17,966 20-44 17.0 134 216 Occupational exposure to Cerveri et al. [33]
countries; ECRHS) vapours, gas, dust, or fumes
Malataya, Turkey (CS) 1160 >18 225 Exposure to biomass smoke Gunen et al. [34]
China (CPH; nationwide CS) 50,991 >20 50.5 101 917 Exposure to biomass fuel smoke ~ Wang et al. [28]
and PM, ;, parental history of
respiratory disease
South Africa (nationwide survey) 13,826 >18 47.6 248 610 Biomass fuel, occupational Ehrlich et al. [35]
exposure, history of pulmonary
tuberculosis
Maswa, Tanzania (CS) 869 >35 62.1 - - Magitta et al. [36]
Vastra Gotaland and Norrbotten, 1839 21-78 21 - - Occupational exposure to gas, Hagstad et al. [37]
Sweden (CS) dust and fumes
Copenhegen, Denmark (CS) 68,501 20-100 223 189 255 Thomsen et al. [38]
Multinational 12 countries; 73,745 >40 36 (24 21 49 Landis et al. [39]
population-based survey) USA-64
Mexico)

ECRHS European Community Respiratory Health Survey; CS cross-sectional study; CPH China Pulmonary Health; COPD chronic obstructive pulmonary disease
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forced vital capacity ratio (FEV,/FVC) 0.79 versus 0.85,
p<0.05, respectively). In addition, pulmonary function
was negatively correlated with the level and duration
of PM, ; exposure (FEV,/FVC: r=—-0.63, p<0.05 and
—0.52, p<0.05, respectively) [22]. A minor reduction in
FEV,/FVC was observed in women in Mexico using bio-
mass fuel compared to clean gas (0.80 vs 0.83, p=0.03,
respectively) [24].

In a recent nationwide cross-sectional study conducted
in 50,991 individuals from ten provinces of China, more
than half of the COPD patients were never smokers [28].
Importantly, the proportion of never smokers in female
COPD patients was markedly high (91.7%). Addition-
ally, individuals exposed to indoor biomass smoke were
62% more likely to develop COPD than unexposed indi-
viduals who used clean fuel sources (age and sex adjusted
OR=1.6, p=0.003) [28].

A meta-analysis of 11 cross-sectional and four case—
control studies covering a wide range of countries
identified household biomass smoke exposure as an inde-
pendent risk factor for developing COPD in both men
(OR 4.30, 95% CI 1.85-10.01) and women (OR 2.73, 95%
CI 2.28-3.28), and in both the Asian population (OR
2.31, 95% CI 1.41-3.78) and the non-Asian population
(OR 2.56, 95% CI 1.71-3.83) [5]. This finding is supported
by another recent cross-sectional study, the PUMA
(Prevalence Study and Regular Practice, Diagnosis, and
Treatment Among General Practitioners in Populations
at Risk of COPD in Latin America), which assessed 1740
individuals from multiple nations in South America, who
were at greater risk of developing COPD [6]. The PUMA
study reported that individuals exposed to household
biomass smoke are twice as likely to develop COPD than
unexposed people (adjusted OR 2.28, 95% CI 1.18-4.41)
[6]. Moreover, a systematic review of 24 epidemiological
studies revealed that household biomass smoke exposure
was associated with COPD development in both urban
(OR 1.6, 95% CI 1.2-2.0) and rural women (OR 2.0, 95%
CI1.5-2.8) [29].

In terms of COPD phenotypes, biomass smoke exposed
individuals were found to have more lung fibrosis and
bronchiolitis and less emphysema whereas tobacco
smokers exhibited higher levels of emphysema (radiolo-
gist CT score—a measure of the extent of emphysema
based on computed tomography (CT) at inspiration and
expiration) 0.7 versus 2.3, p=0.001; emphysema on CT
19% versus 27%, p=0.046) [30, 31]. This finding is fur-
ther supported by Fernandes et al. who reported a sig-
nificantly lower level of emphysema in biomass exposed
women than in women who were tobacco smokers
(PRME™Ph (parametric response mapping, an image tool
used to quantify emphysema based on paired CT images
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at inspiration and expiration) 1.84% (0.69 £ 3.72%) versus
9.85% (2.40-16.34%); p=0.001) [32].

Lung cancer

Globally, 1.7 million deaths in 2016 were attributed to
lung cancer, among which 66% occurred in low- and
middle-income countries [1]. The combustion products
of biomass fuel emissions such as dibenz[a,/]anthra-
cene, cyclopenta[cd]pyrene and 1,3-butadiene have been
grouped as a probable human carcinogen (group 2A) by
the International Agency for Research on Cancer [40].
Saldana and colleagues, in a hospital based case—con-
trol study with 136 cases of primary lung cancer and
137 controls, reported a significant association between
the magnitude of biomass smoke exposure in hour-years
(years of exposure multiplied by average hours of expo-
sure per day) and the risk of lung cancer after adjusting
for sex, smoking, socioeconomic status and housing with
asbestos sheet roof (OR for an exposure>300 h-years
3.01, 95% CI 1.12-8.36) [41]. A systematic review includ-
ing 13 case control studies summarized an increased
risk (OR 1.17, 95% CI 1.01-1.37) of lung cancer with
biomass exposure associated with cooking/heating, in
particular, among women in developing countries [42].
In a retrospective cohort study conducted in Xuanwei
city of China, mortality from lung cancer was compared
between lifelong users of smoky coal (27,310 individu-
als) and smokeless coal (9962 individuals). Individuals
exposed to smoky coal were at greater risk of death from
lung cancer when compared to those exposed to smoke-
less coal (for men, HR 36, 95% CI 20-65; for women, 99,
95% CI 37-266) [43]. A similar observation was reported
in a meta-analysis from 28 epidemiological studies where
a significantly higher risk of lung cancer was observed in
females (OR 1.81, 95% CI 1.54-2.12; p=10.034) exposed
to biomass/solid fuel smoke compared to males (OR
1.16, 95% CI 0.79-1.69) with related exposure [44]. The
increased susceptibility of women to biomass/coal car-
cinogens compared to men may be due to differences in
base-line exposure (women being exposed to biomass/
coal smoke for extended periods of time) or due to dif-
ferences in lung size (women having smaller lungs than
men, hence more damage done for the similar amount
of smoke inhaled) [45]. The association was even more
prominent in individuals using coal (OR 1.82, 95% CI
1.60-2.06) compared to biomass (OR 1.50, 95% CI 1.17-
1.94), which may be due to the production of predomi-
nant Group 1 carcinogenic PAHs during coal combustion
[44, 46]. Although the studies included in this review
have either been adjusted for smoking or studied a popu-
lation of non-smokers, none of these studies commented
on the presence of other co-morbid conditions, such as
COPD, at the time of lung cancer diagnosis.
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Lower respiratory tract infections

In addition to COPD and lung cancer, the other major
respiratory cause of global mortality is lower respiratory
tract infection (LRI) and tuberculosis, which was directly
implicated in 2.96 and 1.29 million deaths in 2016,
respectively [1]. Of the approximate 4 million deaths
globally, around 89% of the mortality was reported in
low- and middle-income countries alone [47]. An evalu-
ation of 14 studies in developing countries indicates that
young children living in households where biomass fuels
are utilized, have a two to three times higher risk of res-
piratory infections than unexposed children after adjust-
ment of potential confounding factors [48, 49]. A recent
systematic review of 77 studies from 39 low- and middle-
income countries evaluated the risk factors for mortality
from acute lower respiratory infections in children under
5 years of age and found that biomass smoke exposure is
significantly associated with an increased risk of death
from LRI (OR 3.0, 95% CI 2.1-4.3) [50]. However, only
a small number of studies have focused on the associa-
tion between biomass smoke exposure and risk of lower
respiratory tract infection in the adult population. Ezzati
et al. evaluated the risk of LRI in 229 individuals between
5 and 49 years of age in Central Kenya upon exposure to
biomass fuel derived PM,, [51]. The risk of LRI was posi-
tively correlated with the level of PM,, exposure, how-
ever, the odds ratio was significant only above 2000 pg/
m? (adjusted OR 3.3, 95% CI 1.1-9.9) [51]. Exposure to
household biomass smoke was associated with risk of
hospitalization due to pneumonia in older adults aged 65
and above (adjusted OR 3.3, 95% CI 1.6-6.9) [52]. On the
other hand, although the prevalence of acute respiratory
infection was higher among biomass users (15-45%),
after controlling for major confounding factors such as
age and smoking, the risk of LRI was not significant when
including adults aged less than 65 [53-55]. In addition,
biomass smoke exposure is significantly associated with
the risk of developing tuberculosis. For example, a close
correlation between biomass fuel usage and tuberculo-
sis (OR 3.14, 95% CI 1.15-8.56) has been reported from
northern India compared to usage of liquid petroleum
gas in kitchens after adjusting for confounding variables,
such as tobacco smoking and close contact with TB cases

6).

Other respiratory conditions

Several studies have highlighted the effect of biomass
smoke exposure in respiratory symptoms, such as cough,
wheeze, mucus overproduction and dyspnoea [22-24]. A
case—control study in Brazil reported an increased risk
of developing chronic cough (OR 2.9, 95% CI 1.68-5.10),
wheeze (OR 2.33, 95% CI 1.25-4.38) and dyspnoea (OR
2.59, 95% CI 1.32-5.09) in adults exposed to biomass
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smoke as compared to LPG users [22]. Similarly, a study
in Eastern India assessed the impact of chronic exposure
to indoor biomass smoke on respiratory health in 681
non-smoking women and 438 age matched women not
exposed to biomass smoke [23]. Compared to LPG users,
biomass users had a higher prevalence of cough, mucus
production and wheeze (71.8% versus 30.8%, p=0.001),
and dyspnoea (58.4% versus 19.9%, p=0.001) [23].

Besides lower respiratory tract symptoms, other lung
diseases, such as asthma and pneumoconiosis have been
correlated with exposure to indoor biomass smoke. Olu-
wole et al. reported an increased prevalence of asthma-
related symptoms, such as wheezing or whistling in
the chest, cough, dyspnoea and chest tightness in rural
school children in Nigeria exposed to biomass smoke
(OR 2.37, 95% CI 1.16-4.84) [56]. However, evidence of
its association with asthma is inconclusive. A meta-anal-
ysis of 25 studies did not find any significant association
of biomass smoke exposure and asthma in children (OR
0.5, 95% CI 0.1-2.0) or women (1.34, 95% CI 0.9-1.9)
[57]. However, a significant difference has been reported
between bronchiectasis (diagnosed by computed tomog-
raphy scans) in women and exposure to biomass fuel,
compared to exposure to tobacco smoke (14% versus 0%,
p=0.009) [30]. Particularly, the “Hut lung disease” or
domestically acquired pneumoconiosis has been noted as
a particulate lung disease in women exposed to biomass
fuel smoke or agricultural activities but not associated
with mining [58-60].

Exposure to other types of air pollutants
Environmental exposure to noxious particles and gases
High levels of air pollution have also been implicated as
risk factors for the development of COPD, although it is
less potent than active smoking. Approximately 25—-60%
of COPD patients are never-smokers in developing coun-
tries [28, 36, 61]. Increasing population, urbanization,
economic profile and pollution are several factors that
contribute substantially to the COPD burden [62]. The
role of outdoor air pollution (including traffic-related fine
particulate matter) as a causative factor for airflow limita-
tion is gaining attention in recent times, due to increased
vehicular pollution, as well as industrialization of the two
most populated countries, China and India [63].

PM, 5 is considered to be the most health-damaging of
the particulate matter, as it can penetrate deep into
the lungs and initiate deleterious effects on the airway,
including but not limited to airway oxidative stress, pul-
monary and systemic inflammation, ciliary dysfunction,
amplification of infections, and increases in bronchial
reactivity [64]. The main components of PM, are sulfate,
nitrates, ammonia, sodium chloride, black carbon, min-
eral dust and water [4].
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Several investigators have assessed the effect of air pol-
lution as a potential risk factor for COPD. In children
and young adults, cross-sectional studies have shown
a relationship between higher outdoor pollutant levels
(especially traffic related pollution) and lower lung func-
tion [65, 66]. Kulkarni et al. reported a likely causative
dose-dependent inverse association between the carbon
content (as a biomarker of particulate matter exposure,
PM,,) of airway macrophages with lung function in chil-
dren [67]. Furthermore, exposure to traffic-related pol-
lution, indicated by residential distance from a highway,
was associated with impaired lung growth and lung func-
tion deficits at 18 years of age [68]. Also, higher traffic
density and proximity to highways was significantly asso-
ciated with lower lung function (FEV,) and FVC, but only
in females [69], who are also at a greater risk of develop-
ing COPD than for those living farther away [70].

Long-term exposure to airborne particles and particu-
late matter is significantly associated with the risk of pre-
mature death and acute care hospitalizations, especially
in patients with severe disease [71, 72]. Moreover, daily
variation in exposure to outdoor air pollution (mainly
the particulate matter) significantly correlates with
acute exacerbations of COPD [73]. The mechanisms that
underlie obstruction due to air pollution are likely to be
similar to those caused by cigarette smoking, but we do
not yet have conclusive evidence for this, despite the det-
rimental effects of air pollution on lung health.

Occupational exposure to dusts and fumes

Several longitudinal studies have shown an associa-
tion between certain dusty occupational exposures and
COPD, i.e., coal mining [74], gold mining [75], work
related to tunnel-construction [76], low levels of con-
crete dust containing crystalline silica exposure (concrete
production industries) [77], exposure to cotton in textile
industries [78], workers exposed to welding fumes [79],
grain handlers and postal workers (exposure to endo-
toxins) [80] and animal feed industry [81]. Moreover,
chronic exposure to metallic dust (primarily, cobalt and
chromium) was found to be associated with deterioration
of lung function [82]. In addition, exposure to chemical
vapors, irritants and fumes can also contribute to acceler-
ated loss of airflow [83]. Another study involving railroad
workers reported a positive association between COPD
mortality and occupational exposure to diesel exhaust
[84]. A population-based study found positive associa-
tions between several occupational exposure measures
(mineral dusts, metal dusts and fumes, organic dusts,
irritant gases or vapors, sensitizers, organic solvents,
diesel exhaust, and environmental tobacco smoke) with
COPD, among both ever-smokers and never-smokers
[85].
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Experimental studies in animal models have demon-
strated that exposures to several agents, such as sul-
phur dioxide, mineral dusts, vanadium and endotoxin,
are capable of inducing chronic obstructive bronchitis
[83]. Intratracheally instilled silica (quartz) produces air-
flow obstruction (functional change), which correlates
with the presence of both emphysema and small-airway
lesions [86]. Inorganic dusts containing silica are also
associated with neutrophil and macrophage accumu-
lation and morphological changes in the rat lung [86].
These morphological changes in small airways and lung
parenchyma were similar to those in rats treated with
elastase, which represents a well-established model of
experimental COPD [87].

Mechanisms of lung damage due to biomass
smoke exposure

Despite the immense burden of chronic airway disease,
only a limited number of mechanistic studies have exam-
ined the immunomodulatory effects of biomass smoke
exposure. Sussan et al. explored the mechanisms of pul-
monary responses in mice after acute (6 and 24 h) or sub-
chronic (3 times a week for 8 weeks) exposure to wood or
cow dung PM [17]. Acute exposure to wood smoke elic-
ited a stronger pro-inflammatory response, as indicated
by increased expression of G-CSF, Keratinocyte chem-
oattractant (KC), C-X-C motif chemokine 10 (CXCL10),
IL-6, TNFa and interleukin 12 p70 subunit (IL12p70)
[17]. The induction of pro-inflammatory cytokine expres-
sion was higher with cow dung than wood smoke PM
[17]. On the other hand, sub-chronic exposures exhibited
differences in pulmonary response, where wood smoke
elicited an eosinophilic response in contrast to a pre-
dominantly neutrophilic response induced by cow dung
smoke [17]. The inflammatory response elicited by both
wood and cow dung smoke was mediated via nuclear
factor kappa B (NF-«B) signaling [17]. In addition, in an
in vitro study, c-Jun N-terminal kinase-activator pro-
tein-1 (JNK-AP-1) signaling, and not the NFkB regula-
tory pathway, was found to be involved in mediating
inflammatory responses in human primary small airway
epithelial cells upon exposure to dung biomass smoke
[88].

Moreover, in a case—control study conducted in India
with 142 biomass users and 126 age-matched LPG user
women, a significant neutrophilic inflammatory response
was observed in the biomass using group [89]. Also,
compared to LPG users, reactive oxygen species (ROS)
generation by leukocytes (in both blood and sputum)
and the systemic level of antioxidant enzyme superox-
ide dismutase (SOD) were higher and lower, respectively
in women using biomass fuel [89]. A similar increase in
systemic oxidative stress was reported in rats exposed to
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biomass smoke, as indicated by an increased plasma level
of malondialdehyde and a reduced level of SOD [90]. Sev-
eral in vitro studies reported depletion of antioxidants,
such as ascorbate, urate and reduced glutathione in res-
piratory tract lining fluid when incubated with wood and
animal dung smoke extracts [16, 91]. Therefore, biomass
smoke exposure induces inflammation and oxidative
stress mediated lung damage which potentially contrib-
utes to the development/progression of COPD.

In terms of lung cancer, biomass smoke induced ROS
directly damages DNA and promotes lung cell prolif-
eration and turnover, resulting in fibrosis and develop-
ment of lung tumours in rats [92]. Furthermore, biomass
exposure upregulates the production of extracellular
matrix proteins, including perlecan and fibronectin with
a capacity to induce fibrosis in cultured cells [93]. In
addition, PAHs released by incomplete combustion of
biomass fuels are evidently carcinogenic in both in vitro
and in vivo studies [94—97]. Metabolism of PAHs leads
to the formation of active carcinogens diol-epoxides,
radical cations and o-quinones [94, 98]. These activated
PAH metabolites can form adducts with DNA, resulting
in mutations, alteration of gene expression profiles, and
tumorigenesis [94]. Gene ‘hotspots’ for adduct formation
by PAH metabolites include oncogenes such as p53, K-ras
and the H-ras [99, 100]. PAH-DNA adducts are associ-
ated with a two-fold increased risk of lung cancer [101].

Biomass smoke exposure is also implicated in increased
susceptibility to bacterial infection through several
mechanisms, including alterations in alveolar mac-
rophage phagocytosis and/or upregulation of host sur-
face receptors on the respiratory epithelium [102, 103].
In an in vitro study, the phagosomal function of wood
smoke particle exposed human alveolar macrophages was
tested with respect to uptake of fluorescently-labelled
beads, Streptococcus pneumoniae and Mycobacterium
tuberculosis [102]. Wood smoke exposed macrophages
demonstrated reduced phagocytosis of fluorescent
beads, S. pneumoniae and M. tuberculosis with a nega-
tive linear correlation between macrophage particulate
content and phagocytosis [104]. Furthermore, oxidative
stress is believed to upregulate expression of intercel-
lular adhesion molecule-1 (ICAM-1), and platelet acti-
vating factor receptors (PAFR) allowing attachment and
invasion of respiratory bacteria, including S. preumo-
niae, Haemophilus influenzae and Pseudomonas aer-
uginosa, which are also important bacterial pathogens in
COPD [105-107]. Although airway ICAM-1 and PAFR
expression were markedly upregulated in tobacco smok-
ers and COPD patients, further studies are warranted
to demonstrate the effect of biomass smoke exposure
on inducing the expression of these host surface recep-
tors [108-110]. Recently, KC et al. developed a method
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to generate batches of biomass smoke extracts that can
be preserved for longer periods for use in multiple expo-
sure experiments, thus minimizing inter-assay variation
[103]. This will facilitate further research on mechanistic
role of smoke extracts in the inflammatory response and
the pathogenesis of respiratory diseases including COPD,
lung cancer and LRI

Preventive and therapeutic measures

Biomass smoke is one of the major risk factors for the
onset/progression of COPD in developing countries
[61]. To reduce the exposure to smoke generated from
combustion of biomass fuel, several preventive inter-
ventions have been recommended, with some already
implemented.

Based on previous intervention studies, the use of
efficient cooking stoves and the promotion of cleaner
fuel use (e.g., biogas, liquefied petroleum gas and elec-
tricity) has been effective in preventing biomass smoke
exposure, at least to some extent [111-113]. The use of
improved cooking stoves (ICS) has been found to reduce
the mean PM, ; levels by 63.2% in Nepal, 37.0% Senegal,
32.8% in the Gambia and 18-45% in Kenya [111, 112,
114]. Although the decrease in mean PM,; levels was
significantly high, none of the improved cooking stoves
achieved the WHO guideline level of mean kitchen PM, 5
of 25 pg/m?® for 24-h. A recent 9-year prospective cohort
study in China evaluated the effect of intervention with
improved cooking fuels and kitchen intervention [113].
Use of clean fuels and improved ventilation were associ-
ated with a lower decline in FEV, (12 mL/year, 4-20 mL/
year versus 13 mL/year, 4—23 mL/year) compared to
those with neither intervention, after adjusting for con-
founders [113]. In addition, the duration of improved
fuel use and ventilation was negatively correlated with
the decline of FEV; (p<0.05) [113]. Moreover, the fuel
and ventilation improvement intervention were associ-
ated with a reduction in the risk of COPD, with an odds
ratio of 0.28 (95% CI, 0.11-0.73) [113]. Despite the per-
ception that biomass is a cheap fuel source, the annual
health-related cost per household associated with bio-
mass smoke exposure (16.94 USD) in Nepal is 61.3%
higher than the annual cost of biogas usage (10.38 USD),
an alternative cleaner fuel [14]. In addition, the findings
of the study suggest that providing community educa-
tion and creating rural employment and income genera-
tion opportunities are important measures in promoting
the sustainable use of clean fuels [14].

In terms of therapeutic intervention, exposure to
household and outdoor air pollutants are found to reduce
antioxidant defense by decreasing the levels of ascor-
bate, urate, SOD and reduced glutathione resulting in
inflammation of the airways [115]. Antioxidants and
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anti-inflammatory drugs are potential therapeutics for
the prevention of biomass smoke induced inflammation-
mediated lung injury [116, 117]. Based on the evidence
that wood and cow dung smoke upregulated the expres-
sion of PAFR on human bronchial epithelial cells, we
believe that the induction of microbial adhesion recep-
tors on respiratory epithelia could be targeted therapeuti-
cally to prevent LRIs. Several in vitro studies have shown
that the use of PAFR antagonists such as CV-3988 and
WEB-2086 abrogates the adhesion of S. pneumoniae and
nontypeable H. influenzae to cigarette smoke exposed
human bronchial and alveolar epithelial cells [118, 119].
In addition, ICAM-1, a major receptor for rhinoviruses
and nontypeable H. influenzae could be another impor-
tant target with therapeutic potential [120, 121]. How-
ever, we stress the point that further research is needed
to elucidate the mechanisms of biomass smoke induced
susceptibility to LRI, as well as development of COPD
and lung cancer. But while new therapeutics may be pos-
sible with regard to reducing the progression or symp-
toms of biomass smoke-related lung disease, the major
focus needs to be maintained on a global reduction in the
exposure of human populations to biomass smoke.

Strengths and limitations

There are several strengths of our review. Our narrative
review comes at a time when the United Nations and the
World Health Organization have specifically focused on
the urgent need to limit non-communicable diseases,
which has also garnered support from various Heads-
of-Countries and Governments [122]. In addition, we
have examined the epidemiology of non-cigarette smoke
etiologies (biomass smoke, air pollution and multiple
occupational exposures) implicated in heightened risk of
developing a range of lung diseases, most notably, COPD,
lung cancer and respiratory infections. We have reviewed
and summarized potential mechanisms involved in the
pathogenesis of non-cigarette smoke exposure and lung
disease. Finally, we have highlighted the potential pre-
ventive, as well as therapeutic strategies to limit lung dis-
eases related to these exposures.

One of the limitations is that there may be variability
across epidemiological studies in terms of data collection
and analyses. In particular, factors such as geographical
locations, sampling points within a city as well as multi-
ple cities in a specific country, the type of sampling (lon-
gitudinal versus one time-point sampling) contributes
significantly to heterogeneity of results obtained. In addi-
tion, participant recruitment criteria (i.e., from general
population or community healthcare centers), reliability
of self-reported duration of exposure are crucial factors
that need to be standardized globally. Notably, variabil-
ity of spirometry technique and the threshold cut-off for
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COPD (i.e., FEV,/FVC<0.70 or FEV,/FVC<LLN) vary
across studies. In addition, it is difficult to tease out con-
tributions of individual exposure(s)-related causations
and hence the results may represent disease associated
with mixed exposures. The heterogeneity in future epide-
miological studies could be addressed by utilizing stand-
ardized and validated research methodologies/strategies
to ascertain burden of lung diseases associated with
non-cigarette smoke exposures. We are not concluding
direct causation of lung diseases due to non-cigarette
smoke exposures in our review; however, our intent
was to direct policymakers and researchers towards the
possible mechanisms reported to date. Clearly, focused
and detailed mechanistic studies are needed to estab-
lish direct causation of non-cigarette smoke exposures
and lung pathologies, which should be further validated
in large-scale epidemiological studies, as well as mecha-
nistic models of experimental animal models. Finally, we
limited our analysis to published literature and did not
include media/analytical reports from recently initiated
preventive strategies (such as Ujjwala yojana in India;
[123]). However, this could be followed up once the gov-
ernment reports are released by various countries.

Summary and conclusions

The prevalence of COPD amongst non-smokers is a
worrying concern globally, as almost half the World’s
population is chronically exposed to biomass smoke,
air pollution and other exposures (chemicals, dusts,
and fumes). Evidently, low socio-economic status
drives large sections of societies living in low- and
middle-income countries towards biomass fuels for
cooking/heating purposes. In addition, poor aware-
ness about respiratory health and lack of implementa-
tion of adequate safety measures (e.g., poorly ventilated
homes) predispose these individuals to heightened risk
of developing biomass smoke-induced lung diseases,
including COPD, lung cancer and respiratory infec-
tions. Chronic biomass smoke (and other non-ciga-
rette exposures) delivers deleterious compounds (PMs,
PAHs etc.) that activate an inflammatory cascade in the
lungs, which may potentially spill over systemically.
This is coupled with marked immune cell dysfunction,
activation of oncogenes and upregulation of microbial
receptors in the respiratory tract, which contribute to
onset/progression of COPD and other related diseases
(lung cancer and infections). Preventive strategies
should include awareness about the long-term health
benefits of using cleaner fuels over biomass-fuels, use
of more efficient cooking equipment, and the impor-
tance of adequate ventilation in low socioeconomic
localities. Although research has only begun to unravel
the underlying molecular and pathological mechanisms
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involved in biomass smoke-induced COPD, anti-oxi-
dants, anti-inflammatory and anti-microbial drugs may
be promising new therapeutics to limit the effects of
non-smoking related COPD.
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Abstract

Nearly half of the world’s population uses biomass fuel for the purposes of cooking and heating. Smoke derived from bio-
mass increases the risk of the development of lung diseases, including pneumonia, chronic obstructive pulmonary disease,
airway tract infections, and lung cancer. Despite the evidence linking biomass smoke exposure to pulmonary disease, only
a small number of experimental studies have been conducted on the impact of biomass smoke on airway epithelial cells.
This is in part due to the lack of a standard and easily accessible procedure for the preparation of biomass smoke. Here, we
describe a cost-effective and reproducible method for the generation of different smoke extracts, in particular, cow dung
smoke extract (CDSE) and wood smoke extract (WSE) for use in a range of biological applications. We examined the effect of
the biomass smoke extracts on human bronchial epithelial cell expression of a known responder to cigarette smoke expo-
sure (CSE), the platelet-activating factor receptor (PAFR). Similar to the treatment with CSE, we observed a dose-dependent
increase in PAFR expression on human airway epithelial cells that were exposed to CDSE and WSE. This method provides
biomass smoke in a re-usable form for cell and molecular bioscience studies on the pathogenesis of chronic lung disease.

Keywords: biomass smoke; cigarette smoke extract; chronic obstructive pulmonary disease; platelet-activating factor receptor

Introduction

It is estimated that nearly 3 billion people worldwide are ex-
posed to biomass smoke, generated from burning wood, crop
residues, or animal dung for household cooking and heating [1].
Biomass smoke is the leading environmental cause of death
and disability, causing over 4 million deaths each year [2].
Several epidemiological studies have associated biomass smoke
exposure with lung diseases, including chronic obstructive pul-
monary disease (COPD), airway infections, and lung cancer [3-
7]. Similarly, in vitro studies have found that human lung cells

exhibit impaired inflammatory and immune responses follow-
ing exposure to biomass smoke [8, 9]. Inhalation of animal dung
biomass smoke is of particular concern to human health as it
has the highest polluting potential per unit energy released
compared to wood smoke [10]. Airway epithelial cells are the
primary target of inhaled smoke; therefore, the responses of ep-
ithelial cells to different types of biomass smoke are of consid-
erable interest. Although, extensive in vitro studies have been
performed on the effects of tobacco smoke on the expression of
host receptors on respiratory epithelial cells and on susceptibil-
ity to bacterial infection [11-13], only a small number of
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Figure 1: Generation of CDSE and WSE. (A) A water aspirator was set up to draw smoke from a burning cow dung or wood shaving roll using the vacuum created by the
flow of water. (B) Cow dung was sun-dried, crushed into fine particles, and rolled in paper. (C) Wood was cut into small chips and rolled in paper.

comparable studies have been performed using biomass smoke.
More mechanistic research is therefore needed to understand
the cellular and molecular responses to biomass smoke, includ-
ing animal dung and wood smoke. Currently, we do not have
standardized experimental approaches for the preparation of
re-usable biomass smoke extract and for the assessment of cel-
lular responses to different types of biomass smoke. Here, we
devised a low-cost and reproducible biomass smoke generation
system and tested the extracts for their effect on human bron-
chial epithelial cell expression of platelet-activating factor re-
ceptor (PAFR), a G-protein-coupled receptor (GPCR), and an
established marker of cigarette smoke exposure [13-15]. GPCRs
constitute a large family of membrane-bound receptors that ac-
tivate intracellular signal transduction pathways in eukaryotic
cells in response to extracellular signals [16].

Materials and methods

Preparation of cigarette smoke extract

Cigarette smoke extract (CSE) was prepared at the College of
Health and Medicine, University of Tasmania, Australia. Briefly,
the filter from a Marlboro cigarette butt was replaced with a
sterile cotton wool filter and was smoked using a water aspira-
tor [11]. The water aspirator consisted of a tee with hose barbs
on three sides fitted with hoses. The hose-fitted tee was
clamped in a stand as shown in Fig. 1A. One of the hoses from
the tee fitting was connected to a tap, the second on the oppo-
site side drained water to a sink, and the third hose at a right
angle held the cigarette roll. When water was passed through
the tube, a vacuum was generated by the Venturi effect, draw-
ing smoke from a burning cigarette [18]. Here, the flow of water
was maintained at the constant rate of 110ml/s. The flow of

water ensured the continual smoking of the cigarette, thereby
collecting the cigarette smoke material in the cotton wool filter
[11, 17]. After complete combustion of a cigarette, the cotton
wool filter was removed and then placed into another cigarette
from which the filter had been removed. This way, the same
cotton filter was used in the smoking of three Marlboro
cigarettes.

The cigarette smoke material retained in the cotton filter
was quantified by measuring the weight of cotton filter before
and after the combustion of the three cigarettes. The cotton fil-
ter was then vortexed in 1ml dimethyl sulfoxide (DMSO). The
solubilized smoke material was quantitated by measuring the
weight of equal volumes of pure DMSO and smoke material-
dissolved DMSO. The CSE was then filter-sterilized through a
0.22 ym membrane filter and the filtrate was re-quantified by
weight measurement.

Preparation of cow dung smoke extract

Cow dung, that was collected from a local farm near Hobart,
Tasmania, was sun-dried for approximately 5days and was
crushed into fine particles using a mortar and pestle. Cow dung
powder was rolled in a paper with a sterile cotton wool filter at
one of the ends, similar to a filtered-cigarette (Fig. 1B). Four
such rolls were prepared from a total of 7.5 g of cow dung fine
particles, such that each roll contained 1.875 g of cow dung
powder. The dung roll was then burned and smoked using the
water aspirator, as described for cigarette smoking. After com-
plete combustion of a dung roll, the cotton filter was removed
and placed in another cow dung roll. In this way, four such cow
dung rolls were smoked using the same cotton wool filter.
Finally, the cow dung smoke extract (CDSE) was prepared by
vortexing the cotton wool filter in 1ml DMSO. The solubilized
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smoke material was quantitated by measuring the weight of
equal volumes of pure DMSO and smoke material-dissolved
DMSO. The CDSE was then filter-sterilized through a 0.22pum
membrane filter and the filtrate was re-quantified by weight
measurement.

Preparation of wood smoke extract

Fire wood was collected from a local supplier near Hobart,
Tasmania. For wood smoke generation, 1.875 g of wood shav-
ings were rolled in paper with a sterile cotton wool filter at one
of the ends, similar to a filtered-cigarette (Fig. 1C). Four such
rolls were prepared from a total of 7.5 g of wood shavings. Each
wood shaving roll was then burned and smoked using the water
aspirator, as described for cigarette smoking. After complete
combustion of a wood shaving roll, the cotton filter was re-
moved and placed into another wood shaving roll. Finally, the
wood smoke extract (WSE) was prepared by vortexing the cot-
ton wool filter in 1ml DMSO. The solubilized smoke material
was quantitated by measuring the weight of equal volumes of
pure DMSO and smoke material-dissolved DMSO. The WSE was
then filter-sterilized through a 0.22 pm membrane filter and the
filtrate was re-quantified by weight measurement.

Normalization of smoke extracts

To compare the effects of different smoke extracts, the prepared
extracts were normalized to the same concentration and were
stored at —20°C in aliquots of 100pl until use. The normalized
smoke extracts were diluted in bronchial epithelial cell growth me-
dium (BEGM) for use in the smoke extract exposure experiments.

In vitro BEAS-2B cell culture

As airway epithelial cells are the primary cells to respond to
smoke, an immortalized cell line of human bronchial epithelial
cells, BEAS-2B (Catalogue no 95102433, Sigma-Aldrich), was se-
lected for this study. The BEAS-2B cells were maintained at
37°C, 5% CO, in BEGM (Lonza, Basel, Switzerland) supplemented
with the BulletKit (Lonza). The BEAS-2B cells were sub-cultured
in T75 flasks (Corning Inc., Corning, NY, USA), and were used in
experiments at passage numbers <15 passages. Sterile 8-well
chambered glass slides (Millipore, Billerica, MA, USA) were pre-
coated by incubating overnight at 4°C with 200 pl of 5% (v/v) bo-
vine collagen I (ThermoFisher Scientific, USA), prepared in
20mM acetic acid. The wells were rinsed twice with pre-
warmed phosphate buffered saline (PBS) followed by seeding of
the BEAS-2B cells at a cell density of 30 000 cells per well in
200l BEGM and incubated overnight at 37°C, 5% CO,. On the
following day, the culture media was replaced with fresh BEGM
and incubated at 37°C, 5% CO, for 24 h before the in vitro smoke
extract exposure experiments.

Exposure of BEAS-2B cells to smoke extracts

Approximately 50 000-60 000 BEAS-2B cells in each well were
exposed to 200 pul of BEGM containing five different concentra-
tions of CDSE and WSE, ranging from 8.75ng/ml to 87.5pg/ml,
for 4h at 37°C and 5% CO,. Parallel exposures of BEAS-2B cells to
CSE in the concentration range of 8.75ng/ml to 87.5 ug/ml were
also performed for comparison.

Immunofluorescence

After 4h of exposure to the smoke extracts, the media was dis-
carded and the cells were washed twice with 200ul PBS
pre-warmed at 37°C. The cells were then fixed with 200 pl of 4%
(w/v) paraformaldehyde (Sigma-Aldrich) for 20min at room
temperature. The cells were rinsed twice with 200 ul of PBS and
permeabilized with 100 pl of chilled (—20°C) acetone for 10 min
at room temperature. After washing the cells again twice with
200l of PBS, the non-specific binding sites were blocked with
200l of 1% (w/v) bovine serum albumin (Sigma-Adrich), pre-
pared in PBS containing 0.1% (v/v) Tween-20 (Sigma-Aldrich),
for an hour at room temperature. Cells were then incubated
overnight with 100 ul of 2.5 ug/ml monoclonal antibody (mAb)
against the human PAFR protein (11A4, Clone 21, Cayman
Chemical Company, USA) at 4°C in the dark. The cells were
rinsed 3 times with 200l of 0.1% (w/v) bovine serum albumin
(BSA) in PBS and incubated for an hour with 100 ul of 1:100 dilu-
tions of Alexa Fluor 594 conjugated goat anti-mouse IgG (H+L)
secondary antibody (ThermoFisher Scientific, USA) at room
temperature. After rinsing 3 times with 200 ul of 0.1% (w/v) BSA
in PBS, the cells were stained with 200 ul of 1 ug/mL 4/, 6-diami-
dino-2-phenylindole dihydrochloride (DAPI) (ThermoFisher
Scientific, USA) for 15min at room temperature. Finally, the
cells were washed 3 times with 200 ul of PBS, air-dried and the
slides were mounted with Dako fluorescence mounting media
(Agilent, USA).

Microscopy and image analysis

Cell preparations were examined under 400x magnification us-
ing an Olympus BX50 epifluorescence microscope with NIS ele-
ments software (Nikon; Tokyo, Japan) and Cool Snap Hq2 CCD
camera (Photometrics, Tucson, AZ, USA). Five images were
taken per well from different points using multi-fluorescence
channels designed for simultaneous detection of emission from
the fluorochromes DAPI (violet excitation and blue emission,
200ms exposure), and Alexa Fluor 594 (green excitation and red
emission, 300-ms exposure). The level of cellular PAFR protein
expression was quantified as a measure of total cell fluores-
cence intensity using the software Image] (NIH, USA) [19].
The cellular fluorescence was corrected against the background
fluorescence using the following formula:

Total cell fluorescence = integrated density — (area of
selected cell x mean fluorescence of the background).

Quantitative real-time polymerase chain reaction
analysis

The expression of PAFR was also determined at the transcrip-
tional level using quantitative real-time polymerase chain reac-
tion. The BEAS-2B cells were seeded into sterile clear-flat
bottom 12-well plates (Corning Inc.) at a density of 2 x 10° cells
per well and incubated overnight at 37°C and 5% CO,. The next
day, cells were exposed to different concentrations of CSE,
CDSE, and WSE at 37°C and 5% CO,. After 3h, total RNA was
extracted with Tri-reagent (Sigma-Aldrich), according to the
manufacturer’s instructions. It was then treated with DNase
(Promega). Using a SensiFAST cDNA synthesis kit (Bioline),
490ng of RNA was converted into first-stranded cDNA. The
cDNA generated was amplified on a LightCycler 480 System
(Roche) with the SensiFAST Probe No-ROX kit (Bioline) in a total
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volume of 20ul. The relative fold change of mRNA expression
was normalized to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH).

BEAS-2B cell viability assay

The BEAS-2B cells were seeded into a sterile clear-flat bottom
96-well plate (Sigma-Aldrich) at a density of 5000 cells per well
and incubated overnight at 37°C and 5% CO,. The cells were ex-
posed to different concentrations of CSE, CDSE, and WSE.
Alamar Blue (Life Technologies) was then added to each well at
a final concentration of 10% (v/v). The absorbance readings
were taken at 570 and 600nm at 2 and 4h post-exposure to
smoke extracts at 8.75 and 87.5pug/ml concentrations using a
Spectromax Spectrophotometer Microplate Reader (Molecular
Devices, USA). The percent reduction of Alamar Blue was calcu-
lated using the following formula:

% Reduction of Alamar Blue Reagent
(Eoxi600 x A570) — (Eoxi570 x A600)

= {Ered570 x C600) — (Ered600 x C570) < -0

Molar extinction coefficient of oxidized Alamar Blue at 570 nm
(Eoxi570) = 80586; at 600 nm (Eoxi600) = 117 216

Absorbance of test wells at 570 nm (A570); at 600 nm (A600)

Molar extinction coefficient of reduced Alamar Blue at 570
nm (Ered570) = 155 677; at 600 nm (Ered600) = 14 652

Absorbance of negative control well (no cells) at 570 nm
(C570); at 600 nm (C600)

Statistical analysis

Data were expressed as mean =+ standard error of the mean
(SEM) and median (interquartile range) using the Microsoft
Excel Statistics package (Microsoft Corporation, Redmond, WA,
USA) and analyzed using GraphPad Prism version 5.0 for
Windows (GraphPad Software, San Diego, CA, USA, www.graph
pad.com). Comparisons between groups were performed using
unpaired two-tailed t-tests with Welch’s correction and one-
way analysis of variance (ANOVA) with Dunnett’s multiple com-
parison analysis.

Results
CSE, CDSE, and WSE preparation

After the combustion of three cigarettes, and 7.5 g each of cow
dung powder and wood shavings, 66.52, 124.7, and 131.2mg of
smoke particles were retained in the cotton filter. The retained
smoke particles were then solubilized in DMSO. The concentration
of DMSO-dissolved cigarette, cow dung, and wood smoke particles
were 10.85, 43.7, and 36.0 mg/ml, respectively. After filter steriliza-
tion, the final concentration of cigarette, cow dung, and wood
smoke material were 8.75, 24.4, and 31.64 mg/ml, respectively. The
CSE, CDSE, and WSE concentrations were all normalized to same
concentration of 8.75mg/ml and were used in subsequent expo-
sure experiments over the range from 8.75 ng/ml to 87.5 ug/ml.

CSE exposure increases PAFR expression on bronchial
epithelial cells

PAFR expression was measured based on fluorescence intensity
following labeling with Alexa Fluor 594 conjugate antibody tar-
geting anti-PAFR mAb. Previous studies have reported that
PAFR expression is upregulated in BEAS-2B cells exposed to CSE

and that maximal induction occurred at 4h of CSE exposure
[11, 12]. Here, CSE exposure for 4h significantly increased the
expression of PAFR on the bronchial epithelial cells (Fig. 2A-C).
We observed a dose-dependent increase in PAFR expression
upon stimulation with CSE at a concentration range of 8.75ng/ml
to 87.5pg/ml. In comparison to the mock (1% DMSO) treated
control BEAS-2B cells, the mean PAFR expression was approxi-
mately 1.18, 1.39, 1.56, 2.06, and 6.10 times higher in the 8.75ng/
ml, 87.5ng/ml, 875ng/ml, 8.75 ug/ml, and 87.5 pg/ml CSE treated
cells, respectively (Fig. 1C). The level of activity of the CSE was
compared over time. There was no significant loss detected in
PAFR induction following storage of CSE at —20°C freezer over a
3-month period (Fig. 5). The viability of the BEAS-2B cells ex-
posed to 8.75 and 87.5 ug/ml of CSE for 2 and 4h was assessed
relative to mock (1% DMSO) treated control cells using the
Alamar Blue assay. The mean relative viability of BEAS-2B cells
treated with 8.75pg/ml CSE for 2 and 4h was at 106.2 =3.1%
(SEM) and 95.8 = 11.4%, respectively, of the control cell viability.
For BEAS-2B cells treated with 87.5pg/ml CSE for 2 and 4h, the
mean relative viability was at 100.7 +5.0% and 95.8 +11.5%,
respectively.

CDSE treatment induces PAFR expression on bronchial
epithelial cells

The expression of PAFR on BEAS-2B cells was significantly upre-
gulated by exposure to CDSE (Fig. 3A-C). We observed a dose-de-
pendent increase in PAFR expression upon exposure to CDSE at
a concentration range of 8.75ng/ml to 87.5 pg/ml. The mean cel-
lular PAFR expression was approximately 1.17, 1.24, 1.51, 1.84,
and 4.67 times higher than the mock (1% DMSO) treated control
BEAS-2B cells in the 8.75ng/ml, 87.5ng/ml, 875ng/ml, 8.75ug/
ml, and 87.5 pg/ml CDSE-stimulated cells, respectively (Fig. 3C).
The level of induction of PAFR expression due to CDSE exposure
was comparable in experiments conducted 3 months apart
(Fig. 5). From the Alamar Blue assay, the mean relative viability
of BEAS-2B cells exposed to 8.75 pg/ml CDSE for 2 and 4h was at
97.4 +6.1% and 97.2 = 13.9%, respectively, of the control cell via-
bility. For BEAS-2B cells treated with 87.5pg/ml CDSE for 2 and
4h, the mean relative viability was at 102.2+7.9% and
90.8 = 10.7%, respectively.

WSE exposure upregulates PAFR expression on
bronchial epithelial cells

Wood smoke extract exposure was also associated with an in-
duction of PAFR expression on the bronchial epithelial cells
(Fig. 4A-C). Treatment with WSE for 4 h resulted in a concentra-
tion-dependent increase in the expression of PAFR on BEAS-2B
cells. Compared to the 1% DMSO-treated control cells, the mean
cellular PAFR expression was approximately 1.28, 1.27, 1.50,
1.99, and 4.34 times higher in 8.75ng/ml, 87.5ng/ml, 875ng/ml,
8.75nug/ml, and 87.5ug/ml WSE exposed BEAS-2B cells, respec-
tively (Fig. 4C). The PAFR inducing activity of WSE was similar in
experiments conducted 3 months apart (Fig. 5). From the
Alamar Blue assay, the mean relative viability of BEAS-2B cells
exposed to 8.75 pg/ml WSE for 2 and 4h was at 101.5 = 9.2% and
83.8 = 8.2%, respectively, of the control cell viability. For BEAS-
2B cells treated with 87.5 ug/ml WSE for 2 and 4 h, the mean rela-
tive viability was at 93.8 = 7.4% and 79.2 + 8.1%, respectively.
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Figure 2: CSE exposure and PAFR expression on bronchial epithelial cells. (A) Mock treatment of BEAS-2B cells with 1% DMSO as a control. (B) BEAS-2B cells exposed to
87.5pg/ml CSE. All immunofluorescence micrographs show BEAS-2B cells with PAFR expression (anti-PAFR monoclonal antibody; 2.5 pg/ml, red) and nuclei stained
with 4/, 6-diamidino-2-phenylindole (1 pg/ml, blue). Magnification = 400x. (C) Response to different concentrations of CSE. PAFR expression corresponds to log;, of fluo-
rescence intensity following labelling with Alexa Fluor 594 conjugate antibody targeting anti-PAFR mAb. PAFR expression was significantly increased in 8.75ng/ml,
87.5ng/ml, 875ng/ml, 8.75 ug/ml and 87.5 ng/ml CSE exposed BEAS-2B cells. Data are representative of two independent experiments (‘P < 0.05, ***P <0.0001, One-way

ANOVA with Dunnett’s multiple comparison test).

Transcriptional response of BEAS-2B to CSE, CDSE,
and WSE

To examine the expression of PAFR at the transcriptional
level, the relative PAFR mRNA expression, normalized to
glyceraldehyde-3-phosphate (GAPDH), was measured post-
exposure to the smoke extracts at 8.75 and 87.5 pg/ml concen-
trations. Compared to mock (1% DMSO) treated controls, the
transcriptional level of PAFR was increased 2.45-, 3.37-, and
2.65-fold after exposure to CSE, CDSE, and WSE, respectively, at
8.75ug/ml (Table 1). The mRNA levels of PAFR were 3.19-, 4.17-,
and 3.38-fold higher in BEAS-2B cells exposed to 87.5 pg/ml con-
centrations of CSE, CDSE, and WSE, respectively.

Previous studies have reported a respiratory inflammatory
response to cigarette, animal dung, and wood smoke exposure
[9, 20-23]. To investigate the inflammatory response in vitro, the
BEAS-2B cells were exposed to 875 and 87.5pg/ml

concentrations of CSE, CDSE, and WSE for 3h and mRNA ex-
pression was measured. The mRNA levels for pro-inflammatory
cytokines, interleukin-1 beta (IL-1p), IL-6, and IL-8 were in-
creased by 5.56-, 7.15-, and 10.86-fold, respectively, post-
exposure to 8.75pg/ml CSE (Table 1). Exposure of BEAS-2B cells
to 87.5 pg/ml CSE resulted in an 8.1-, 13.8-, and 11.4-fold increase
in mRNA levels of the inflammatory mediators, IL-1p, IL-6, and
IL-8. A similar increase in inflammatory mediators IL-18, IL-6,
and IL-8 was observed upon exposure of BEAS-2B cells to 8.75
and 87.5 pg/ml concentrations of CDSE and WSE (Table 1).

Discussion

Nearly 4.3 million people die every year from illnesses attribut-
able to the inhalation of biomass smoke [1]. Among these
deaths, 22% are due to COPD and 12% due to pneumonia [1].
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Figure 3: CDSE exposure and PAFR expression on bronchial epithelial cells. (A) Mock treatment of BEAS-2B cells with 1% DMSO as a control. (B) BEAS-2B cells exposed
to 87.5 pg/ml CDSE. All immunofluorescence micrographs show BEAS-2B cells with PAFR expression (anti-PAFR monoclonal antibody; 2.5 pg/ml, red) and nuclei stained
with 4/, 6-diamidino-2-phenylindole (1 pg/ml, blue). Magnification = 400x. (C) Response to different concentrations of CDSE. PAFR expression corresponds to logo of
fluorescence intensity following labelling with Alexa Fluor 594 conjugate antibody targeting anti-PAFR mAb. The PAFR expression was significantly increased in
8.75ng/ml, 87.5ng/ml, 875ng/ml, 8.75ug/ml and 87.5pg/ml CDSE treated BEAS-2B cells. Data are representative of two independent experiments (*P<0.001,

P <0.0001, one-way ANOVA with Dunnett’s multiple comparison test).

Biomass fuels (wood, animal dung, and crop residues) are the
major source of domestic energy for cooking and household
heating, especially in developing countries. Emissions from bio-
mass contain a multitude of pollutants that adversely affect hu-
man health, such as suspended particulate matter, methane,
free radicals, aldehydes, toxic gases like carbon monoxide
and nitrogen oxides, and polycyclic aromatic hydrocarbons like
benzo[a|pyrene and anthracene [24]. Furthermore, animal dung
combustion produces more toxic byproducts, including particu-
lates (23% more PM, s per kilogram of sample), reactive oxygen
species, and microbial products, compared to wood smoke
[10, 25]. Several epidemiological studies have correlated bio-
mass smoke exposure with the risk of development of lung dis-
eases, including COPD, lung cancer, and airway infections [3-7].
However, there are only a limited number of studies that have
explored mechanisms in biomass smoke induced-pulmonary
inflammation and susceptibility to respiratory infections [26].

This knowledge gap is in part due to the lack of a standardized
low-cost technique for the generation of biomass smoke in the
laboratory.

In work by McCarthy and colleagues, biomass smoke from
the combustion of horse dung was pumped into a chamber in
which human small airway epithelial cells were exposed [9].
While this method delivered smoke to the epithelial cells, it in-
volved immediate use of the smoke generated and did not allow
for storage of batches of biomass smoke for subsequent re-use
[9]. It also required the employment of a cigarette smoking ma-
chine (Baumgartner-jaeger CSM2072i) to generate the smoke. In
a study by Li and co-workers, biomass smoke from the combus-
tion of rice chaff was bubbled through the cell culture growth
medium, Dulbecco’s modified Eagle’s medium [27]. Again this
method generated biomass smoke but the extracts could not be
quantified in terms of mass per volume due to the presence of
multiple nutrient elements in the growth medium.
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Figure 4: Wood smoke extract (WSE) exposure and PAFR expression on bronchial epithelial cells. (A) Mock treatment of BEAS-2B cells with 1% DMSO as a control.
(B) BEAS-2B cells exposed to 87.5 pg/ml WSE. All immunofluorescence micrographs show BEAS-2B cells with PAFR expression (anti-PAFR monoclonal antibody; 2.5 ug/ml,
red) and nuclei stained with 4/, 6-diamidino-2-phenylindole (1 ug/ml, blue). Magnification = 400x. (C) Response to different concentrations of WSE. PAFR expression
corresponds to logy, of fluorescence intensity following labelling with Alexa Fluor 594 conjugate antibody targeting anti-PAFR mAb. The PAFR expression was signifi-
cantly increased in 8.75ng/ml, 87.5ng/ml, 875ng/ml, 8.75 ng/ml and 87.5 ug/ml WSE exposed BEAS-2B cells. Data are representative of two independent experiments
(***P < 0.0001, one-way ANOVA with Dunnett’s multiple comparison test).
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Figure 5: Comparison of effects of smoke extracts on PAFR expression in experiments conducted 3 months apart. All of the smoke extracts, CSE, CDSE, and WSE, were
run in the concentration range from 8.75ng/ml to 87.5 ug/ml in the July 2018 experiment. The CSE extract was run in the same concentration range from 8.75ng/ml to
87.5ng/ml in the April 2018 experiment. For the April 2018 experiments, the CDSE and WSE data were interpolated to the 8.75ng/ml to 87.5 ug/ml concentration range
using non-linear least squares regression. The levels of PAFR expression in the July 2018 experiments with the CSE, CDSE, and WSE samples were within 95% CI of the
levels obtained for the April 2018 experiments. Therefore, no significant decay in the PAFR inducing activity of the smoke extracts was detected following storage at
—20°C over a 3-month period.
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Table 1: The smoke extracts CSE, CDSE, and WSE induce PAFR, IL-18, IL-6, and IL-8 mRNA expression in BEAS-2B cells

Marker CSE CDSE WSE

A B A B A B
PAFR 2.45 +0.08™* 3.19+0.69 3.37 +£0.18™* 417 +1.13 2.65 +0.25" 3.38+0.5"
IL-1B 5.56 = 0.65™ 8.06 +2.95 8.26 +0.27"" 14.32+4.73 9.6 +1.24" 6.69 * 0.45**
IL-6 7.15x0.58" 13.83 =4.95 12.39 + 0.4™* 12.02 = 1.57* 10.93 £ 1.05™ 13.42+5.74
IL-8 10.86 = 1.61™ 1144 +4.42 11.64 +1.0™ 20.25 +2.43" 10.62 + 0.6™" 8.67 + 1.81"

Relative fold change in mRNA of PAFR and inflammatory cytokines normalized with GAPDH among BEAS-2B cells exposed to CSE, CDSE, and WSE for 3h at concentra-
tions (A) 8.75 pg/ml and (B) 87.5 ug/ml (*P < 0.05, **P < 0.001, **P < 0.0001, unpaired two-tailed t-test with Welch’s correction. The data are presented as the mean of the

observed fold change + SEM, n=4 per group.

Furthermore, many components of biomass smoke are not di-
rectly soluble in aqueous solutions such as growth medium,
and as such will not be retained when the smoke is bubbled
through the medium [27]. In work by Huang and co-
investigators, wood smoke from the burning of Chinese fir was
collected directly onto a glass filter with a 1.6-pm pore size [28].
This method collected wood smoke particles as intended but it
is likely that many of the smaller components of the smoke,
such as volatile organic compounds, from the combustion of
the wood would have passed through rather than have been
captured on the glass filter.

In our method, the smoke material that was collected in the
cotton wool was first incubated in the solvent DMSO, which dis-
solves both polar and nonpolar compounds, overnight before
the filtration step to maximize solubilization of the compo-
nents. Furthermore, most of the smoke material in the DMSO
was retained after the filter sterilization step based on both
weight and absorbance measurements. By including quantifica-
tion measurement at several of the preparation steps, we were
able to determine the concentration of smoke-derived material
in milligram per milliliter in each of the smoke extracts. In addi-
tion, we were able to generate batches of smoke extracts that
could be preserved indefinitely and used in multiple exposure
experiments, minimizing inter-assay variation. And impor-
tantly, our protocol does not require the purchase of expensive
equipment and therefore, is suitable for use in resource-limited
situations.

To test our biomass smoke extracts, we compared their ef-
fect on the expression of PAFR on the human bronchial epithe-
lial cells. PAFR is a G-protein-coupled seven transmembrane
domain receptor, involved in various leukocyte functions, plate-
let aggregation, and inflammation [29]. Previous studies have
shown that PAFR expression is upregulated in response to a va-
riety of insults including cigarette smoke, e-cigarette vapor, ur-
ban particulate matter, and welding fumes [30-33]. In terms of
infection, PAFR is utilized by major respiratory bacterial
pathogens including non-typeable Haemophilus influenzae,
Streptococcus pneumoniae, and Pseudomonds deruginosa as a sur-
face receptor for adhesion of airway epithelial cells. These spe-
cies express a common adhesin, known as phosphorylcholine
(ChoP), in their cell wall that recognizes and binds host cell
PAFR enabling establishment of infection of the respiratory tract
[11, 34, 35].

We determined that PAFR expression is increased in bron-
chial epithelial cells following exposure to CDSE and WSE in a
dose-dependent manner at both the protein and mRNA levels
(Figs. 2-4, Table 1). In addition, the PAFR-inducing activity of the
smoke extracts was comparable in experiments conducted 3
months apart (Fig. 5). Therefore, the activity of the smoke

extracts was preserved during storage at —20°C in DMSO for at
least the 3-month period tested. The upregulation of PAFR may
represent a molecular mechanism through which these bio-
mass smoke types could increase susceptibility to lung diseases
including airway infections. Furthermore, we detected in-
creased expression of pro-inflammatory mediators IL-1p, IL-6,
and IL-8 following exposure of BEAS-2B cells to our CSE, CDSE,
and WSE preparations in accordance with earlier studies on the
effect of smoke on respiratory cells (Table 1). Therefore, the abil-
ity to produce CDSE and WSE in a usable form, by applying a
simple and cost-effective water aspirator-based method, will
enable further research on their mechanistic role in the inflam-
matory response and pathogenesis of respiratory disease in-
cluding COPD. In addition, it will facilitate the discovery of
novel therapeutic compounds that reduce the effects of biomass
smoke on host cells and tissues of the respiratory system.
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Abstract

Biomass smoke exposure is associated with a heightened risk of development of respiratory diseases that include chronic
obstructive pulmonary disease (COPD). The aim of this study was to increase our understanding of how biomass smoke
could contribute to an increased susceptibility to respiratory infection. We investigated the effects of cow dung and wood
smoke exposure on human bronchial epithelial cells with respect to adherence of a major respiratory bacterial pathogen in
COPD, nontypeable Haemophilus influenzae (NTHi), using immunofluorescence microscopy. In addition, expression of a
known receptor of NTHi, platelet-activating factor receptor (PAFR), and two pro-inflammatory cytokines, interleukin 6 (IL-
6) and interleukin-8 (IL-8), were determined using quantitative polymerase chain reaction. We observed a dose-dependent
increase in NTHi adhesion to human bronchial epithelial cells following exposure to cow dung but not wood smoke extracts.
Pre-treatment with PAFR antagonists, WEB-2086 and its analogue, C17, decreased adherence by NTHi to airway epithelial
cells exposed to cow dung smoke. Both cow dung and wood smoke-induced expression of PAFR, as well as of IL-6 and
IL-8, which was inhibited by WEB-2086 and C17. In conclusion, biomass smoke from combustion of cow dung and wood-
induced expression of PAFR and airway inflammatory markers in human bronchial epithelial cells. Cow dung exposure, but
not wood smoke exposure, mediated a measurable increase in NTHi adhesion to airway epithelial cells that was inhibited by
PAFR antagonists. This work highlights the potential of PAFR as a therapeutic target for reducing the impact of hazardous
biomass smoke exposure on respiratory health.
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Introduction

Almost half of the world’s population is reliant on bio-
mass, such as wood, animal dung, and crop residues as
their primary source of fuel for cooking and heating
purposes (WHO 2018a, b). Rural human populations of
low- and middle-income countries, in particular women
and young children, are regularly exposed to extremely
high levels of smoke from wood or cow dung that is used
for cooking. For instance, in a rural Costa Rican setting,
Park and Lee (Park and Lee 2003) monitored the quality
of indoor air of households with wood burning stoves for
24-h and reported elevated concentrations of PM, 5 (44 pg/
m%), PM,, (132 pg/m?), and carbon monoxide (0.5 and
3.3 ppm). The concentration of these parameters peaked
considerably during cooking, with PM, 5 and PM,, levels
reaching a concentration of approximately 310-8170 ug/
m? and 500-18,900 ug/m?>, respectively (Park and Lee
2003).

Household biomass smoke exposure has been linked
to an increased risk of airway disease including chronic
obstructive pulmonary disease (COPD) (Capistrano et al.
2017; KC et al. 2018a, b). An Indian study involving
non-smoking women reported an increased prevalence of
respiratory symptoms (chronic bronchitis and dyspnea)
in those who used biomass fuel for cooking (Behera and
Jindal 1991). Another recent Indian study reported that a
substantial proportion (> 60%) of biomass fuel (cow dung
cakes and firewood) users are at higher risk of develop-
ing COPD, bronchial asthma and tuberculosis (Faizan and
Thakur 2019). Worldwide, COPD is responsible for 3 Mio.
deaths each year making it the third largest cause of human
mortalities after heart disease and stroke (WHO 2018a, b).
While tobacco smoking is still the primary causative fac-
tor of COPD in high-income countries, in low and middle
countries over 45% of COPD patients have been found to
be never smokers (KC et al. 2018a, b). There is emerging
evidence that smoke from biomass fuels is an independ-
ent risk factor for the development of COPD where reli-
ance on biomass fuel is high (Ehrlich et al. 2004; Magitta
et al. 2018). However, the exact mechanism regarding
how biomass smoke exposure contributes to the develop-
ment and progression of COPD is still unknown. Since,
biomass fuel smoke has been linked to acute respiratory
infections (Po et al. 2011), we hypothesized that the expo-
sure of bronchial epithelial cells to biomass smoke extracts
increases adherence of nontypeable Haemophilus influen-
zae (NTHi), the major respiratory pathogen involved in the
pathogenesis of COPD.

This study was conducted to advance our understanding
of how biomass smoke could contribute to an increased
susceptibility to respiratory infection, In our work, we
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investigated the response of human bronchial epithelial
cells to cow dung and wood smoke extract exposures,
in particular, the expression of platelet-activating fac-
tor receptor (PAFR) and of pro-inflammatory cytokines,
interleukin 6 (IL-6) and IL-8, and the level of adhesion
of NTHi to smoke extract-treated cells. In particular, we
demonstrate here that exposure to cow dung smoke extract
results in increased adhesion of NTHi to human bronchial
epithelial cells.

Methods

Generation of Cigarette, Cow Dung and Wood
Smoke Extracts

In our previous paper, we described in detail a cost-effec-
tive and reproducible method for the generation of differ-
ent smoke extracts, including cigarette, cow dung and wood
smoke extracts (CSE, CDSE and WSE, respectively) (KC
et al. 2018a, b). Briefly, three cigarette rolls, four rolls of
cow dung powder, and four rolls of wood shavings were
smoked using a water aspirator. The cigarette, cow dung
and wood smoke extracts were prepared by vortexing cot-
ton filter containing the trapped smoke particles in 1 mL of
dimethyl sulfoxide (DMSO). The smoke extracts were then
filter-sterilized through a 0.22 pm membrane filter and quan-
tified by weight measurement. Finally, the prepared extracts
were normalized to the same concentration (8.75 mg/mL)
and stored at— 20 °C. The extracts were diluted in bronchial
epithelial cell growth medium (BEGM) for use in exposure
experiments.

In Vitro BEAS-2B Cell Culture and Fluorescence
Labelling of Bacteria

Airway epithelial cells are the primary cells to respond
to environmental insults to the respiratory system, such
as smoke and dust particles (Crystal et al. 2008). These
cells are of utility for investigating the biological and/or
pathological effects of environmental air pollutants and
pathogens (Gruenert et al. 1995). The in vitro system
comprising airway epithelial cells, including bronchial
and alveolar epithelial cells are routinely utilised in both
basic and clinical research settings, with the advantage of
being able to expose these cells directly to environmental
stimuli. Bronchial epithelial cells are one of the primary
sites in the respiratory tract to interact with and respond to
pathogenic microbes and environmental substances. Pri-
mary human bronchial epithelial cells are mortal, show
a high degree of variability and are difficult to isolate,
whereas, commercially available bronchial epithelial
cells, such as BEAS-2B cells, are immortal, much more
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homogenous under normal conditions, and are widely
accessible. Thus, we utilized BEAS-2B cells to evalu-
ate the effect of smoke extract exposures. BEAS-2B cells
(Catalogue no 95102433, Sigma-Aldrich) were cultured
in serum free bronchial epithelial basal medium (BEBM)
supplemented with the BulletKit (BEGM) (Lonza, Basel,
Switzerland) at 37 °C and 5% CO,. The BEAS-2B cells
were sub-cultured in a T-75 flask (Corning, NY, USA),
and were used for experiments at < 15 passages. The NTHi
strain RHH3 was collected as part of routine hospital labo-
ratory diagnosis at the Royal Hobart Hospital, Tasmania,
Australia and no research participants or patients were
recruited for this purpose. The study was approved by the
Tasmanian Health and Medical Human Research Ethics
Committee (EC00337) and conducted in accordance with
the Declaration of Helsinki. The bacteria were labelled
with fluorescein isothiocyanate (FITC) (Sigma-Aldrich,
USA) as previously described (Geelen et al. 1993). Briefly,
bacteria were grown overnight in brain heart infusion
medium supplemented with hemin (1 mg/mL) and nicoti-
namide adenine dinucleotide (10 mg/mL). Subsequently,
bacteria (103 CFU/mL) were incubated for 1 h at 4 °C
with 1 mg/mL (w/v) FITC prepared in a carbonate buffer
(0.09 M sodium carbonate, 0.015 M sodium bicarbonate
and 0.1 M sodium chloride). The FITC-labelled bacteria
were washed three times with phosphate-buffered saline
(PBS) and resuspended in BEGM without antibiotics at a
density of 5x 10’7 CFU/mL.

Smoke Extract Exposure

For adherence assays, the BEAS-2B cells were transferred
to sterile 8-well-chambered glass slides (Millipore, MA,
USA) pre-coated with 5% (v/v) bovine collagen I (Thermo
Fisher Scientific, USA) at a density of 30,000 cells per
well and cultured for an additional 24 h to form a con-
fluent monolayer. The cell monolayer was then exposed
to CSE, CDSE and WSE at concentrations ranging from

Fig.1 Chemical structure of WEB-2086 (1) and its analogue C17
(2). WEB-2086 is a PAFR antagonist and belongs to the group of
thienotriazolo-1,4-diazepines (hetrazepines). C17 is an analogue of

87.5 ng/mL to 87.5 pug/mL for 4 h at 37 °C and 5% CO, as
described in our previous paper (KC et al. 2018b).

Pre-treatment with PAFR Antagonists

After exposure to smoke extracts, the BEAS-2B cells were
washed with pre-warmed PBS and treated with PAFR
antagonists, WEB-2086 (Sigma-Aldrich, USA) and a new
analogue C17 (synthesized at the University of Tasmania
whereby the fused triazolo-diazepine ring and oxopropyl-
morpholine side chain group were replaced by a pyrrole
ring and a dodecyl group, respectively) (Fig. 1). A 10 mM
stock solution of the compounds was prepared in DMSO
(Sigma, USA) and diluted in antibiotic-free BEGM to final
concentrations of 100 uM, 10 uM, 1 uM and 100 nM. The
BEAS-2B cells were pre-incubated with 200 pL of 100 uM,
10 uM, 1 pM and 100 nM concentrations of WEB-2086 or
C17 for 1 h at 37 °C and 5% CO,.

Bacterial Adhesion Assays

Following pre-treatment of the BEAS-2B cell monolayer
with PAFR antagonists, 100 uL of FITC-tagged NTHi was
added to the monolayer at a multiplicity of infection of
100:1. We conducted the smoke extract exposure and bac-
terial adhesion experiments at 37 °C mimicking the in vivo
body temperature and the optimal temperature for obligate
human pathogen NTHi. The cells were incubated for 1 h at
37 °C and 5% CO, and subsequently washed three times
with pre-warmed PBS. BEAS-2B cells were fixed with 200
pL of 4% (w/v) paraformaldehyde (Sigma-Aldrich, USA)
for 20 min at room temperature. After 2 washes with PBS,
cells were permeabilized with 100 pL of chilled (—20 °C)
acetone for 10 min at room temperature. Subsequently, the
cells were washed three times with PBS and blocked with
200 uL of 1% (w/v) bovine serum albumin (BSA) (Sigma-
Aldrich, USA), prepared in PBS containing 1% (v/v) Tween-
20 (Sigma-Aldrich, USA) for 1 h at room temperature. The
cells were then incubated with mouse anti-human platelet-
activating factor receptor monoclonal antibody (anti-PAFR

WEB-2086 in which the fused triazolo-diazepine ring and the oxo-
propylmorpholine side chain group are replaced by a pyrrole ring and
a dodecyl group, respectively
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mAb, 2.5 ng/mL) (11A4, Clone 21, Cayman Chemical Com-
pany, USA) overnight in the dark at 4 °C. After 3 washes
with 0.1% (w/v) BSA, cells were incubated with a 1:100
dilution of Alexa Fluor 594-conjugated goat anti-mouse IgG
(H+L) secondary antibody (Thermo Fisher Scientific, USA)
for 1 h at room temperature. The cells were then rinsed
three times with 0.1% (w/v) BSA, followed by staining with
4',6-diamidino-2-phenylindole (DAPI, 1 pg/mL) (Thermo
Fisher Scientific, USA) in the dark at room temperature for
15 min. Finally, the cells were washed three times with PBS
and air-dried before the slides were mounted with Dako fluo-
rescence mounting media (Agilent, USA).

Microscopy and Image Analysis

The cells were examined with an Olympus BX50 epifluo-
rescence microscope equipped with NIS elements software
(Nikon, Japan) and a Cool Snap Hq2 CCD camera (Photo-
metrics, USA) under X400 magnification. Ten images were
taken per well from different points using three fluorescence
channels for DAPI (violet excitation and blue emission,
200 ms exposure), Alexa Fluor 594 (green excitation and
red emission, 300 ms exposure) and FITC (blue excitation
and green emission, 500 ms exposure). Image merging and
bacterial and BEAS-2B cell counting were performed using
ImageJ (NIH, USA).

Quantitative Real-time Polymerase Chain Reaction
(qRT-PCR) Analysis

To determine the transcriptional level of expression of
PAFR, IL-6 and IL-8, the BEAS-2B cells were seeded into
sterile clear flat-bottom 12-well plates (Corning, USA), not
coated with collagen, at a density of 2x 10° cells per well
and incubated overnight at 37 °C and 5% CO,. The cells
were then exposed to smoke extracts CSE, CDSE or WSE for
4hat37 °C and 5% CO,. After 4 h, total RNA was extracted
using Tri-reagent (Sigma-Aldrich, USA), according to the
manufacturer’s instructions. Any traces of genomic DNA
were degraded by treating the total RNA extract with DNase
(Promega, USA). This was followed by first-stranded cDNA
synthesis using a SensiFAST cDNA synthesis kit (Bioline,
UK). Subsequently, the cDNA generated was amplified on
a LightCycler 480 System (Roche, Switzerland) using Sen-
siFAST Probe No-ROX kit (Bioline, UK). Finally, mRNA
expression was normalized to the expression of a house-
keeping gene, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), and the fold-changes in PAFR, IL-6 and IL-8
mRNA levels in smoke extract-exposed cells were expressed
relative to mRNA levels in mock (1% DMSO) treated cells
using the primer pairs: GAPDH_F, GCCAAGGTCATCCAT
GACAACT; GAPDH_R, GGGCCATCCA-CAGTCTTCTG;
PAFR_F, GACAGCATAGAGGCTGAGGC; PAFR_R, TAG
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CCATT-AGCAATGACCCC; IL-6_F, ACAGCCACTCAC
CTCTTCAG; IL-6_R, CCATCTTT- TTCAGCCATCTTT;
IL-8_F, CTTGGCAGCCTTCCTGATTT; IL-8_R, TTCTTT
AG- CACTCCTTGGCAAAA, respectively.

Cytotoxic Effect of WEB-2086 and C17 on BEAS-2B
Cells

To ascertain whether the compounds WEB-2086 and C17
exhibited toxicity towards bronchial epithelial cells, BEAS-
2B cells were seeded into sterile clear flat-bottom 96-well
plates (Sigma-Aldrich, USA), not coated with collagen, at
a density of 5000 cells per well and incubated overnight at
37 °C and 5% CO,. The cells were then treated in triplicate
with different concentrations of WEB-2086 or C17 rang-
ing from 100 nM to 100 uM, followed by the addition of
Alamar Blue (Life Technologies, USA) to each well at a
final concentration of 10% (v/v). The cells were then incu-
bated for 4 h at 37 °C and 5% CO, to allow reduction of
resazurin (blue) to resorufin (red). The absorbance signal
was then measured at 570 nm with 600 nm as a reference
wavelength after 4 and 24 h of treatment with WEB-2086
or C17, using a Spectromax Spectrophotometer Microplate
Reader (Molecular Devices, USA). The percent reduction
of Alamar Blue was calculated as previously described (KC
et al. 2018b).

Statistical Analysis

Two independent experiments, each including two or three
replicates, were analyzed. Data from four or six biological
replicates from two experiments were included in the analy-
sis and were expressed as the mean + standard error. Differ-
ences between groups were tested by one-way or two-way
analysis of variance (ANOVA) with Dunnett’s or Bonfer-
roni post-hoc analysis using GraphPad Prism version 5.0 for
Windows, GraphPad Software, San Diego California USA,
www.graphpad.com.

Results

CDSE but not WSE Significantly Upregulated NTHi
Adherence to Human Bronchial Epithelial Cells

We investigated whether exposure to cow dung and wood
smoke extracts increases the susceptibility of bronchial
epithelial cells to NTHi adhesion. For this BEAS-2B cells
were exposed to CDSE and WSE at concentrations ranging
from 87.5 ng/mL to 87.5 pg/mL for 4 h. Parallel exposures
of BEAS-2B cells to CSE were performed for comparison.
Treatment of BEAS-2B cells with CSE, CDSE and WSE
correlated with increased PAFR expression as measured
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by immunofluorescence as previously described (KC et al.
2018b). Challenge of BEAS-2B with FITC-labelled NTHi
for an hour revealed that bacterial adhesion to unstimulated

A Exposure to 1% DMSO

*k%k

NTHi per BEAS-2B

CSE
Smoke extracts exposure

CDSE

Fig.2 Effect of biomass smoke exposure on the adhesion of non-
typeable H. influenzae strain RHH3 to human bronchial epithelial
cells. a Mock treatment of BEAS-2B cells with 1% DMSO as a con-
trol. b BEAS-2B cells exposed to 87.5 ug/mL CSE for comparison.
¢ BEAS-2B cells exposed to 87.5 pg/mL CDSE. d BEAS-2B cells
exposed to 87.5 pg/mL WSE. All immunofluorescence micrographs
show NTHi labelled with FITC (1 mg/mL, green) and BEAS-2B
cells stained for PAFR expression (anti-PAFR monoclonal antibody;
2.5 pg/mL, red), and nuclei counterstained with DAPI (1 pg/mL,
blue). Magnification = x400. e Exposure of BEAS-2B cells to differ-
ent concentrations of CSE, CDSE and WSE ranging from 87.5 ng/mL

BEAS-2B cells was low i.e. 1.859+0.023 bacteria per cell.
The number of bacteria adhering to BEAS-2B cells exposed
to CSE and CDSE increased in a dose-dependent manner.

B Exposure to 87.5 pg/mL CSE

Mock (1% DMSO)
87.5 ng/mL
875 ng/mL
8.75 pg/mL
87.5 ng/mL

WSE

to 87.5 ug/mL. NTHi adherence was significantly increased in CSE
(8.75 and 87.5 ug/mL) and CDSE (87.5 pg/mL) exposed BEAS-2B
cells. The data represent the mean + standard error for four independ-
ent replicates (comprising 5 images from each replicate) from two
experiments; *p <0.05, **p<0.01, ***p<0.001, relative to mock-
treated cells, one-way ANOVA with Dunnett’s multiple comparison
test. CSE cigarette smoke extract, CDSE cow dung smoke extract,
WSE wood smoke extract, NTHi nontypeable Haemophilus influen-
zae, PAFR platelet-activating factor receptor, DMSO dimethyl sul-
foxide, FITC fluorescein isothiocyanate, DAPI 4', 6-diamidino-2-phe-
nylindole
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NTHi adherence to CSE- and CDSE-exposed BEAS-2B
cells was 2.0 (p<0.001), and 1.6 (p <0.01) fold higher,
respectively, with respect to 1% DMSO (mock) treated
BEAS-2B cells, at the 87.5 pg/mL concentration (Fig. 2).
At lower concentrations of CSE and CDSE i.e. 875 ng/mL
and 87.5 ng/mL, NTHi adhesion did not differ significantly
between mock-treated and smoke extract-exposed BEAS-
2B cells. Regression analyses were performed on levels of
PAFR expression based on PAFR fluorescence intensity with
respect to NTHi adhesion. The adherence of NTHi to CSE
and CDSE-exposed BEAS-2B cells was positively corre-
lated with levels of PAFR expression (r=0.96 p=0.04 and
r=0.979 p=0.021, respectively) (Fig. 3). WSE exposure
did not result in increased attachment of NTHi to BEAS-2B
cells across the concentration range tested i.e. 87.5 ng/mL to
87.5 ug/mL. Compared to 87.5 ug/mL WSE exposure, NTHi
adhesion to bronchial epithelial cells was 80% (p <0.001)
and 42% (p <0.05) higher in CSE and CDSE exposures,
respectively.

WEB-2086 and C17 Significantly Reduced
the Adhesion of NTHi to Cow Dung Smoke Exposed
BEAS-2B Cells

To determine whether PAFR played a role in adhesion
by NTHi to cow dung smoke exposed bronchial epithe-
lial cells, BEAS-2B cells were treated with a well-known
PAFR antagonist, WEB-2086 at concentrations rang-
ing from 100 nM to 100 uM for an hour. We observed a
significant decrease in CDSE-induced PAFR expression
upon treatment with WEB-2086 as shown in Fig. 4. The
treated BEAS-2B cells were then challenged with FITC-
tagged NTHi. The adherence of NTHi to both CSE- and
CDSE- exposed BEAS-2B cells was reduced in the pres-
ence of WEB-2086 in a dose-dependent manner (Fig. 5).

>
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p=0.021

NTHi per BEAS-2B cell
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Compared to mock-stimulated cells, NTHi adhesion to
WSE-exposed BEAS-2B cells was not affected by treat-
ment with WEB-2086 (p >0.05) (Fig. 5). C17, an analogue
of WEB-2086 was also tested for its activity towards the
expression of PAFR and adhesion of NTHi to CSE, CDSE
and WSE-exposed bronchial epithelial cells. Consistent
with WEB-2086 results, C17 exhibited significant inhi-
bition of CSE-, CDSE- and WSE-induced expression of
PAFR on the airway epithelial cells (Fig. 4). Notably, C17
exhibited significant abrogation of attachment of NTHi to
both CSE- and CDSE-treated bronchial epithelial cells in
a dose-dependent manner (Fig. 6).

Transcriptional Response of BEAS-2B Cells Following
CSE, CDSE, and WSE Exposure

The effect of CSE-, CDSE-, and WSE-exposure on BEAS-
2B cell expression of a known receptor of NTHi, PAFR,
was investigated at the transcriptional level. PAFR mRNA
levels in 87.5 ug/mL CSE-, CDSE-, and WSE-exposed
BEAS-2B cells increased by 9.0 (p <0.001), 7.2 (p <0.01)
and 9.5-fold (p <0.001), respectively, compared to mock
(1% DMSO) treated BEAS-2B cells (Fig. 7). mRNA
transcripts for the pro-inflammatory cytokines, interleu-
kin 6 (IL-6) and interleukin 8 (IL-8), were significantly
induced in BEAS-2B cells by 87.5 ug/mL CSE, CDSE,
and WSE as illustrated in Fig. 7. In comparison to the
mock (1% DMSO) treated control BEAS-2B cells, the
mean IL-6 and IL-8 levels of expression were approxi-
mately 8.4 (p<0.001) and 11.2 (p <0.001) times higher
in CSE-treated cells, respectively; 7.2 (p <0.001) and
11.9 (p <0.001) times higher in CDSE-stimulated cells,
respectively; and 6.6 (p <0.001) and 12.2 (p <0.001) times
higher in WSE-exposed cells, respectively.

6.5 7.0 75 8.0 6.5 7.0

Log10 PAFR Fluorescence Intensity

Fig.3 Correlation between PAFR expression and NTHi adhesion on
BEAS-2B cells exposed to a CSE b CDSE ¢ WSE. PAFR expression
corresponds to log10 of fluorescence intensity, which is significantly
positively correlated with the number of NTHi attached per BEAS-
2B cell for CSE and CDSE exposures. For WSE exposure, NTHi
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adhesion is not associated with expression of PAFR. Data are pre-
sented from four independent replicates from two experiments. CSE
cigarette smoke extract, CDSE cow dung smoke extract, WSE wood
smoke extract, NTHi nontypeable Haemophilus influenzae, PAFR
platelet-activating factor receptor
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Fig.4 Effect of smoke extracts (CSE, CDSE and WSE) on levels of
PAFR protein expression on bronchial epithelial cells and inhibition
by PAFR antagonists WEB-2086 and C17. PAFR expression cor-
responds to log,, of fluorescence intensity following labelling with
Alexa Fluor 594 conjugate antibody targeting anti-PAFR mAb in
immunofluorescence assays. The data represent the mean + stand-
ard error for four independent replicates from two independent
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Fig.5 Effect of PAFR antagonist, WEB-2086, on attachment of
NTHi to CSE and CDSE-exposed BEAS-2B cells. The BEAS-2B
cells were exposed to 1% DMSO or 87.5 pg/mL of CSE, CDSE,
or WSE for 4 h. This was followed by treatment with vehicle (1%
DMSO) or PAFR antagonist, WEB-2086, at a concentration range
of 100 nM to 100 uM for an hour and subsequent challenge with
FITC-labelled NTHi for an additional hour. WEB-2086 exhibited
dose-dependent inhibition of NTHi adhesion to the CSE and CDSE-

experiments. ***p <0.001 relative to 1% DMSO treated control cells,
*#*%p <0.001 relative to vehicle-treated smoke extract-exposed cells,
one-way ANOVA with Dunnett’s multiple comparison test. CSE
cigarette smoke extract, CDSE cow dung smoke extract, WSE wood
smoke extract, PAFR platelet-activating factor receptor, DMSO dime-
thyl sulfoxide

Mock (1% DMSO) stimulation
Vehicle treatment control
100 nM WEB-2086

1 M WEB-2086

10 uM WEB-2086

100 pM WEB-2086

p00000

WSE

exposed BEAS-2B cells. The data represent the mean + standard error
for four independent replicates (comprising 5 images from each repli-
cate) from two experiments; *p <0.05, ***p <0.001, relative to vehi-
cle-treated CSE-exposed cells, one-way ANOVA with Dunnett’s mul-
tiple comparison test. CSE cigarette smoke extract, CDSE cow dung
smoke extract, WSE wood smoke extract, NTHi nontypeable Haemo-
philus influenzae, PAFR platelet-activating factor receptor, DMSO
dimethyl sulfoxide, FITC fluorescein isothiocyanate
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Fig.6 Effect of new compound, C17, on attachment of NTHi to
CSE and CDSE-exposed BEAS-2B cells. The BEAS-2B cells were
exposed to 1% DMSO or 87.5 ug/mL of CSE, CDSE, or WSE for 4 h.
This was followed by treatment with vehicle (1% DMSO) or com-
pound C17 at a concentration range of 100 nM to 100 pM for an hour
and subsequent challenge with FITC-labelled NTHi for an additional
hour. C17 exhibited dose-dependent inhibition of NTHi adhesion
to the CSE and CDSE-exposed BEAS-2B cells. The data represent

Effects of the WEB-2086 and the C17 Treatment
on Induced Transcriptional Expression of PAFR
and Inflammatory Cytokines IL-6 and IL-8

The effects of WEB-2086 and C17 on the transcriptional
expression of PAFR, IL-6 and IL-8 in CSE-, CDSE-, and
WSE-treated BEAS-2B cells were also examined. Treat-
ment of smoke extract-exposed BEAS-2B cells with
WEB-2086 or C17 for an hour significantly downregu-
lated the expression of PAFR mRNA (Fig. 7). WEB-2086
and C17 at a concentration of 100 uM reduced the levels
of PAFR mRNA by 54% (p <0.05) and 56% (p <0.05),
respectively. Compared to CSE-exposed BEAS-2B cells
(87.5 ug/mL) that were treated with vehicle (1% DMSO),
transcriptional levels of IL-6 and IL-8 were significantly
inhibited by 68% (p <0.001) and 73% (p <0.001), respec-
tively, with 100 pM WEB-2086 treatment, and by 85%
(p<0.001) and 79% (p < 0.001), respectively, with 100 pM
C17 treatment. In addition, both WEB-2086 and C17 treat-
ment downregulated the CDSE-induced expression of IL-6
in a dose-dependent manner i.e. for 10 uM versus 100 uM
of WEB-2086 and C17, 49% (p <0.001) versus 60%
(p<0.001) and 43% (p <0.01) versus 69% (p <0.001),
respectively. Similarly, the levels of IL-8 mRNA were also
reduced in a dose-dependent manner by both WEB-2086
and C17 i.e. 68% (p <0.001) versus 81% (p <0.001) and
79% (p < 0.001) versus 83% (p <0.001), for 10 uM versus
100 uM of WEB-2086 and C17 treatments, respectively
(Fig. 7). Furthermore, the compounds were also found to
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Mock (1% DMSO) stimulation
Vehicle treatment control
100 nM C17

1uM C17

10 uM C17

100 uM C17

B00000

WSE

the mean =+ standard error for four independent replicates (compris-
ing 5 images from each replicate) from two experiments; *p <0.05,
*#%p <0.001, relative to vehicle-treated CSE-exposed cells, one-way
ANOVA with Dunnett’s multiple comparison test. CSE cigarette
smoke extract, NTHi nontypeable Haemophilus influenzae, PAFR
platelet-activating factor receptor, DMSO dimethyl sulfoxide, FITC
fluorescein isothiocyanate

suppress the expression of IL-6 and IL-8 in WSE-treated
cells.

Tolerance of Compounds WEB-2086 and C17
by Human Bronchial Epithelial Cells

WEB-2086 and C17 were tested for toxicity towards BEAS-
2B cells across the concentration range of 100 nM to 100 uM
using the Alamar Blue assay. No significant signs of cyto-
toxicity were seen after 24-h treatment. The reduction of
Alamar Blue by BEAS-2B cells was similar for treatment
with both vehicle (1% DMSO) and 100 uM WEB-2086 i.e.
49.2% versus 44.8% at 4 h (p>0.05), and 102.3% versus
104.1% at 24 h (p>0.05). Furthermore, the viability of
the bronchial epithelial cells was similar across treatment
with vehicle and 100 uM C17 i.e. 49.2% versus 45.9% at
4h (p>0.05), and 102.3% versus 102.5% at 24 h (p >0.05).
Thus, both compounds, WEB-2086 and C17, were found to
be tolerated by BEAS-2B cells up to the highest concentra-
tion tested of 100 uM.

Discussion

Nearly 4 Mio. deaths annually have been attributed to house-
hold air pollution (WHO 2018a, b). A number of meta-anal-
yses of epidemiological studies have reported an overall 1.4
to 2.8-fold increased risk of COPD development in solid
biomass fuel users compared to clean fuel users (Hu et al.
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Fig.7 Relative fold change in PAFR
PAFR, IL-8, and IL-6 mRNA

normalized with GAPDH in 15+
BEAS-2B cells exposed to

CSE, CDSE, and WSE for

4 h at concentrations 8.75 and $$$
87.5 pg/mL following treatment
with PAFR antagonists, WEB-
2086 and C17 at concentra-
tions 10 uM and 100 uM for an
hour. The data are presented

as the mean of the observed
fold-change + standard error

for four independent repli-
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2010; Kurmi et al. 2010; Po et al. 2011; Sana et al. 2018;
Yang et al. 2017). A recent PUMA (Prevalence Study and
Regular Practice, Diagnosis, and Treatment Among General
Practitioners in Populations at Risk of COPD in Latin Amer-
ica) study conducted in primary care settings in four Latin
American countries reported a higher proportion of subjects
with COPD were exposed to biomass smoke compared to
those without COPD (Montes de Oca et al. 2017). Da Silva
and colleagues examined the dose-response relationship and
reported a significant correlation between reduced pulmo-
nary function and the level and duration of biomass expo-
sure (da Silva et al. 2012). Several short-term trials using
improved cooking stoves and kitchen ventilation have pro-
vided support for the efficacy of interventions, suggesting
an association between biomass smoke exposure and lung
function impairment (Pope et al. 2015; Romieu et al. 2009;
Zhou et al. 2014).

Smith et al., in a population-based study of approximately
317,000 non-smoking Chinese adults, reported airflow
obstruction to be positively associated with cooking with
coal but not with other sources of household air pollution
(Smith et al. 2014). Recently, two large-scale multinational
studies were conducted to address the role of household air
pollution in airflow obstruction and were published in the
same issue of the American Journal of Respiratory and Crit-
ical Care Medicine in 2018 (Amaral et al. 2018; Siddhar-
than et al. 2018). Amaral and colleagues, using data from
the BOLD (Burden of Obstructive Lung Disease) study,
reported no evidence of association between airflow obstruc-
tion and the use of solid fuels (Amaral et al. 2018). How-
ever, they reported a 28% higher risk of chronic phlegm in
never-smoker women who had used solid fuels for cooking
or heating over twenty years or more (Amaral et al. 2018).
Siddharthan and co-investigators analyzed population data
from the PRISA (Pulmonary Risk in South America) and
CRONICAS cohort studies in South America, a longitudinal
study conducted by the Centre for Control of Chronic Dis-
eases in Bangladesh, and the LINK (Lung Function Study in
Nakaseke and Uganda) and FRESH AIR studies in Africa.
They reported that study participants with household air pol-
lution exposure from biomass fuel use were 41% more likely
to have COPD than non-exposure individuals and that the
association between household air pollution exposure and
COPD was more pronounced in women (adjusted odds ratio
1.70; 95% confidence interval, 1.24—2.32) than in men (1.21;
0.92-1.58) (Siddharthan et al. 2018). The findings from the
above two studies are, therefore, not in agreement and it has
been acknowledged that the lack of direct measurement of
exposure and level of ventilation may have impacted the
studies (Balmes and Eisen 2018). The role of biomass smoke
in airway obstructive disease requires further extensive
research including examining the effect of biomass smoke
at a cellular level, which was the focus of our study.
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In this work, we report for the first time that exposure of
bronchial epithelial cells to biomass smoke in the form of
cow dung smoke exposure results in increased adhesion by
NTHi, a major respiratory bacterial pathogen in the chronic
respiratory disease COPD. NTHi are opportunistic bacterial
pathogens that are normal commensals of the upper respira-
tory tract (Bakaletz and Novotny 2018). However, in COPD
patients, due to impaired immunity they colonize the lower
airways of COPD patients, thereby inducing inflammation,
resulting in a worsening of symptoms and an increased
frequency of exacerbations (Leung et al. 2017). More than
half of acute COPD exacerbations are caused by bacterial
infections, particularly NTHi (Sethi et al. 2002). This study
suggests that cow dung smoke exposure could translate into
an increased susceptibility to NTHi infection in the respira-
tory tract of patients with biomass smoke associated COPD.

We further investigated the effect of CDSE and WSE on
airway cells. As shown in Fig. 7, expression of both IL-6
and IL-8 was upregulated several-fold in bronchial epithelial
cells following exposure to CDSE and WSE with respect
to controls. IL-6 is a major stimulator of the production of
acute phase proteins (Castell et al. 1989) and affects the
Th17/Treg balance which can contribute to the develop-
ment of autoimmune and chronic inflammatory diseases
(Kimura and Kishimoto 2010). IL-8, on the other hand, is a
key regulator in neutrophil-mediated acute inflammation via
neutrophil transmigration and activation, including degranu-
lation and the release of leukotrienes and platelet-activating
factor (Mukaida 2000, 2003; Schroder 1989). A significant
upregulation of expression of pro-inflammatory cytokines,
IL-6 and IL-8 upon exposure to biomass smoke plays an
important role in the pathogenesis of chronic inflammatory
diseases, particularly in COPD (Gabay 2006; Oishi et al.
1994; Tamimi et al. 2012). The results obtained here are,
therefore, in agreement with human and animal model stud-
ies. Increased sputum and serum levels of IL-6 and IL-8
have been observed in women cooking with biomass fuels
compared to the clean fuel users (Dutta et al. 2012, 2013).
Similar upregulation of cytokines was also observed in a
mouse model of biomass exposure and in the in vitro expo-
sure of biomass smoke to primary human small airway epi-
thelial cells (McCarthy et al. 2016; Sussan et al. 2014). This
may in part be linked to the potential role of biomass smoke
exposure in airway obstructive disease in never smokers,
particularly, in low- and middle-income countries where
biomass fuel is the primary source of domestic energy (KC
et al. 2018a, b).

Similar to CDSE, WSE exposure also increases the
expression of PAFR (Figs. 4 and 7). However, WSE expo-
sure did not increase the attachment of NTHi to respiratory
epithelial cells. There are two possible reasons for a lack of
a measured effect of WSE on NTHi adhesion to bronchial
epithelial cells. Firstly, the possible presence of compounds
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ABSTRACT

Bacterial whole genome sequencing (WGS) is becoming a widely-used technique in research, clinical diagnostic, and
public health laboratories. It enables high resolution characterization of bacterial pathogens in terms of properties that
include antibiotic resistance, molecular epidemiology, and virulence. The introduction of next-generation sequencing
instrumentation has made WGS attainable in terms of costs. However, the lack of a beginner’s protocol for WGS still
represents a barrier to its adoption in some settings. Here, we present detailed step-by-step methods for obtaining
WGS data from a range of different bacteria (Gram-positive, Gram-negative, and acid-fast) using the lllumina platform.
Modifications have been performed with respect to DNA extraction and library normalization to maximize the output from
the laboratory consumables invested. The protocol represents a simplified and reproducible method for producing high
quality sequencing data. The key advantages of this protocol include: simplicity of the protocol for users with no prior
genome sequencing experience and reproducibility of the protocol across a wide range of bacteria.

Keywords: whole genome sequencing, Enterococcus faecium, Haemophilus influenzae, Mycobacterium tuberculosis

BACKGROUND

Using Sanger sequencing, the Human Genome Project expended
approximately USD $2.7 billion and took more than 10 years to pro-
duce the first human genome sequence. Today, a human genome can
be sequenced in a matter of days for less than USD $1000 on a single
next-generation sequencing (NGS) machine. This step change in through-
put and per-base cost has transformed the use of DNA sequencing in
biomedical research and is being translated in an expanding number of
ways into medicine. NGS is increasingly being applied to understand-
ing and managing infectious diseases. This includes the sequencing
of microbial genomes for the purposes of laboratory identification of
infectious agents [ 1], detection of antibiotic resistance markers [2], and
the public health surveillance of epidemiological clusters and outbreaks
[3]. Examples include its deployment in public health surveillance and
control of community cases of Escherichia coli [4], Campylobacter
Jjejuni [5], Legionella pneumophila [6] and Mycobacterium tuberculo-
sis [7] disease, or global and regional epidemics caused by influenza
[8], Ebola [9], and Zika [10] viruses. It has also been utilised to track

the source and spread of healthcare-associated infections caused by
Staphylococcus aureus [11], Pseudomonas aeruginosa [12], Acineto-
bacter baumannii [13], and Enterococcus faecium [14] in order to guide
infection prevention and control in hospitals.

In addition to its whole genome (WGS), whole exome (WES),
transcriptome (RNA-Seq), bisulphite methylome, and metagenomic
sequencing capabilities, NGS can be directed to the detection of specific
genes or mutations associated with human disease through targeted-panel
amplicon screening. However, barriers remain with regard to establishing
NGS in a laboratory for the first time and this hinders its uptake in clinical
microbiology and other settings. One of these challenges is the lack of
a simplified step-by-step protocol that can be picked up by laboratory
personnel with no prior training or experience in NGS and used to gen-
erate reliable, high quality sequence data. Illumina dye-sequencing is
currently considered the gold standard internationally in terms of read
depth and base-calling accuracy, genome coverage, scalability, and the
range of sequencing applications it delivers.

In this work, we produced an easy-to-follow, step-by-step NGS
protocol with consistent genome coverage and average read depth that

How to cite this article: Gautam SS, Rajendra KC, Leong KWC, Mac Aogain M, O’Toole RF. A step-by-step beginner’s protocol for whole
genome sequencing of human bacterial pathogens. J Biol Methods 2019;6(1):¢110. DOI: 10.14440/jbm.2019.276

www.jbmethods.org

=

POL SCIENTIFIC



PROTOCOL

was applicable to a range of bacterial pathogens i.e., Gram-positive van-
comycin-resistant Enterococcus faecium, Gram-negative non-typeable
Haemophilus influenzae, and acid-fast high-GC content Mycobacterium
tuberculosis. This protocol can be used to generate Illumina-based
WGS data for clinical isolates of bacterial pathogens of importance
to human health.

Figure 1 is the graphical summary of the process of obtaining
whole genome sequence data from bacterial culture. This wet labora-
tory procedure generated FastQ reads from the sequencer within three
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—
DNA purification

Bacterial growth
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days of start. We modified a number of the DNA extraction steps to
obtain a sufficient quantity of contamination free template. Similarly,
we replaced library normalization plates and Nextera XT tagment
amplicon (NTA) plates with conventional polymerase chain reaction
(PCR) tubes which may represent a cost-effective alternative. In ad-
dition, we have recommended the use of equal DNA concentrations
of each library during library normalization to ensure better coverage
and minimize bias. Simplification of bacterial NGS may assist in its
uptake by beginner users.
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Figure 1. Graphical summary of the process of obtaining whole genome sequence data from a bacterial culture.

MATERIALS
Reagents
v' Lysozyme (VWR, Australia, Cat.# 0663-10G)
v Ethanol, Pure (Sigma-Aldrich, Australia, Cat. # E7023)
v 2-Propanol (Sigma-Aldrich, Australia, Cat. # 18912)
v Phosphate Buffered Saline (Gibco™- Thermo Fisher Scientific,

UK, Cat. # 10010023)

Ultrapure™ DNase/RNase Free Distilled Water (Invitrogen,

Australia Cat. # 10977-015)

v" DNeasy® Blood and Tissue Kit (Qiagen, Germany, Cat. #
69504)

v High Pure PCR Template Preparation Kit (Roche, Germany,
Cat. # 11796828001)

v" Qubit™ dsDNA HS (High Sensitivity) Assay Kit (Invitrogen,
Australia, Cat. # Q32851)

v Nextera® DNA Library Preparation Kit (Illumina, USA, Cat.
#FC-121-1030)

v' Nextera® XT Library Preparation Kit (Illumina, USA, Cat.
#FC-131-1024)

v" Nextera® XT Index Kit (Illumina, USA, Cat. # FC-131-1001)

v' Miseq Reagent Kit v2 (300 cycles) (Illumina, USA, Cat. #
MS-102-2002)

<\
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v" KAPA Library Quantification Kit (Illumina, USA, Cat. #

07960140001)
v' Agencourt®? AMPure XP beads (Beckman Coulter, USA, Cat.
# A63880)
Recipes

v" Qubit working solution: dilute Qubit dSDNA HS Reagent
1:200 in Qubit dsSDNA HS buffer. For n samples, prepare n x
200 pl working solution.

v' 80% ethanol: add 2 ml absolute ethanol into 8 ml distilled water.

v' 0.2 M NaOH: weigh 0.04 g of NaOH pellet and dissolve it
into 5 ml distilled water.

Equipment
v' Qubit™ assay tubes (Life-technologies, USA, Cat. # Q32856)
v" PCR tubes (Molecular Bioproducts, USA, Cat. # MBP3412)
v' Qubit®2.0 Fluorometer (Invitrogen, Australia, Cat. # Q32866)
v' Agencourt Magnetic stand (Beckman Coulter, USA, Cat. #

A32782)

Applied Biosystems® Veriti 96-Well thermal cycler (Thermo

Fisher Scientific, USA)

v' Rotor-Gene 6000 real-time thermocycler ( Corbett Research,
Australia)

<\
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PROCEDURE

Extraction of bacterial genomic DNA

1.

Pellet the liquid culture media (200 pl) by centrifuging at 8000 g for 8 min in a sterile microfuge tube.

CRITICAL STEP: All bacterial cultures should be treated as potentially pathogenic to the laboratory worker and
colleagues. Therefore, the use of appropriate aseptic techniques, and the wearing of appropriate personal protec-
tive equipment are strongly recommended to maintain acceptable work health and safety standards and minimise
exposure to harmful agents.

Resuspend the pellet in 600 ul phosphate-buffered saline (1x) until the absorbance at 600 nm (A ) is be-
tween 1.0 and 2.0. Lyse the cells by adding 30 pl lysozyme (50 mg/ml), vortex, and incubate at 37°C for 1 h.
Follow the DNeasy® Blood and Tissue Kit Quick-start protocol to extract the DNA.

Elute the DNA in 100 pl volume and treat it with 2 pl RNase (100 mg/ml) (Qiagen, Hilden, Germany) and
incubate at room temperature for 1 h.

Purify RNase-treated DNA using the High Pure PCR Template Preparation Kit.

TIP: Perform only 4 DNA spin-wash steps instead of 9 recommended steps. Pre-incubate the elution buffer in a
heat block set at 70°C.

Add 100 pl of binding buffer to RNase treated DNA and incubate at 70°C for 10 min.

Add 50 pl of 2-Propanol and transfer the content to a Roche spin column and spin at 8000 g for 1 min.
Discard the flow through and insert the spin column into a new collection tube.

Wash by adding 500 pul wash buffer and spin at 8000 g for 1 min.

. Discard the flow through and insert the spin column into a new collection tube.
. Perform a final spin at 8000 g for 1 min.

. Finally, insert the column into a 1.5 ml sterile microfuge tube, add 50 ul of pre-heated elution buffer and

spin at 8000 g for 1 min to elute the purified DNA for next generation sequencing.

CRITICAL STEP: For next generation sequencing, contaminant-free, high-molecular weight DNA with an ab-
sorbance (260 nm/280 nm) ratio between 1.8 to 2.0 is considered a high-quality template DNA [15].

Quantification of bacterial genomic DNA

13.
14.
15.
16.

Dispense 190 pl and 198 ul of Qubit working solution in standard and sample tubes, respectively.
Add 10 pl standards (1 and 2) and 2 pl of sample in separate Qubit assay tubes.
Vortex the mixture for 3 s and incubate at room temperature for 2 min before taking the reading.

Adjust the DNA concentration of each sample to 0.2 ng/ul by diluting with a required volume of distilled water.

CRITICAL STEP: The use of an accurate concentration of DNA is crucial for bacterial DNA genomic library
preparation.

Tagmentation and PCR ampilification of bacterial genomic DNA

TIP: For all of the methods below, the recommended 96-well TYC plate can be replaced with 0.2 ml thin wall clear,
flat capped PCR tubes. In addition, multichannel pipettes and the high-speed micro plate shaker can be replaced
with single channel pipettes and a bench top centrifuge, respectively.

Nextera XT tagment amplicon construction

17.
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In a PCR tube, add 5 pl tagmentation DNA buffer and 2.5 ul amplification tagmentation mix to 2.5 ul (0.2
ng/ul) input DNA.
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18.

Briefly vortexed the content and transfer to the thermocycler programmed for one step at 55°C for 5 min
with heated lid, followed by a hold at 10°C for a volume of 10 pl.

Neutralization of Nextera XT tagment amplicon

19.

PCR amplification
20.

21.
22.

Immediately after reaching the hold temperature of 10°C in the above step, neutralize NTA by adding 2.5 pl
neutralization tagmentation buffer and incubate at room temperature for 5 min.

For amplification, add 7.5 ul Nextera® PCR mastermix and 2.5 ul of each index primer, 1 and 2, to a tube
containing neutralized NTA.

CRITICAL STEP: Primer combinations, S502 with N705 /706 and S503 with N701/702 should be avoided. Avoid
any repeated combinations and carefully note the primers used for each sample.

Gently pipette the content and perform a quick spin.

Proceed to amplification in a thermocycler programmed for a working volume of 25 pl with the following
settings: heated lid, initial cycle at 72°C for 3 min followed by 95°C for 30 s and 12 cycles of (95°C for
10 s, 55°C for 30 s and 72°C for 30 s) with a final run at 72°C for 5 min followed by a hold temperature of
10°C. The amplified, tagmented library can be stored at 2 to 4°C overnight for PCR clean-up the next day.

Cleaning up the PCR product

23.
24.
25.
26.

27.

28.
29.
30.
31.

32.
33.

34.

NOTE: Bring AMPure XP beads to room temperature (for 20 min).

CRITICAL STEP: Prepare fresh 80% (v/v) ethanol and 0.2 M NaOH.

To 22.5 ul of PCR product, add 11.25 ul of vortexed (30 s) AMPure XP beads and mix by pipetting (10 times).
Incubate at room temperature for 5 min.
Place the tube on a magnetic stand for 2 min.

While leaving the PCR tubes on the magnetic stand, carefully aspirate the supernatant.

CRITICAL STEP: Do not aspirate beads. If aspirated, redo steps 25 and 26.

Add 100 pl of 80% ethanol and leave on the stand in the magnetic stand for 30 s.

CRITICAL STEP: Do not resuspend the beads.

Aspirate out the supernatant carefully.
Add 100 pl of 80% ethanol and leave on the stand in the magnetic stand for 30 s.
Aspirate out the supernatant carefully.

Remove the tube from magnetic stand and allow to air dry in a tube stand for approximately 5 min.

CRITICAL STEP: Visually check for cracks as over drying the beads will significantly reduce elution efficiency.

Add 26.15 pl of resuspension buffer and gently pipette 20 times to mix.

Incubate the tubes at room temperature for 2 min and then place on a magnetic stand for 2 min (until the
supernatant cleared).

Transfer the supernatant (25 pl) to a new PCR tube.

NOTE: The final supernatant can be stored at —15°C to —20°C for up to 1 week but we recommend proceeding to
library normalization immediately.
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Library normalization

35

36

37.

38.

39.

40.

41.

42.

Perform the Qubit DNA quantification method as described above to determine the genomic DNA concen-
tration in cleaned up product.

Pool the genomic DNA from all of the tubes.

NOTE: Sample with the lowest DNA concentration can be used in a volume of 10 pl as the reference to prepare
a library pool using the formula: Volume equired (V2) = Concentration original (S1) x Volume (V1 =10 pl) / Con-
centration . .(S2).

To x pl of library pool, add x pul of freshly prepared 0.2 molar NaOH (final concentration 0.1 molar) and
incubate for 5 min at room temperature.

To the NaOH treated suspension add an equal volume (2% pl) of LNSI1. Label the tube as pooled amplified
library (PAL).

TIPS: In this modified step, normalize the library by using LNS1 (Library Normalisation Storage Buffer 1) only.

Dilute the PAL to 1:1000 by adding 1 pl of NaOH-LNSI1 treated suspension to 999 ul of ultrapure distilled
water.

Use KAPA library quantification kit (No ROX) to check the concentration of diluted pooled library in a real
time PCR system using the following set up: a hot start run at 95°C for 10 min followed by 40 cycles of
(95°C for 10 s and 60°C for 30 s).

NOTE: Include a set of six DNA standards (with concentrations ranging from 20 pM to 0.0002 pM), three sets of
negative control (ultrapure distilled water), and three sets of the DNA library in the qPCR run.

Determine the concentration of DNA in the pooled library by the standard curve method and calculate con-

centration in picomolar (pM) for each tube.

NOTE: To calculate the original concentration of the pooled library we applied the formula:

[Average sample concentration (in pM) x insert size standards (452 bp) x dilution factor (1000)] divisible by the
Insert size of pooled library (500 BP)

For example, for a qPCR determined concentration of 2.36 pM in a 1:1000 dilution of the pooled library, the library
DNA concentration will be: (2.36 pM x 452 bp x 1000) / 500 bp = 2133.44 pM

The value obtained from the calculation represents the concentration of DNA in the pooled library.

To estimate the dilution factor required to achieve a final library concentration of 15 pM in a 600 pl volume
use the formula:

Volume required — (Concentration . < Volume )/ Concentration original
= (15 pM x 600 pl) / 2133.44 pM
=422 ul

NOTE: Therefore, 4.22 ul is added to 595.78 pl of HT buffer to produce a final concentration of 15 pM, in a final
volume of 600 pl. The diluted library is then ready to be heat denatured and loaded into the MiSeq reagent cartridge.

Preparing pooled library for loading onto MiSeq

43.
44.

45.
46.
47.
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Thaw the PAL at room temperature and mix by pipetting up and down (5 times) followed by brief centrifugation.

Based on the library concentration example above, transfer 595.78 ul of HT buffer to a 1.5 ml diluted am-
plified library (DAL) tube containing 4.22 ul PAL.

Mix using a pipette (5 times).
Vortex the DAL tube at top speed, centrifuge briefly, and incubate exactly for 2 min at 96°C + 2°C.

Immediately transfer the DAL tube to ice for at least 5 min or until loading.
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48.
49.

50.

51.
52.

CRITICAL STEP: Put the [llumina MiSeq sequencer through a short wash cycle to avoid cross-contamination
of the DAL from previous usage.
Thaw the MiSeq reagent cartridge at room temperature [16].

Generate a MiSeq sample sheet using the Illumina Experiment Manager. See step 21 to identify primer sets
for each sample.

Use the following configuration to set up the Miseq machine. Generate FASTQ workflow; FASTQ Only
application; NexteraXT assay; 151 insert reads; assignment of the samples with a unique identifier and
index-pair combination.

CRITICAL STEP: Rinse the flow cell with MilliQ water and remove traces of water using soft tissue paper before
inserting into the machine.
Transfer the entire 600 pl of DAL to the “Load here” well of the MiSeq reagent cartridge.

Following the setup procedure of the Illumina Experiment Manager, insert the cartridge into MiSeq instru-
ment for sequencing to commence.

TIPS: The raw FastQ sequence reads from whole-genome sequencing can be stored on the local computer as well
as on the Illumina BaseSpace server (https://basespace.illumina.com/) for further analysis.

Bioinformatic analyses

53.
54.

55.

56.

NOTE: The selection of bioinformatics software for the analysis of WGS data will be determined by the objective
of the study. Here, we used Geneious 9.1.8 (Biomatters Ltd.) [17], a desktop software to analyse our sequence data.
Geneious was used to map the Fastq sequence reads to a publicly available reference genome for each species as
follows:

Download Geneious from https://www.geneious.com/.

Go to File | Import | From File. Import raw-read files (Sample xx R1.fastq.gz and Sample xx R2.fastq.
gz) into Geneious.

Download the Reference Genome from the NCBI database. For example, Enterococcus faecium NC_017960.
55.1. In the Left panel | Go to NCBI | Nucleotide.

55.2. Enter NC 017960 | Click Search.

55.3. Once the genome has been found, click Download Full Sequence(s).

55.4. Download the NC 017960 reference genome (The icon changes to a green circular genome when
completed).

55.5. Drag and drop the NC 017960 reference genome into the working folder.
Mapping the isolate sequence to the reference genome

56.1. Hold CTRL and select both R1 and R2 raw read files (imported), and the reference genome (NC_017960)
(downloaded).

56.2. Click Align | Assemble|Map to Reference.

56.3. Check the settings
56.3.1. Reference Sequence = NC_017960
56.3.2. Mapper = Bowtie2—fast and accurate read mapper
56.3.3. Trim Before Mapping = Do not trim
56.3.4. Results: Select all options
56.3.5. Results | Save consensus sequences | Options
56.3.6. Threshold = Highest Quality
56.3.7. Threshold for sequences without quality = 95%
56.3.8. No coverage call = ‘-’

o
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56.4. When mapping to reference is complete, a new folder will be created containing four files:

56.4.1. Assembly Report
56.4.2. Consensus
56.4.3. Contig

56.4.4. Unused Reads

NOTE: Setting may vary depending on objective of analyses and quality of fastq reads.

NOTE: We also used open source databases, for example, TGS-TB [18], PhyResSe [19] and the Center for Ge-
nomic Epidemiology’s [20] ResFinder and VirulenceFinder [21], to further analyse the whole genome sequence
data of our selection of bacterial pathogens. These freely-available databases enable the acquisition of information
on bacterial pathogens that included genotype and phylogeny, antibiotic-resistance mutations, and the presence of

known virulence genes.

ANTICIPATED RESULTS

A consensus sequence was generated for each of the isolates analysed
in Geneious. The Geneious report provided information on the percentage
coverage of test sequence to the reference genome and the mean read
depth (Table 1). Each contiguous sequence is viewable in Geneious
and can be analysed for coverage with respect to the reference genome.
Quality control checks of raw sequence data were also performed using
FastQC [22]. This freely-available software provided information re-
garding per base sequence content and quality, per base and sequence
GC content, and highlighted the parameters of the sequence quality.

Initial typing analysis

We used open source databases to analyze the sequence data. For
example, Geneious mapped contiguous sequences were imported into
PubMLST (https:/pubmlst.org/) for sequence typing of Haemophilus

influenzae and vancomycin-resistant Enterococcus faecium. This can
also be achieved using raw fastq reads in the MLST profiling tool from
the Center for Genomic Epidemiology (CGE) database (http://www.
genomicepidemiology.org/). The Resfinder tool (https://cge.cbs.dtu.
dk/services/ResFinder/) was used to identify acquired antimicrobial
resistance genes from raw fastq files. For example, PubMLST typing
classified NTHi 1 as sequence type 46 and Resfinder did not detect the
presence of any antimicrobial resistance determining mutations.
Moycobacterium tuberculosis complex raw fastq.gz files were uploaded
to the TGS-TB database (https://gph.niid.go.jp/tgs-tb/) to predict drug
susceptibility, in silico spoligotype, lineage type, and phylogenetic
classification. This database also enabled detection of IS6110 insertion
sites, and 43 loci for variable number tandem repeat (VNTR) typing.
The drug resistance profile of the MTBC isolates were further confirmed
using PhyResSE database (http://phyresse.org/). For example, TGS-TB
identified MTBC1 as a drug susceptible Mycobacterium bovis isolate.

Table 1. Percentage sequence coverage and mean read depth for each of the sequenced genomes with respect to reference strains.

Sample Reference sequence coverage (%) Mean read depth
VRE1 90.98 197.4

VRE2 89.4 178.4

VRE3 90.96 168

NtHi1 93.8 263.5

NtHi2 86.5 61.3

NtHi3 89.1 124.9

MTBC1 96.4 104.4

MTBC2 96.8 100.4

MTBC3 96.8 68.4

Coverage refers to the percentage of reference genome bases covered by mapped sequence reads. Mean read depth indicates the mean number of times
each base is mapped by a sequence read. Reference genomes used were E. faecium ST18 DO (TX16) (accession number NC_017960), Haemophilus
influenzae 86-028NP (nontypeable) (accession number NC_007146), and Mycobacterium tuberculosis H37Rv (accession number NC000962). VRE, van-
comycin resistant Enterococcus faecium; NtHi, non-typeable Haemophilus influenza; MTBC, Mycobacterium tuberculosis complex.

TROUBLESHOOTING

Possible problems and their troubleshooting solutions are listed in

J Biol Methods | 2019 | Vol. 6(1) | e110

Table 2. There are a number of limitations associated with the protocol
that should be noted. These include: effective results with the protocol
are reliant on the efficacy of the extraction procedure in producing a
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sufficient quantity of genomic DNA; analysis of sequences generated
on an [llumina platform can be affected by the presence of highly repet-
itive regions; and depending on the output information sought, genome

Table 2. Troubleshooting table.

assembly can be influenced by the reference genome selected for the
mapping of reads. Nevertheless, the protocol was effective in generating
high quality sequencing data for the range of bacterial species tested.

Step# Problems Causes Suggestions
23 Low concentration of AMPure Bead clean-up affects the quality and quantity of = Make sure AMPure XP beads are held at room
XP bead captured purified amplified libraries that will be included in down- temperature for 20 min before starting the clean-up
products stream sequencing process process. Furthermore, ensure that 80% ethanol is
freshly prepared
35 Variation in the concentration of The concentration of input DNA used for library Measure the concentration of input DNA using Qubit
amplified library preparation affects the final yield of genomic data fluorometer rather than a nanodrop and make the ap-
propriate dilution for a DNA concentration of 0.2 ng/ul
56 Poor sequencing results The choice of forward and reverse index primer Avoid primer combinations S502 with N705 /706, and
set affects the sequencing of libraries prepared S503 with N701/702
56 Poor sequencing results Effective denaturation of pooled library not Ensure that the NaOH is freshly prepared at the
achieved after bead clean-up correct concentration
56 Poor sequencing results Repeated thawing and freezing of the pooled Before preparing the pooled library for loading onto
library reduces the quality of sequence reads MiSeq, ensure that the machine has already been
generated appropriately cleaned after the previous run and has
sufficient storage space (at least 25 GB)
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Cow Dung Biomass Smoke Exposure Increases Adherence of Respiratory Pathogen Nontypeable...

in WSE that competitively inhibit the binding of NTHi to
PAFR. Second, the utilization of other potential epithelial
receptors besides PAFR in CDSE-induced NTHi adhesion
(Avadhanula et al. 2006; Fink et al. 2002; Klaile et al. 2013;
Novotny and Bakaletz 2016). PAFR has been reported to
be the major receptor for NTHi binding via lipooligosac-
charide glycoform-containing phosphorylcholine (Shukla
et al. 20164, b; Shukla et al. 2015; Swords et al. 2000). The
temporal upregulation of PAFR expression in airway cells
upon exposure to biomass smoke, air pollutants as well as
cigarette smoke (KC et al. 2018a, b; Miyashita et al. 2017,
Shukla et al. 2016a, b) appears to increase the susceptibil-
ity to NTHi infection (Shukla et al. 2015). Besides PAFR,
NTHi has been reported to utilize the host extracellular
matrix (ECM) proteins; fibronectin, laminin and collagen IV
for colonization in the respiratory tract via the Hap adhesin
(Fink et al. 2002). In addition, the NTHi Type IV pilus and
the outer membrane protein P1 interacts with the intercel-
lular adhesion molecule-1 (ICAM-1) and the carcinoembry-
onic antigen-related cell adhesion molecules (CEACAMs),
respectively, to adhere to respiratory tract epithelial cells
(Avadhanula et al. 2006; Klaile et al. 2013; Novotny and
Bakaletz 2016). Thus, further work is needed to investigate
the effect of CDSE and WSE on the expression of ECM
proteins, I[CAM-1 or CEACAMs, and how they relate to
adherence of NTHi to the airway epithelium. While a num-
ber of studies have reported differential effects of wood and
cigarette smoke exposure in terms of COPD phenotypes
(Camp et al. 2014; Fernandes et al. 2017; Rivera et al. 2008),
investigations are also needed to compare the effects of cow
dung and cigarette smoke on the manifestation of COPD.

In terms of treatment of respiratory bacterial infections,
the major challenges to anti-microbial therapy are the acqui-
sition and spread of antibiotic resistance and the limited
number of new antibiotics being developed and clinically
approved for human use (Ventola 2015). Therefore, an alter-
native approach is needed to prevent and treat bacterial air-
way infections through interfering with bacterial/host tis-
sue interfaces. A number of PAFR antagonists, including
WEB-2086, Ginkgolide-B, CV-3988, PCA-4248, and CAS-
99103-16-9 have been reported to block the attachment of
bacterial pathogens to respiratory epithelium (Barbier et al.
2008; Grigg et al. 2012; Hergott et al. 2015; Negro Alvarez
et al. 1997; Shukla et al. 2016a, b). Here, WEB-2086 and
its structural analogue, C17, were found to reduce the adhe-
sion of NTHi to CSE- and CDSE-exposed human bronchial
epithelial cells in a dose-dependent manner. In addition, they
both inhibited biomass and cigarette smoke-induced expres-
sion of pro-inflammatory cytokines IL-6 and IL-8, which are
known features of COPD.

A limitation of this study is the use of a commercial
airway epithelial cell line. Further work is now needed to
evaluate the effects of biomass smoke exposure on PAFR

expression and adherence of bacterial pathogens in vivo.
Nevertheless, the results of the work reveal that biomass
smoke exposure increases the adherence of a bacterial patho-
gen to bronchial epithelial cells. Furthermore, through the
use of antagonists, we identified PAFR as a potential thera-
peutic target for alleviating the impact of biomass smoke
exposure and reducing the risk of NTHi exacerbations.
Translation of these findings would contribute to the devel-
opment of new management strategies for biomass smoke-
related obstructive airway disease.

Recommendation

This study has highlighted the need for global immediate
action towards reducing the exposure to and impact of smoke
generated from the combustion of biomass fuel. National
policies, and community awareness and education on pre-
ventive interventions, including the use of efficient cooking
stoves and cleaner fuels such as biogas, liquefied petroleum
gas and electricity are necessary to substantially reduce the
number of deaths and illnesses from the hazardous effects of
biomass smoke exposure. Furthermore, therapeutic interven-
tions, including the use of anti-oxidants, anti-inflammatory
and anti-microbial drugs may be promising in limiting the
effects of biomass exposure-related respiratory diseases,
including COPD. This will thus, significantly contribute to
achieving the primary goal target of the Sustainable Devel-
opment Goal 3: Ensure healthy lives and promote well-being
for all at all ages.
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ABSTRACT Nontypeable Haemophilus influenzae (NTHi) is an important cause of hu-
man illness, including pneumonia and acute exacerbations of chronic obstructive
pulmonary disease (COPD). We report here the draft genome of an isolate of NTHi
collected from the sputum of a patient presenting with COPD in Tasmania, Australia.

hronic obstructive pulmonary disease (COPD) is a serious, progressive condition

characterized by a persistent reduction in lung airflow (1). It has emerged as the
third leading cause of mortality, claiming more than 3 million lives worldwide in 2016
(2). In Australia, it is estimated that COPD affects 1.45 million people (3). COPD is an
important disease in the state of Tasmania, where higher rates of smoking are observed
with respect to the national rate (4). Nontypeable Haemophilus influenzae (NTHi) is a key
pathogen that colonizes damaged airways in COPD patients and causes acute exacer-
bations that contribute to morbidity and mortality (5-7). Here, we present the draft
assembled genome sequence of an NTHi strain isolated from a case of COPD in
Tasmania.

NTHi strain RHH-38 was isolated in 2018 at the Royal Hobart Hospital in Tasmania
from the sputum of a COPD patient presenting with an acute exacerbation. The
sputum specimen was homogenized and cultured on chocolate blood agar plates
at 35°Cin a CO, atmosphere followed by storage at 2 to 8°C. Bacterial identification
was performed using a Bruker matrix-assisted laser desorption ionization-time of
flight (MALDI-TOF) mass spectrometer. A single colony of Haemophilus influenzae
was suspended in 200 ul phosphate-buffered saline (PBS), and then genomic DNA
was extracted using the DNeasy blood and tissue kit (catalog number 69504;
Qiagen, USA). The genomic DNA preparation was further purified using the High
Pure PCR template preparation kit (catalog number 11796828001; Roche, Germany).
DNA library preparation was carried out using a Nextera XT DNA library preparation
kit (catalog number FC-131-1024; lllumina, USA) as described previously (8, 9).
Sequencing was performed using an Illumina MiSeq platform with 150-bp paired-
end sequencing. In total, 1,161,034 paired-end reads were generated, representing
an average read depth of 88.83-fold. Reads were trimmed of adapters using
Trimmomatic (10), and de novo assembly of reads was performed with SPAdes
v3.12.0 (11). All parameters were set to default except for the size of k-mers, which
were manually set to 21, 33, 43, 53, 63, and 75. This resulted in the generation of
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a 1,914,787-bp draft genome consisting of 68 contigs (=200 bp) that covered 86.7%
of the reference H. influenzae 86-028NP genome (12). The N, value was 66,703 bp,
and the overall GC content was 38.1%. The genome assembly quality, including
completeness with respect to the reference genome, was determined using the
QUAST quality assessment tool (13).
In silico MLST analysis, performed by submission of the draft genome to the H. influenzae
multilocus sequence typing (MLST) website (https://pubmlst.org/hinfluenzae/) (14),
assigned RHH-38 to sequence type 422 (ST422) based on seven housekeeping genes.
The draft genome was annotated using RASTtk (15-17), which identified a total of 2,019
genes consisting of 1,960 coding sequences and 59 RNA genes. Default parameters
were used for all software unless otherwise specified.
In conclusion, this study presents the published genome sequence assembly of an
NTHi isolate from a case of COPD in Tasmania. The application of genome sequencing
has the potential to provide insights into recurrent exacerbations of COPD due to NTHi

and the ability to distinguish between relapse and reinfection.
This work was conducted in accordance with ethics approval number H0016214

from the Tasmanian Health and Medical Human Research Ethics Committee.

Data availability. This whole-genome shotgun project has been deposited at
DDBJ/EMBL/GenBank under the accession number JAAECNO00000000. The version
described in this paper is version JAAECN0O10000000. The associated BioProject and
BioSample accession numbers are PRINA603840 and SAMN13942196, respectively.
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Abstract

Nontypeable Haemophilus influenzae (NTHi) colonizes human upper respiratory airways and plays a key role in the course and
pathogenesis of acute exacerbations of chronic obstructive pulmonary disease (COPD). Currently, it is not possible to distin-
guish COPD isolates of NTHi from other clinical isolates of NTHi using conventional genotyping methods. Here, we analysed
the core and accessory genome of 568 NTHi isolates, including 40 newly sequenced isolates, to look for genetic distinctions
between NTHi isolates from COPD with respect to other illnesses, including otitis media, meningitis and pneumonia. Phylog-
enies based on polymorphic sites in the core-genome did not show discrimination between NTHi strains collected from dif-
ferent clinical phenotypes. However, pan-genome-wide association studies identified 79 unique NTHi accessory genes that
were significantly associated with COPD. Furthermore, many of the COPD-related NTHi genes have known or predicted roles in
virulence, transmembrane transport of metal ions and nutrients, cellular respiration and maintenance of redox homeostasis.
This indicates that specific genes may be required by NTHi for its survival or virulence in the COPD lung. These results advance
our understanding of the pathogenesis of NTHi infection in COPD lungs.

Dataset 1. This dataset contains information on the clinical
source and geographical origin of the 568 isolates of nontype-
able Haemophilus influenza (NTHi) included in this study.
The dataset also contains the clade number and multilocus
sequence typing allelic profile of each isolate. The 40 NTHi
isolates newly sequenced for this study are boxed for easy
identification.

DATA SUMMARY

Sequence read files for all 40 isolates sequenced in this work
have been deposited in National Center for Biotechnology
Information (NCBI) Sequence Read Archive (SRA) and
are accessible through NCBI BioSample and SRA accession
numbers SAMN13942196 and SRS6166046, respectively.

Two supplementary figures, five datasets and a fasta file

of non-redundant pan-gene sequences are available on
Figshare (https://doi.org/10.6084/m9.figshare.12545957.
vl).

Dataset 2. This dataset contains data on pan genes as identi-
fied by Roary from the analysis of 568 NTHi genomes. The
dataset provides information regarding gene annotation and
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the pan gene presence and absence profile of the 568 NTHi
isolates.

Dataset 3. This dataset lists the names of genes that were
enriched in isolates of a particular clade. The genes enriched
in each clade are provided in separate worksheets.

Dataset 4. This dataset lists the genes associated with chronic
obstructive pulmonary disease (COPD) strains of NTHi.
This first worksheet lists the 680 genes that were found to be
over- and under-represented in COPD strains. The second
worksheet lists the 226 genes that were over-represented
(odds ratio =2) in COPD strains. The third worksheet lists
the 145 genes that were significantly associated with COPD
strains. The fourth worksheet lists the 122 COPD-associated
genes that were found to be significant after 1000 random
permutations of the phenotypic data. The fifth worksheet lists
the 79 genes that were unique (variants of the same genes were
excluded) and were significantly associated with the COPD
strains of NTHi.

Dataset 5. This dataset contains information on the func-
tional annotation and classification of 79 COPD-associated
genes. The third and fourth columns of the dataset list the
corresponding protein IDs of the genes after querying their
translated sequence against the UniProt database. The sixth
and seventh columns contain information on the functional
classification of genes based on Gene Ontology (GO) molec-
ular function and biological process, respectively. The eighth
and ninth columns contain information on the functional
annotation of genes based on Clusters of Orthologous Groups
of proteins (COG) analysis.

INTRODUCTION

While nontypeable Haemophilus influenzae (NTHI) is
a common commensal of the human nasopharynx, this
bacterium is also associated with a spectrum of diseases
including otitis media and sinusitis, as well as hospital- and
community-acquired pneumonia [1]. In addition, NTHi is
the most common bacterial cause of chronic obstructive
pulmonary disease (COPD) exacerbations [2-4]. NTHi has
developed mechanisms to thrive in the hostile environment
of different anatomical regions, such as the middle ear, upper
and lower respiratory tracts, blood and the meninges [5].
Evolutionary and ecological forces drive bacteria to adapt and
grow in different niches [6-9] by utilizing the basic nutrients
available and resisting toxic products present in its environ-
ment [10]. This evolutionary adaptation typically involves
two fundamental processes. The first is through mutations in
genes, such as SNPs or nucleotide insertions/deletions, which
can potentially alter the antigenicity of surface proteins or
change the activity of enzymes and transport proteins [11]. A
related mechanism is phase variation in which loci susceptible
to hypermutation can undergo slipped-strand mispairing, due
to changes in simple sequence repeats, which can rapidly
modulate the expression level of genes [7, 12]. The second
process is the acquisition of entirely new genetic sequences
via horizontal gene transfer, which can undergo homologous

Impact Statement

Chronic obstructive pulmonary disease (COPD) is
emerging as the third leading cause of human mortalities
worldwide. Nontypeable Haemophilus influenzae (NTHi) is
a major pathogen causing acute exacerbations resulting
in diminished quality of life, hospitalization and increased
risk of death in COPD patients. We analysed the core and
accessory genome of 568 NTHi isolates, including 40
newly sequenced isolates, to genotypically distinguish
between NTHi from COPD and other clinical phenotypes.
This genome-wide analysis identified accessory gene
contentdifferences between COPD and non-COPD strains.
It highlighted a set of virulence and metabolic functions
that may be differentially required by COPD strains. This
knowledge is important for developing improvements in
the management of NTHi infections that can cause acute
exacerbations in COPD patients.

or non-homologous recombination into the recipient genome
[13]. During homologous recombination, a chromosomal
fragment of a genome is replaced with a homologous
sequence from another genome, whereas non-homologous
recombination results in gain and loss of genetic material
[14]. These processes can contribute to phenotypic changes
including increased virulence and antibiotic resistance, and
adaptations to the host microenvironments such as immune
evasion and greater metabolic capacity [7, 8, 15-19].

Conventional typing methods such as multilocus sequence
typing (MLST) cannot distinguish between commensal and
pathogenic strains of NTHi [20-22]. Furthermore, a previous
study by De Chiara and colleagues reported that phylogeny
provides insufficient resolution to discriminate between
strains isolated from different clinical sources based on an
analysis of 97 NTHi isolates [21]. Here, we hypothesized that
NTHi associated with COPD may exhibit genetically encoded
functional variances when compared to the isolates from non-
COPD clinical illnesses. Therefore, we performed an analysis
on a larger set of 568 NTHi genomes, which included 40
Australian isolates that were newly sequenced in this study.
Our analyses involved the application of pan-genome-wide
association studies (pan-GWASs) of genes to determine
whether NTHi from COPD could be discriminated from
isolates from other types of clinical disease.

METHODS

Bacterial strains collection, DNA extraction and
genome sequencing

Forty NTHIi isolates were retrieved from sputum samples of
patients admitted to the Royal Hobart Hospital in Tasmania,
Australia, from 2017 to 2018. Of these, 13 isolates were
collected from COPD patients, with the remaining 27
collected from patients with other non-COPD disease pres-
entations as shown in Dataset 1. DNA extraction and genome
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sequencing were performed using the protocol that has been
described in detail in our previous methods paper [23].
Briefly, for DNA preparation, pure cultures of NTHi isolates
grown on chocolate agar were suspended in PBS. Genomic
DNA was extracted using a DNeasy blood and tissue kit
(Qiagen) and was treated with RNase for the removal of RNA.
The genomic DNA was further purified using a High Pure
PCR template preparation kit (Roche), as described previ-
ously [23]. The genomic DNA library of these isolates was
then prepared using the Nextera XT library preparation kit
(Illumina) and loaded into an Illumina MiSeq v2 (2x150bp
paired-end reads) cartridge for sequencing using an Illumina
MiSeq platform at La Trobe University, Australia.

In addition to the 40 Australian NTHi isolates that
were sequenced, 528 publicly available NTHi genomes
[7, 21, 24-29] were also downloaded from the National
Center for Biotechnology Information (NCBI) (https://ftp.
ncbi.nlm.nih.gov/genomes/refseq/bacteria/Haemophilus_
influenzae/all_assembly_versions/) on September 10 2019
for analysis. The collection was composed of a heterogeneous
group of isolates, in terms of geographical coverage. Based on
the clinical source, the isolates were classified into two groups,
COPD (n=373 isolates) and non-COPD (n=195 isolates).

De novo genome assembly, annotation and pan-
genome analysis

Raw rasTQ files generated from the Illumina sequencer
were uploaded to the Galaxy web platform [30], and the St
Petersburg genome assembler (SPAdes) tool [31] was used
for the de novo assembly of the sequence reads [30]. The
default settings for all parameters were used, except for the
size of k-mers, which were manually chosen as 21, 33, 43, 53,
63 and 75. The quality of genome assembly was evaluated
using the Quality Assessment Tool (QuasT) [32]. Coverage of
the reference genome was determined by aligning all of the
sequenced genomes to the reference complete genome of the
strain 86-028 NP [24]. The 40 isolates sequenced in this study
had on average 120 contigs (>500bp), with a mean genome
size of 1906568 bp, reference genome coverage of 87.3% and
a mean read depth of 118.8-fold.

The assembled rasTa/FNa files of the 40 Royal Hobart
Hospital isolates and the 528 publicly available datasets were
uploaded to the NeCTAR research cloud (http://cloud.nectar.
org.au/) for subsequent analyses. We annotated relevant
genomic features on the assembled/downloaded contigs using
command line software tool Prokka version 1.12 with default
parameters [33]. An E value threshold of 107 was used to
determine the best match to known proteins in the databases,
which included UniProt, Pfam and TIGRFAMs. If no matches
were found, an ORF was labelled as a ‘hypothetical protein’

The annotated genome assembly outputs from Prokka (in
GFF3 format) were aligned to build large-scale pan-genomes
using a rapid large-scale prokaryote pan-genome analysis
pipeline, Roary version 3.12 [34]. An additional argument
‘-e -mafft’ was added to generate a multiFASTA alignment
of core genes using MAFFT [35]. All other Roary parameters

were used as default; minimum BLASTP identity of 90%;
Markov clustering algorithm inflation value of 1.5. The genes
identified within the genome alignment were classified with
respect to their presence among the isolates: core (295%),
shell (215 and<95%) and unique or cloud genes (<15%). The
output files from Roary, gene_presence_absence.csv (Dataset
2) and accessory_binary_genes.fa.newick, were visualized
using a Python script roary_plots.py, developed by Marco
Galardini [36].

In silico MLST

The draft and complete genomes of 568 NTHIi isolates were
genotyped based on the allelic profile of seven housekeeping
genes (adk, atpG, frdB, fucK, mdh, pgi and recA) hosted at
https://pubmlst.org/hinfluenzae/ [37]. Each isolate was
assigned with a sequence type (ST) using in silico MLST typing
[38]. A minimum spanning tree (MST) was then generated
based on the MLST profiles using the goeBurst algorithm [39]
and the tree was visualized using Phyloviz [40].

Core-genome SNP (cgSNP) extraction and
identification of genetic clusters

The core-genome alignment file was converted into a genlight
object using the function fasta2genlight in the R package
adegenet (version 2.1.1, RStudio version 1.0.143) [41]. The
cgSNPs were extracted and analysed to determine clusters
of genetically related isolates using the multivariate analysis
method called discriminant analysis of principal components
(DAPC) [42]. The cgSNPs raw data were initially transformed
using principal component (PC) analysis, followed by the
identification of genetic clusters using the k-means clustering
algorithm. k-means determines a given number of groups
(clusters) such that sequences belonging to the same cluster
are more similar to each other than to sequences in other
clusters. This was achieved using the function find.clusters
with 150 PCs retained, accounting for >90% of the sample
variability. The optimal number of clusters was then inferred
using the Bayesian information criterion as eight genetic
clusters, which were then efficiently described using the dapc
function with 60 PCs retained. An optimal number of PCs
was chosen to avoid both extremes of a good model: under-
fitting and overfitting of the model. The trade-oft between
power of discrimination and overfitting can be measured by
the a-score, which is the difference between reassignment
probabilities for the true cluster and randomly permuted
clusters [42]. We calculated the a-score for a range of retained
PCs by implementing a.score and selected 60 as an optimal
number of retained PCs at which the a-score was maximum at
0.7. The first three eigenvalues (discriminant functions) were
then selected for visualization and interpretation.

In addition, we performed DAPC on the presence and absence
profile of accessory genes to assess whether the composition
of the accessory genome supports the partitioning of the
collection into the identified clades. The same predefined
clusters (clade I-VIII) identified by the core-genome-based
k-means clustering were used to group the isolates. The
accessory genome DAPC was carried out using the same
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methodology used for the core-gene DAPC except that the
gene presence and absence matrix file was used instead of
the core-genome alignment file. We retained the first 60 PCs
and 3 eigenvalues to examine the genetic clusters. The mean
a-score for 60 retained PCs was found to be 0.68.

Phylogenetic analysis

cgSNPs were further utilized for performing phylogenetic
analyses using MEGAX software [43]. Evolutionary genetic
distances between the strains were computed using the
maximum composite likelihood method [44]. The evolu-
tionary relationship was inferred using the neighbour-joining
method [45]. Reliability of tree topology was tested using a
bootstrap interior-branch test [46]. All the branches were
supported by bootstrap values >90%.

Identification of COPD-associated genes

The distribution of COPD strains in the subpopulation
(clades) of isolates was assessed. We also evaluated the
genetic distinction between COPD and non-COPD strains
using DAPC on cgSNPs and the presence/absence profile
of accessory genes. A pan-GWAS approach was applied to
determine whether any genes in the accessory genome were
linked to a particular patho-phenotype including COPD
using Scoary [47]. Scoary was implemented in Python using
gene_presence_absence.csv (output from Roary) and trait.csv
for the genotype and phenotype input files, respectively. Each
candidate gene in the pan-genome was scored according to
its apparent correlation to the clinical phenotype using a 2x2
contingency table of the presence/absence profile of each
gene for the clinical phenotype. A Fisher’s exact test was
performed on each gene in a population-agonistic manner.
The Benjamini-Hochberg false discovery rate (FDR) adjust-
ment was applied to correct for multiple comparisons [48].
The cut-off for a significant association was a P value lower
than 0.05. Furthermore, for casual inference, a pairwise
comparison algorithm was implemented that controls for
spurious associations dependent on the population structure
[49]. The phylogenetic tree calculated internally by Scoary
from the Hamming distances in the genotype matrix was
used for the pairwise comparisons [47]. The causal associa-
tion was scored as significant when the P values for both the
best and the worst pairings were lower than 0.05. Finally, an
additional label-switching permutation was implemented by
running pan-GWASs on randomly permutated phenotypic
values between individuals for 1000 times and retaining
the 5% quantile, referred to as an empirical P value [50]. A
minimum allele frequency threshold of 5% was used so that
genes present either in more than 28 isolates or in less than
540 isolates were included in the pan-GWAS analysis to avoid
assigning too high importance to very rare genes/variants.

Functional annotation and classification of
candidate COPD genes
The nucleotide sequences of candidate genes were trans-

lated to their corresponding peptide sequences using
EMBOSS Transeq (https://www.ebi.ac.uk/Tools/st/emboss_

transeq/). The peptide sequences were then queried against
the UniProt database using the basic local alignment search
tool with an E threshold of 0.001 (https://www.uniprot.org/
blast/). In order to better understand the underlying biolog-
ical processes, we performed functional classification of the
COPD-associated genes using the Gene List Analysis Tool
that is accessed through the web-based PANTHER version
14 classification system (http://pantherdb.org/) [51]. The
complete Gene Ontology (GO) annotation system, which
consists of three datasets, was used for mapping the func-
tions of the genes of interest [52]. We classified our genes
based on the GO molecular function and biological process.

RESULTS

Global collection of 568 NTHi strains, including 40
newly sequenced Australian isolates

For the initial assessment of the genetic diversity of the
collection of NTHi isolates, we determined their ST using
in silico MLST allelic profile. Based on the MLST profile, the
568 NTHi isolates were assigned to 174 unique STs [37]. Of
which, 70 STs were associated with COPD, 34 STs contained
both COPD and non-COPD strains, and the remaining 70
STs included non-COPD strains only (Fig. 1b). Sixty-one
STs contained more than two NTHi isolates, of which
twenty-seven STs were found to be associated with COPD
(Fig. 1b). Some of the COPD-associated STs that contained
five or more NTHi isolates were ST12 (n=11), ST98 (n=6),
ST196 (n=7), ST349 (n=5), ST485 (n=>5), ST1025 (n=13)
and ST1812 (n=5).

A MST overview of all the isolates was generated by Phyloviz
[40] (Fig. 1) using the goeBurst full MST algorithm based
on MLST profile [39]. The MST overview was overlaid with
the isolation data based on the geographical (Fig. 1a) and
clinical (Fig. 1b) sources of the isolates. The distribution of the
NTHi collection was uniform over the entire MST, in terms
of geographical and clinical isolation (Fig. 1). There was no
clustering specific to a geographical area. The USA, Spanish,
Portuguese and Australian isolates were present in all groups
and scattered throughout the entire tree. In addition, COPD
isolates were also dispersed throughout the MST tree. By
applying the traditional definition of clonal complex (CC)
(genotypes which have allelic profiles that differ from the ST
genotype at no more than one of the seven MLST loci, i.e.
have at least six out of seven identical MLST genes) [53], we
found 119 different CCs, of which 74 included a single ST.
The largest CC consisted of only five STs and contained both
COPD and non-COPD strains. Nine CCs included three or
more STs; none of which were found to be specific to the
COPD phenotype. This indicates a weak or no association
between MLST genotype and COPD.

Pan-genome analysis of 568 NTHi isolates

A pan-genome of 12249 genes was generated from the
568 draft NTHi genomes, including the 40 isolates newly
sequenced in this study (Fig. 2). The nucleotide sequences
of non-redundant pan genes, as identified by Roary from
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Fig. 1. MST overview of 568 NTHi isolates based on MLST, i.e. allelic profiles of seven housekeeping genes present in the PubMLST
database. This was generated using the goeBurst full MST algorithm and was visualized with Phyloviz 2. Each node is a ST, and it is
coloured according to the (a) geographical and (b) clinical sources of the isolates. The size of each node is proportional to the number
of isolates. The larger STs containing more than 10 NTHi isolates are labelled in-text. There was no absolute separation of the strains
according to geography. (a) Based on the MLST profiling, strains from the same STs were common to a wide range of geographical
locations. (b) COPD-associated isolates were scattered over the MST indicating a weak or no association between MLST genotype and
COPD. Of 174 unique STs in our collection, COPD isolates were found in 70 STs.

theanalysis of 568 NTHi genomes, is included in the
Pangene_sequence file. The core-genome was represented by
853 genes that were present in at least 539 isolates. The core
genes accounted for approximately 47% of the total number

Genes
core
shell
. cloud or unique

Fig. 2. Distribution of genes present in the pan-genome of the NTHi
collection (n=568), which was constructed using Roary version 3.12.
Of 12249 pan genes, the NTHi core-genome comprised 853 genes
(present in at least 539 NTHi isolates). The remaining 11396 genes of
the accessory genome were further classified into the shell (1=1518
genes, present in less than 539 and at least 85 NTHi isolates) and
cloud or unique (n=9878 genes, present in less than 85 NTHi isolates).
On average, 47% of each NTHi strain's gene set belonged to the core
pan-genome. The remaining 53% of the strain's gene set belonged
to the larger accessory pan-genome. This accessory pan-genome
encompassing a large repertoire of genes confers diversity and high
levels of plasticity to the NTHi genome.

of genes (1821) present in the reference NTHi genome
(86-028 NP) [24]. Whereas the core genome accounted for
only 7% of the genes present in the pan-genome with the
remaining 93% made up of the accessory pan-genome, which
comprised the shell and cloud genes of the pan-genome
(Fig. 2). The large accessory pan-genome confers diversity
and high levels of genomic plasticity to NTHi. The majority of
accessory pan genes (81% of pan genes) were rare and strain-
specific, found in less than 15% of the NTHi collection. The
distribution of genes in the population had a characteristic
U-shape, as reported in previous studies in H. influenzae and
other bacterial species [21, 54, 55].

Collection of 568 NTHi isolates exhibits a
population structure defined by eight clades

The core-genome alignment generated by concatenation of
individual core-gene alignments was used to infer the popula-
tion structure. We extracted 97262 biallelic SNPs from the
core-genome alignment of 696234bp. To this dataset, we
applied the DAPC to infer the number of clusters of genetically
related isolates. Bayesian information criterion supported the
partitioning of this collection of isolates into eight clusters or
clades that were clearly separated from each other, except for
a small overlap between clusters I and II (Fig. 3a).

We also tested whether the presence/absence profile of acces-
sory genes supported the partitioning of the collection into
the predefined eight clades. For this, we performed a DAPC on
the dispensable genes using predefined grouping as identified
by the cgSNPs DAPC. Isolates of clades III, IV, VII and VIII
were clearly separated from each other, while isolates in clades
I and II were found to be more closely related, which was
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Fig. 3. (a) 3D scatterplot of the cgSNP-based DAPC of NTHi isolates
(n=568). DAPC resolved the NTHi isolates into eight clusters (clades).
Clades | and Il were closely related to each other, whereas all other
clusters were distinctly separated. (b) The accessory-genes-based
DAPC correlated with the cgSNP-based DAPC with a distinct separation
of clades Ill, IV, VIl and VIII, and a close relationship between clades | and
IIl. The only discrepancy was with the isolates of clades V and VI, which
were clearly separated on cgSNPs DAPC, whereas they overlapped
on the accessory-gene-content DAPC. Each dot is an isolate, coloured
according to the classification into one of the eight clusters/clades as
assigned by the cgSNP-based DAPC.

consistent with the cgSNPs DAPC (Fig. 3a, b). This suggests
that the isolates in clades I and II are evolutionarily related
and have a common ancestor. The composition of accessory-
genome DAPC further showed a close association between
clades V and VI, which was not observed with the cgSNPs
DAPC (Fig. 3a, b). This indicates that a set of accessory genes
that are shared between isolates of clades V and VI could have
been either inherited from a common ancestor or acquired
through horizontal gene transfer.

Phylogeny separates isolates into groups that
correlate with clades

We then compared the clade partitioning to standard phylo-
genetic analyses. We built a neighbour-joining phylogenetic
tree using the cgSNPs (Fig. 4). Molecular phylogenetic

analysis correlated perfectly with the clade partitioning as
defined by the population genetics, supporting the clonal
nature of the NTHi population characterized by eight distinct
lineages. Isolates of clades I and II were evolutionarily related,
as suggested by the cgSNPs and the accessory gene DAPC.
Consistent with the accessory gene DAPC, phylogenetic
analysis showed a close relationship between clades V and V1.

The clade partitioning, as defined by population genetics
and evolutionary relationship based on cgSNPs, partially
correlated with the general clustering from the MLST profile
(Fig. 1) as shown in Fig. S1 (available with the online version
of this article). Clades I, II and III, and clades V and VT clus-
tered together in the MST (Fig. S1), which correlated with
the phylogenetic tree topology (Fig. 4). However, isolates of
clades IV, VII and VIII did not form a distinct cluster, and
were uniformly dispersed over the MST (Fig. S1). Further-
more, core-genome SNPs-based phylogeny did not result in
separation of the strains according to geographical location
of sample isolation (Fig. S2).

Enrichment of genes in specific clades

Scoary, a pan-GWAS tool, was implemented to identify the
genes that were enriched in a specific clade [47]. The FDR
adjusted P value threshold of 0.001 was used, which identi-
fied 456, 167, 234, 532, 533, 599, 551 and 417 genes to be
significantly overrepresented in clade I, IL, III, IV, V, VI, VII
and VIII, respectively (Dataset 3). Phylogenetically related
clades shared a large proportion of clade-enriched genes. For
example, clades I and II shared 29% (141 out of 489 genes),
and clades V and VI shared 32.6% (278 out of 854 genes)
of the genes enriched in the respective clades. Whereas, the
evolutionarily distinct clades, such as clade VII and VIII,
shared only 6.6% (60 out of 908 genes) of the genes over-
represented in them.

Composition of the accessory genome but not the
distribution of cgSNPs separates COPD from non-
COPD strains

We then tested whether the 373 COPD strains could be asso-
ciated with a particular clade(s). We overlaid the neighbour-
joining phylogenetic tree with information on the clinical
source of isolates as shown in Fig. 5. We found that COPD
strains were distributed among all eight clades, with no
absolute separation of the strains according to clinical source
(Fig. 5). Expanding on our analysis, we next investigated
whether the information on core-genome-wide polymor-
phic sites could be used to classify the collection into groups
based on their clinical phenotypes. Discrimination analysis
on cgSNPs showed significant overlap between COPD and
non-COPD isolates, which is consistent with the previous
results, suggesting poor resolution of cgSNPs for separating
isolates according to their clinical source (Fig. 6a).

We then applied DAPC to the composition of the accessory
genome, and found that, based on the first discriminant func-
tion, the presence/absence profile of dispensable genes could
separate the COPD strains from the rest (Fig. 6b). The mean
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Fig. 4. Neighbour-joining phylogenetic tree of 568 NTHi isolates, based on the cgSNPs. The evolutionary distances were computed using
the maximum composite likelihood method. There was a total of 664470 positions in the final dataset. Distinct sub-structuring of the
NTHi population was evident with the cgSNP-based phylogeny. The phylogenetic analysis perfectly correlated with the DAPC-based
classification that identified eight monophyletic clades. The close association between clades | and Il, and between clades V and VI, as
observed in accessory-genome-based DAPC, is consistent with the evolutionary relationship between them observed in the core-gene-
sequence-based phylogeny obtained using the neighbour-joining maximum composite likelihood method. The tip labels are coloured
according to the clades assigned by the cgSNP-based DAPC. Bar, number of base substitutions per site.

discriminant function separating the two populations was
significantly different (P<0.0001, unpaired t-test with Welch’s
correction). This result indicates that there is a difference in
the composition of the accessory genome in NTHi that could
potentially separate COPD strains from those associated with
other clinical illnesses.

Genome-wide association studies identified a set of
accessory genes that are significantly associated
with COPD strains

We determined the accessory genes in the bacterial dataset
that were associated with a COPD phenotype. Scoary was
used to screen the genes for association with COPD [47].
After the FDR correction, Scoary predicted 680 genes present
in the NTHi pan-genome to be significantly enriched in NTHi
collection from the COPD airways (Dataset 4). Out of the
680 genes, 226 genes were found to be significantly overrep-
resented in the COPD strains as compared to non-COPD
strains (odds ratio =2, P<0.05) (Dataset 4).

Additionally, Scoary identified 145 (out of 680) genes to be
significantly associated with the COPD phenotype (P<0.05)

after pairwise comparison (Dataset 4). The other remaining
535 genes identified as significant prior to population-aware
analysis were found to be lineage-specific effects upon
inspection of the population distribution by the pairwise
comparisons test. Furthermore, 1000 random permutations
of the phenotype data were implemented, and the associated
test statistic was calculated for each permutation. After the
permutations, only 122 genes were found to have a significant
association with the COPD phenotype (Dataset 4). Out of
122 significant hits, 86 hits were found to be different alleles
(variants) of the same gene, one positively and one negatively
associated with the COPD phenotype. The two alleles of these
43 genes were different enough to not be clustered as the same
by Roary. Finally, there were 79 unique genes likely to play a
role in COPD (Dataset 4).

Functional classification of candidate COPD-
associated genes

We next predicted the biological functions of the 79 unique
COPD candidate genes. A total of 70 out of 79 genes mapped
to UniProt proteins with a minimum identity threshold of
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Fig. 5. Distribution of 568 NTHi isolates over the cgSNP-based neighbour-joining phylogenetic tree, which is annotated with the clinical
source of isolation of the samples as COPD or non-COPD. Each evolutionary clade includes both COPD and non-COPD strains. Branch
tips representing COPD strains are highlighted in red, whilst those representing non-COPD strains are shown in black. The tip labels are
coloured according to the clades (I to VIIl) as assigned by the cgSNP-based DAPC. Bar, number of base substitutions per site.

90% (Dataset 5). Furthermore, the candidate genes were
functionally annotated by assigning their encoded proteins to
Clusters of Orthologous Groups of proteins (COGs) catego-
ries [56]. The COG analysis, however, did not result in an
increase in confident functional prediction for the candidate
genes as compared to the original annotations, i.e. 70 genes
were assigned to known orthologous groups when the identity
threshold was maintained at 90% (Dataset 5).

Additionally, the functionally annotated genes that were
associated with the COPD phenotype were classified based
on their molecular functions and the biological processes
they are involved in. Fifty-four and fifty-two of the seventy
functionally annotated COPD-linked genes were assigned to
GO molecular functions and biological processes, respectively
(Dataset 5). A large number of these genes were found to be
associated with transmembrane transporter activity (n=10),
regulating the transport of inorganic phosphates, cations (Na*
and K*), metal ions such as copper and iron, lactate, dicar-
boxylate, carbohydrate, amino acids and proteins in and out
of the bacterial cell (Table 1). Others were genes involved in
cell redox homeostasis and cellular carbohydrate and protein
metabolic processes, including the biosynthesis of aromatic
and branched-chain amino acids. Consistent with previous
studies [57, 58], a variant form of the IgA-peptidase-encoding
gene has been found to be strongly associated with the COPD

phenotype (odds ratio=4.4, P=0.0012). In addition, variants/
alleles of genes encoding glycosyltransferases, such as lexI
and isgE, and cytidylyltransferase-encoding licC that are
involved in lipooligosaccharide (LOS) biosynthesis were also
found to be associated with the COPD strains. With regard
to other virulence genes such as Haemophilus adhesion and
penetration protein (Hap), higher molecular weight proteins
1 and 2 (HMW1/2) and H. influenzae adhesin (Hia), they
were found to be uniformly distributed among COPD and
non-COPD strains.

H. influenzae is known to be naturally competent for trans-
formation [59, 60]. tfoX (also called sxy) is a regulatory gene
which is required for DNA uptake and transformation [61].
Its product, TfoX, interacts with cyclic-AMP receptor protein
(CRP) and promotes the expression of genes of the compe-
tence regulon in H. influenzae [62, 63]. H. influenzae utilizes
type IV pili for the transport of DNA across the membrane
into the cytoplasm [64]. Variant forms of both pilA (encodes
PilA, a major pilin subunit of type IV pili) [65] and tfoX
are found to be associated with the COPD strains of NTHi
(Table 1). Rec]J is an exonuclease with 5'-3" ssDNA-specific
exonuclease activity that plays a crucial role in DNA repair
and recombination pathways [66]. Rec] is associated with
mismatch repair, and in addition, in conjunction with RecQ
helicase, initiates recombination from a double-stranded
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Fig. 6. DAPC of 568 NTHi genomes from COPD and other disease
isolates. (a) The first discriminant function of the retained PCs based
on cgSNPs leaves substantial overlap between COPD and non-COPD
strains, 356 NTHi isolates (231 COPD and 125 non-COPD strains) were
in the overlapping region. (b) DAPC on the presence/absence profile of
accessory genes clearly provides a higher level of separation of COPD
from non-COPD strains with 226 NTHi isolates (119 COPD and 107
non-COPD strains) in the overlapping region. Composition of accessory
genes, but not the distribution of polymorphic sites in the core-genome,
discriminates COPD strains from other clinical phenotype strains of
NTHi. Each line is an isolate. COPD and non-COPD isolates are coloured
in red and black, respectively.

break [67]. A variant of rec] has also been found to be associ-
ated with the COPD phenotype (odds ratio=2.5, P=0.019).

DISCUSSION

NTHi is associated with a wide range of diseases, including
otitis media, meningitis and conjunctivitis, and is a major
bacterial cause of exacerbations in COPD patients [3, 68-70].
The ability to predict a disease phenotype based on the
genotype of a pathogen would be valuable in informing an
appropriate prevention and treatment response. In some
cases, phenotyping methods such as virulence factor profiling
demonstrate clustering of the bacterial isolates into specific
serotypes as in the case of Streptococcus pneumoniae [71].

While in others, MLST profiling correlates well with the
disease induced by a pathogen, as in the case of Enterococcus
faecium; for instance, a number of MLST STs, ST796, ST1421,
ST233 and ST80, are associated with vancomycin resistance
[72,73]. In terms of infections with H. influenzae, capsulated
strains have been reported to form serotype-specific clusters,
in particular serotypes ¢, d, e and f that formed monophyletic
clusters on a dendrogram reconstructed from the MLST allelic
profile [21, 74]. However, the population of NTHi has been
reported to be composed of a heterogenous group of isolates
that form highly divergent clusters based on MLST [21].
Among the diseases caused by NTHi, Brazilian purpuric fever
has been found to be caused by a well-defined NTHi clone
(biogroup aegyptius) [75]; however, a correlation between
genotypes of NTHi and COPD has not been established yet
[21]. In this study, we analysed the whole-genome sequences
of a large collection of NTHi strains that were isolated from
different clinical sources to investigate a genetic basis of
distinction between COPD and other phenotypic strains.

Our analyses indicate that conventional MLST typing exhibits
low discriminatory power and is, thus, unsuitable for iden-
tifying COPD-specific clusters of NTHi. To increase the
discriminatory power, we expanded the MLST scheme that
comprises seven housekeeping genes and included 853 core
genes in our analysis. We performed DAPC on cgSNPs, which
grouped 568 NTHIi isolates into distinct clades (Fig. 3a).
Firstly, using this larger panel of genomes, the NTHi isolates
resolved into eight clades compared to six clades in the
previous analysis by De Chiara and colleagues in which 97
NTHi isolates were used [21]. NTHi isolates that fell within
De Chiara’s clade I and V further separated into two distinct
clusters each; whereas, the other clades (II, III, IV and VI) did
not show substructure with the analysis of 568 NTHi isolates.
Each of the eight clades contained NTHi strains from diverse
disease phenotypes. Moreover, phylogeny derived from an
analysis of cgSNPs did not differentiate NTHi isolates based
on their clinical source which is consistent with the study
conducted by De Chiara ef al. and a later study by Pettigrew
and colleagues that analysed a collection of 403 NTHi genome
sequences [7, 21]. The finding that NTHi strains with highly
similar core-genome sequences can cause a wide range of
diseases suggests that non-core accessory genes may to a large
extent be responsible for the different disease phenotypes that
result from N'THi infection, as has been observed in other
pathogenic bacteria such as Clostridium difficile [76].

The eight distinct NTHi clades supported by population
genetics correlated perfectly with molecular phylogenetic
analysis based on the cgSNPs (Figs 3a and 4). Analysis of
the composition of the accessory genome further correlated
with phylogeny (Figs 3b and 4). This consistency highlights
the clonal nature of the NTHi population. We also identified
the genes that were enriched (over-represented) in each clade
(Dataset 3) and found a set of clade-enriched genes distrib-
uted over the evolutionarily distant clades. For example, out
of 456, 551 and 417 genes that were specifically overrepre-
sented in clades I, VII and VIII, respectively, (FDR adjusted
Pvalue <0.001), 11 genes were found to be common in these
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Table 1. List of virulence and transformation competency associated genes that significantly correlated with COPD strains of NTHi

Gene Gene name OR 14 Pairwise P Emp P Function

igA IgA1 protease autotransporter 4.5 0.0012 1.4x107- 0.0009 Virulence
1.53x107°

isgE N-Acetyl-glucosamine-transferase 5.5 0.0008 1.4x107°- 0.0009 LOS synthesis
6.6x107°

lex1 LOS biosynthesis protein lex-1 2.8 0.0274 3.6x107°- 0.0009 LOS synthesis
2.27x107

licC 2-C-Methyl-p-erythritol 4-phosphate cytidylyltransferase 6.4 4.9x107 4.0x107%~ 0.0019 LOS synthesis
2.3x107

pilA Type IV pilin subunit protein PilA 5.1 0.0002 3.1x107°- 0.003 Adhesion;
3.1x10° transformation

tfoX DNA transformation protein 8.6 0.0003 3.7x1078- 0.001 Transformation
4.2x107

OR, odds ratio; P, false rate discovery adjusted P value; Pairwise P, range of P values from the pairwise comparisons; Emp P, empirical P values

after 1000 permutations.

phylogenetically distinct clusters. This underscores the role
of horizontal gene transfer prevalent in the NTHi population
that accounts for genetic diversity among the species [77].

We then applied discriminant analysis on the composition of
accessory genes, which demonstrated a clear separation between
strains associated with COPD and other clinical illnesses.
Moreover, using a pan-GWAS approach, we identified a subset
of NTHi accessory genes associated with the COPD phenotype.
Some key COPD-associated genes likely to be involved in patho-
genesis are listed in Table 1. NTHi utilizes cells surface structures
to interact with host cells and pave the way for colonization and
invasion [78]. We identified a variant form of pilA, encoding
type IV pilin subunit protein, and LOS biosynthetic genes (licC,
lex1 and isgE) as being associated with the COPD strains. PilA
and LOS have been demonstrated to play an important role
in biofilm formation and colonization of the respiratory tract
[79, 80]. Evasion of host immune defence is another probable
mechanism by which NTHi strains thrive in the COPD airways.
We found an association of the gene encoding IgA1 protease,
which cleaves immunoglobulin A (IgA), with COPD isolates
of NTHi (Table 1). IgA1 protease has previously been reported
to be important to H. influenzae in the lower airways of COPD
patients [81].

Pettigrew’s and Molere’s groups recently investigated large
prospectively collected NTHi genomes to give insight into
molecular changes during persistence in the COPD lung
[7, 25]. They found genetic changes in multiple genes that
regulate expression of virulence functions, such as adherence,
nutrient uptake and immune evasion, which are likely to be
involved in NTHi survival in the COPD lung. This suggests that
in comparison to other ecological niches, such as the middle
ear, sinuses, eye, meninges and the upper respiratory tract,
NTHiin COPD airways are exposed to different microenviron-
ments defined by distinct nutrient availability, pH, oxidizing
potential and/or immune response. NTHi, therefore, exhibits

10

genomic changes which appear to aid survival and adaptation
in the hostile environment of COPD airways. Consistent with
these findings, we found that COPD isolates of NTHi encoded
different metabolic activities compared to strains associated
with other clinical phenotypes. This suggests that metabolic
capacity, in part, plays an important role in enabling NTHi to
contribute to COPD pathogenesis and further supports the
concept of nutritional virulence as an important determinant
of pathogenic capability in NTHi [82].

In conclusion, our study indicates that the virulence and
survival of NTHi in COPD is influenced by genes outside of
the core-genome. The set of accessory genes associated with
COPD strains may assist in successfully establishing a niche in
COPD airways through acquisition of nutrients, evasion of the
immune response, and enhancement of adhesion and coloniza-
tion of airways. In addition, the presence of competence and
recombination genes may enable NTHi strains to acquire genes
that confer a competitive advantage in the COPD airways.
Further work will examine how our finding that COPD strains
of NTHi possess a distinct gene content could be translated
into improvements in the management of NTHi infections in
COPD.
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