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ABSTRACT 

 

Background:  Respiratory infections are significant causes of infant and child mortality 

worldwide and are responsible for a substantial burden of morbidity (Everard 2016). A 

quarter of all consultations in paediatric cases relate to respiratory complaints (Gibson et 

al. 2013). Infection of the respiratory airway involving bacterial and viral pathogens is 

often encountered in the clinical setting (Brealey et al. 2015). However, due to difficulties 

in detecting cases of bacterial-viral co-infections, the limited sensitivity of many 

microbiological diagnostic tests and the availability of appropriate clinical specimens, 

most current clinical diagnoses assume a single pathogenic aetiological agent (Charlton 

et al. 2019).  

 

Of the bacterial species, Haemophilus influenzae, a pleomorphic gram-negative 

coccobacillus, is a common commensal of the upper respiratory tract.  Of the typeable 

strains, H. influenzae type B (HiB) was a common cause of meningitis, epiglottis, and 

pneumonia before introducing the HiB vaccine.  The non-encapsulated strain, 

nontypeable H. influenzae (NTHi), is known to be the primary cause of mucosal 

infections such as otitis media, sinusitis and conjunctivitis and is a significant pathogen 

in both acute and chronic respiratory tract infections (Thanavala et al. 2011, Van Eldere 

et al. 2014, Duell et al. 2016), where the bacteria is mainly identified in patients with 

chronic obstructive pulmonary disease (COPD) (Bandi et al. 2001, Morey et al. 2011b, 

Alikhan et al. 2014). While it is now broadly accepted that NTHI commonly forms 

biofilms to persist in the airways, sinuses middle ear (Swords 2012), it also has various 

strategies to evade the host’s immune response, including antigenic variation, secretion 

of enzymes and potentially intracellular invasion (Foxwell et al. 1998c, Morey et al. 

2011b). Of the viral species, Respiratory Syncytial Virus (RSV) is one of the most acute 

paediatric pathogenic infections causing acute lower respiratory tract infections and death 

in infants and young children (Shi T et al. 2017). In infants, RSV causes bronchiolitis, 

pneumonia, tracheobronchitis, and otitis media, while in older adults, it can cause 

pneumonia and exacerbation of COPD and congestive heart failure (Anderson et al. 

2016). Furthermore, co-infection with other viruses, including rhinovirus and 

parainfluenza or bacteria such as Streptococcus pneumoniae or H. influenzae bacteria, are 

risk factors for RSV hospitalisation (Korppi et al. 1989, Goka et al. 2015).   

Early interactions between infectious agents such as viruses and the respiratory 

microbiome have resultantly modulated host immune responses potentially affecting the 
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course of the disease and respiratory health. It is now recognised that a microorganism 

must not only interact with the host and its defences but must also compete and/or 

collaborate with other microorganisms. However, there exists paucity in understanding 

these detailed and complex interactions. This project was thus designed to model a poly-

microbial scenario in the human respiratory airway. Specifically, a fully differentiated 

primary airway epithelial model was used to elucidate how NTHi interacts with the host 

to develop stable biomics and how polymicrobial infection by RSV may change the 

dynamics of bacterial colonisation. 

 

Hypothesis: 

Interactions between respiratory viruses, respiratory bacteria and the host influence the 

behaviour and impact of the individual organisms.  Insights into these interactions could 

be gained from developing in vitro models of coinfection using the representative 

organisms NTHi and RSV and differentiated airways epithelium. 

 

Aims: 

1. Develop a methodology to produce NTHi biofilm formation employing confocal 

laser scanning microscopy (CLSM) and compare resulting biophysical properties 

to crystal violet staining using COMSTAT2 software, 

 

2. Establish models of singular and multiple polymicrobial infection using NTHi 

bacteria and RSV on fully differentiated human primary tracheal epithelial cells 

established at Air-Liquid Interface (ALI) and characterise these scenarios via 

morphological, functional, molecular and immunological endpoints, 

 

3. Using confocal microscopy and pathogen load, elucidate the dynamic relationship 

occurring in one poly-microbial infection scenario, i.e. initial infection of NTHi 

followed by a secondary RSV infection. 

 

Methodology: In the initial series of investigations, NTHi biofilm from the strain 86-

028NP was developed as previously described (Mokrzan et al. 2016).  Bacteria from 

glycerol-skim milk stocks were streaked and grown on chocolate agar plates overnight, 

transferred to Brain Heart Infusion (BHI) broth supplemented with heme and β-NAD, 

seeded into 4- or 8- well glass or Permanox plastic chamber slides (Thermo Scientific™ 

Nunc™ Lab-Tek™ Chamber Slide™) and grown over a six day period, with daily broth 
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changes.   Here, NTHi at OD490 0.65 were grown at 37°C for three hours to mid-log phase 

and diluted to 2x105 CFU/ml after which, 200 or 400µl were seeded into each well of a 

4- or 8- chamber slides, respectively. Biofilm formation was identified by positive 

staining of bacterial matrix using lectins (Wheat Germ Agglutinin and Concanavalin A). 

Following fixation in 10% neutral-buffered formalin, wells were viewed by CLSM with 

a Nikon Ai Si microscope, and images rendered with Nikon NIS-Elements software. 

Biofilm metricises (biomass, thickness, and biomass to surface ratio) were calculated 

using COMSTAT2 analysis. Three conditions were assessed in this series of experiments, 

(1): Biofilm generation over time (1 hour - 6 days), (2): Initially inoculating bacterial 

concentrations (1x104 - 1x 107 CFU/ml), and, (3): Media constituents driving biofilm 

formation (nutrient deficient vs nutrient rich).  

 

In the next series of investigations, primary tracheal AEC were obtained via airway 

brushing, fully differentiated using ALI culture singular and co-infection models 

established using fluorescently labelled NTHi and RSV.  After 7 days of infection, apical 

and basolateral media of ALI cultures were collected for inflammatory cytokine (Bio-

Plex, Bio-Rad), insert surfaces were fixed, excised, mounted and overlayed with 

coverslips and CLSM used to image pathogens, biofilm and mucus. Inserts were also 

collected and used to determine NTHi and RSV pathogen load via qPCR (Genesig, 

Primerdesign). Transmission Electron Microscopy (TEM) was also used on fixed inserts 

to determine bacterial location.  

 

In the final set of investigations, NTHi were used to inoculate airway epithelial ALIs at 

MOI 25, before harvesting them two days later by collecting apical washes. Washes were 

filtered twice through a 0.22µm filter to remove planktonic bacteria. Filtrates were either 

concurrently applied to fresh tracheal ALIs and incubated with RSV (MOI of 1) or 

sequentially incubated on fresh tracheal ALIs for 1 hour, removed, and incubated with 

RSV for another hour. Cultures from both scenarios were then cultured for a further extra 

4 days. Following this, insert surfaces were fixed, excised, mounted and overlayed with 

coverslips and confocal microscopy used to image sections and detect viral associated 

fluorescence. 
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Chapter 3:  

The traditional method of staining biofilm via crystal violet could reproducibility measure 

biofilm formation. As crystal violet stains the biofilm matrix, consisting of DNA, proteins 

and oligosaccharide structures, this gave a direct correlation to the measured optical 

density from alcohol dissolved crystal violet. However, beyond the arbitrary 

determination of biofilm formation, this method was unable to determine other 

biophysical quantifications.  Following formation on inert surfaces, biofilms were also 

visualised by CLSM and multiple vertical plane (Z-stacks) captured. Fluorescence data 

used in conjunction with COMSTAT2 software was then used to successfully determine 

multiple biofilm metricises including; biomass [µm3/µm2], thickness [µm] and surface to 

biovolume ratio [µm2/µm3s] (Heydorn et al. 2000c). This chapter illustrated the 

proportionate increase in biomass and thickness of NTHi biofilm over the culture length 

of time. Biofilms tended to appear sparse and globular in early timepoints that gradually 

transformed into a mat-like dense biofilm. The initial bacterial inoculum into chamber 

slides mostly did not affect the final biofilm configuration over the measure timepoints. 

Surprisingly, nutrient deprived broth failed to have much effect on increases in biofilm 

characteristics over the measured timepoints.  

 

Chapter 4:  

Experiments performed were able to successfully establish both singular (NTHI and RSV 

alone), sequential (NTHi followed by RSV, RSV followed by NTHi) as well as 

concurrent coinfections (simultaneous NTHi and RSV infections). In addition, the model 

scenario was able to illustrate that fluorescent RSV specifically targeted ciliated airway 

epithelial cells. Furthermore, we were able to illustrate that NTHi bound to non-ciliated 

cells within the airway epithelium. In airway epithelial cells exposed to NTHi alone, 

subapical expression of the fluorescently tagged bacteria was observed.  This was 

corroborated with the inclusion of the beta tubulin staining which by staining cilia thus 

orientated the apical and basolateral surfaces. Finally, TEM was used to further confirm 

and identify intracellular NTHi within airway epithelial cells themselves. Intracellular 

Bacterial Community (IBCs) biomass of NTHi localised within the primary airway cells 

were then determined and significant differences were found between NTHi infection 

only and the sequential infection of RSV initially followed by NTHi. Specifically, initial 

RSV infection appeared to facilitate greater NTHi establishment.  Furthermore, NTHi 

was found to continue its infection of the epithelium towards the basolateral surface 

indicated by measurable bacterial load in the basolateral medium. Sequential RSV 
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infection preceding or proceeding NTHi colonisation or concurrently in primary epithelial 

cells, facilitated a significant amount of NTHi to transversely migrate to the basolateral 

surface, evident by the drop in NTHi IBC biomass for these treatments compared to 

singular NTHi colonisation. Interestingly, biomass of these intracellular bacterial 

communities was unaffected by the co-infection of RSV. NTHi was also found to 

suppress RSV load but has no effect on RSV load when infected after viral infection. 

Sequential colonisation/infection resulted in equal bacterial loads at the apical and basal 

surfaces. There was a reduction in NTHi load in the sequential infections scenarios when 

compared to NTHI infection alone. RSV load also appeared to have an effect on NTHi 

colonisation. Concurrent NTHi colonisation and RSV infection resulted in only a slight 

reduction of NTHi load that recovered with increased infection length. Interestingly, 

using immunofluorescent staining and COMSTAT2, Muc5AC mucus secretion was 

found to significantly increase in singular RSV infection and in sequential NTHi 

colonisation; followed by RSV infection, when compared to a concurrent NTHi 

colonisation and RSV infection. When the apical and basolateral media were analysed for 

inflammatory cytokine production using a principal component plot, there appeared to be 

delineation between cytokines produced and secreted apically and basolaterally. 

Interestingly, biological replicate responses were evident and there also appeared to be 

no stratification according to the five infection scenarios. However, by visualising the up- 

and down-regulated cytokines via a heatmap there was a predominantly upregulation of 

certain inflammatory cytokines including (IL-8, MCP-1, IL-1Ra, MIP-1a and -1b, TNF-

, RANTES, IL-4, IL-9, IL-2, IL-17) in the apical compartment compared to its 

basolateral counterpart. Interestingly, in addition to IL-8, TNF-α and RANTES, other 

proinflammatory cytokines such as IL-1β, IL-6, IP-10 (CXCL10) and G-CSF were 

secreted both apically and basolaterally in response to any form of infection.  

 

Chapter 5:  

In earlier experiments performed, red-fluorescently tagged RSV was used to identify 

subsequent RSV-infected cells. Results showed that there was a reduction of RSV 

infected cells when an initial primary NTHi colonisation occurred. Specifically, there 

were fewer red fluorescence cells where NTHi had earlier colonised, compared to cultures 

where only a single RSV infection occurred. Additionally, from pathogen load studies of 

the harvested apical washes and basolateral media, it was found that NTHi was able to 

suppress RSV load when initially infected. Results suggested a potential soluble factor 

intrinsically produced by NTHi which may bind and inhibit RSV entry and subsequent 
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infection of susceptible airway cells. Preliminary experiments were then performed where 

NTHi bacteria were inoculated onto airway epithelial ALIs, before apical washes were 

collected two days later. Washes were filtered twice to remove planktonic bacteria before 

being concurrently applied to fresh tracheal ALIs and incubated with RSV or sequentially 

incubated on fresh tracheal ALIs, removed, to which RSV was then added. In both 

situations, the introduction of filtrate from NTHi-infected airway epithelial cells, 

appeared to have effect where a reduction of a secondary RSV infection into airway 

epithelial cells was observed. This was in the form of fewer observed fluorescent 

susceptible cells observed by CLSM. In both scenarios, a reduction of RSV infection was 

observed, compared to the single RSV infected ALIs suggesting the presence of a soluble 

factor that was inhibiting a secondary RSV infection when a primary NTHi colonisation 

existed.  

 

Conclusions: 

It is believed that a primary virus infection appears to cause more epithelial damage by 

facilitating a secondary bacterial infection.  It has been suggested that there are likely to 

be significant interactions between respiratory virus and bacteria. Including the 

possibility that acute viral infections can predispose to colonisation of the respiratory 

epithelium by biofilm forming organisms such as NTHI.  However, there is little known 

about the nature of these interactions.  In order to investigate these phenomena, this 

project was able to generate a model utilising a fully differentiated primary airway 

epithelial cells from a healthy paediatric population that closely recapitulates the in vivo 

airway epithelium. By taking advantage of fluorescently tagged NTHi and RSV, a 

polymicrobial infection of a bacterium and virus that typically affects the lower 

respiratory tract was successfully demonstrated. Both pathogens appeared to infect 

different cell types, with RSV infecting ciliated cells and NTHI preferring to infect non-

ciliated epithelial cells. Serendipitously, the model was able to provide a glimpse on one 

of the survival strategies of NTHi by colonising the subapical spaces of the tracheal 

epithelium, rather than forming biofilm. NTHi’s ability to resist host defences and persist 

within the respiratory tract may be in part attributable to its ability to occupy a niche 

within the epithelium.  Furthermore, RSV infection had a positive impact by allowing 

greater NTHi colonisation. Specifically, an intial RSV infection facilitated a secondary 

NTHi’s migration transversely to the basolateral surfaces, whereas an initial NTHi 

colonisation suppressed a secondary RSV infection. This work supports the postulated 
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hypothesis and is one of the first to directly demonstrate the two-way interaction between 

bacteria and virus in a fully differentiated primary airway model.  
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CHAPTER 1 

 

 

General Introduction / Literature review 
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1.1 Health and Economic Burden of Paediatrics Respiratory Infections 

According to the World Health Organisation, four million premature fatalities 

annually are due from chronic respiratory diseases (Cruz 2007). In fact respiratory 

diseases affect more than one billion people globally (Zar et al. 2014), with the disease 

being the leading cause of death in developing countries (Ferkol et al. 2014). Infants and 

young children are particularly vulnerable, with nearly three million children, mostly 

under five years of age, succumbing to lower respiratory tract infections (Lim et al. 2012). 

 

For the year 2019 to 2020, Australia’s total national health expenditure was $202.5 billion 

(Health et al. 2021) of which 33.1% were on primary health care. In Australia, upper 

respiratory tract infections represent three to four million visits to the general practitioners 

(GP) each year. Annually, this costs the Australia taxpayer more than $150 million in 

direct cost and considerably more in indirect costs from absenteeism and productivity loss 

(Kotsimboz et al. 2007). Lower respiratory tract infections constitute another three 

million visits to the GP annually. Indeed, respiratory illnesses are the most common 

problems managed in general practice, accounting for about one seventh of all 

consultations.  

 

Croup and bronchiolitis comprising the majority of paediatric hospitalisations. Over half 

to 90% of bronchiolitis hospitalisations and up to 40% of pneumonia hospitalisations are 

due to respiratory syncytial virus (RSV) infections.  Extrapolation of RSV hospitalisation 

cases in the United States (Hall 2001), predicts approximately 10,000 children to be 

hospitalised annually in Australian, which results in a cost of $20 million(Kotsimboz et 

al. 2007).  

 

 Upper respiratory tract infections are also a major site of primary bacterial 

infections. These bacterial infections may be localised or extend to involve the lower 

respiratory tract. Bacteria resistant to many or most of the commonly used antibiotics are 

becoming more widespread in both the hospital and the community. Antibiotics 

prescriptions were found to likely been unnecessary in the 40 per 100 URTI cases 

(Kotsimboz et al. 2007), where more than half were broad spectrum beta lactam 

antibiotics such as penicillins or cephalosporins. This may have contributed to 

antimicrobial resistance in the community(Collignon 2002, Turnidge et al. 2005). 
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1.2 The respiratory system 

 The human respiratory system, consist of airways, lung and respiratory muscles. 

It functions to obtain oxygen from the external environment and to remove carbon dioxide 

from the body. The respiratory tract must therefore be able to defend against airborne 

particles and microorganisms present in the air. The airway is made up of the upper and 

lower respiratory tract, where the former includes the nasal sinuses and nasopharynx and 

the latter begins at the larynx and continues to the trachea, terminating at the alveoli. The 

lung possesses the largest epithelial surface area of the body. This is to facilitate efficient 

gas exchange. Due to this primary function, the respiratory airway is also susceptible to 

airborne pathogens (Boyton et al. 2002). 

 

The respiratory epithelium overlays the upper conducting airways and extends through to 

the alveolar region. Therefore, the respiratory epithelium covers the nasopharyngeal, and 

lower conducting airways, consisting of the tracheal, bronchial, and bronchiolar airways. 

Ciliated epithelial cells are present in the conducting airways. The cells’ density and the 

constitution of non-ciliated cells vary within different airway regions (Bustamante-Marin 

et al. 2017). The cartilaginous epithelium, located within the nasal, tracheobronchial and 

bronchial regions, consist of pseudostratified columnar epithelial layer with mostly 

ciliated cells mixed with varying population of mucin-secreting goblet cells (Pickles 

2013). These non-ciliated columnar cells, possessing goblet cell morphology and 

properties, covers the basal epithelium which are in turn, directly attached to the 

concealed basement membrane. Ciliated epithelia are pronounced in the small, non-

cartilaginous section of the bronchiolar airways, which decreases in numbers from the 

bronchioles to the minute alveolar regions. Non-ciliated Clara cells exist in the 

bronchiolar regions. Type I and II pneumocytes make up the lung epithelium. 

 

1.2.1 Respiratory airway components: 

The airway, or respiratory tract, describes the organs of the respiratory tract that allow air 

flow during ventilation. They reach from the nares and buccal opening to the blind end 

of the alveolar sacs. They are subdivided into different regions with various organs and 

tissues to perform specific functions. The airway can be subdivided into the upper and 

lower airway, each of which has numerous subdivisions as follows. 
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1.2.1.1 Upper airway 

The pharynx is the mucous membrane-lined portion of the airway between the 

base of the skull and the esophagus and is subdivided as follows. (i) nasopharynx, also 

known as the rhino-pharynx, post-nasal space, is the muscular tube from the nares, 

including the posterior nasal cavity, divide from the oropharynx by the palate and lining 

the skull base superiorly; (ii) oro-pharynx connects the naso- and hypopharynx. It is the 

region between the palate and the hyoid bone, anteriorly divided from the oral cavity by 

the tonsillar arch; (iii) hypopharynx connects the oropharynx to the esophagus and the 

larynx, the region of pharynx below the hyoid bone. The larynx is the portion of the 

airway between the pharynx and the trachea, contains the organs for production of speech. 

Formed of a cartilaginous skeleton of nine cartilages, it includes the important organs of 

the epiglottis and the vocal chords which are the opening to the glottis. 

 

1.2.1.2 Lower Airway 

The trachea is a cartilaginous tube linking the larynx to the bronchi of the lungs. 

The windpipe is supported by a construction of C-shaped rings, with a firm consistency 

made up of hyaline cartilage and type II collagen (Ball et al. 2021). The bifurcation of the 

trachea leads to the bronchi, the left and right bronchus. They are similar in structure with 

the trachea but are with complete circular cartilage rings. The right main bronchus is 

wider, shorter, and more vertical than the left main bronchus (Brodsky et al. 2003). This 

right bronchus bifurcation continues and subdivides into three lobar secondary bronchi, 

whereas the left consists of two. The division of the secondary bronchi leads to the 

segmental tertiary bronchi, after which branches into three to give rise to the 

subsegmental bronchi, which in turn, branches into smaller bronchioles which divide into 

terminal bronchioles, each of which then gives rise to several respiratory bronchioles. 

These bronchioles then divide into two to eleven alveolar ducts. Each alveolar duct 

consists of five to six alveolar sacs. The alveolus represents the crucial sites where gas 

exchange occurs within the lung.  

 

The main bronchi are lined by a respiratory epithelium, consisting of ciliated 

pseudostratified columnar epithelium (Hamid et al. 2005). The segment also contains 

goblet cells, which are modified simple columnar epithelial cells which produces mucins. 

The protein makes up the primary components of mucous. Together with the mucociliary 

movement, the process removes foreign particles and maintains a clear airway. While 
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initially ciliated, the airway alters from ciliated pseudostratified columnar epithelium, to 

having a simple cuboidal epithelium, and finally to a simple squamous epithelium in the 

alveolar ducts and alveoli, finally devoid of goblet cells (Rackley et al. 2012). 

 

Conducting bronchioles conduct airflow but are absent of mucous or seromucous glands 

(Ball et al. 2021). Terminal bronchioles are devoid of respiratory surface. However, these 

bronchioles may contain the occasional alveoli and have surface surfactant-producing 

cells. These cells form a single layer of surfactant producing type II pneumocytes and 

Clara cells that are in proximity to capillaries. Alveolar ducts are segments of tubular 

constructions linking to respiratory surfaces of which the alveolar sacs bud. Finally, 

alveolar sacs form blind-ended spaces from which the alveoli clusters. Such clusters are 

connected by pores which enables air pressure to equalize between them. The air-blood 

barrier exist between the capillary blood and alveolar air and comprises of the alveolar 

epithelium and capillary endothelium with its basement membrane and epithelial cell 

cytoplasm (Ball et al. 2021).  

 

1.2.2 Structure and function 

Airways allow air flow in ventilation from the external environment to the 

respiratory surfaces where gas exchange for respiratory processes can occur. To allow 

this, and to maintain homeostasis and adequate protection from the external environment, 

they must also perform other barrier functions. This includes (i) a moisture barrier, 

consisting of  the mucous lining of the airway that reduces excessive moisture loss during 

ventilation by increasing the humidity within the upper respiratory airway (Sahin-Yilmaz 

et al. 2011),  (ii) A temperature barrier, so that the external environment is nearly always 

lower than the body, and whereby the increased vasculature and structures such as nasal 

turbinates warm the air as it enters the airways (Ball et al. 2021), and finally (iii) a barrier 

to infection as the airways are lined with a rich lymphatic system including mucosa-

associated lymphoid tissue (MALT) which prevents access by invading pathogens. 

Macrophages can also be found to provide surveillance of the respiratory surfaces within 

the air-blood barrier (Gordon et al. 2002). 

  

1.2.2.1 Pulmonary host defense 

An array of pulmonary host defenses is distributed throughout the respiratory tract 

to maintain lung homeostasis. This includes the nonspecific mechanical, chemical 

blockades and specific immune processes.  
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1.2.2.2 Mechanical 

The mechanical defenses components are made up of aerodynamic filtration 

through the nasal cavity, mucociliary clearance/transport by the airway epithelium and 

cough. These function as physical barriers that trap and expel particulate and infectious 

matter introduced into the respiratory tract (Bustamante-Marin et al. 2017). Pathogens 

and particles evading the first line proximal defenses, in the form of anatomical structures 

of the nose and multiple bifurcations of the tracheal bronchial tree will encounter the 

phagocytic defenses of the alveoli.  

 

1.2.2.3 Cellular 

Phagocytosis, handled predominantly by the resident alveolar macrophages can 

be broken into four steps: chemotaxis, adherence, ingestion and digestion (DeLong et al. 

2000). Macrophages are capable of interacting with inflammatory (in the form of 

secretory products) and immune (in the form of lymphocytes and the complement system) 

stimuli (Takemura et al. 1984, Hirayama et al. 2017). Neutrophils also possess phagocytic 

function but instead of residing in the lungs, they are present in the circulation and adhere 

to the pulmonary vascular endothelium (Balamayooran et al. 2010, Kolaczkowska et al. 

2013). The migration of neutrophils into the interstitium and alveolar air spaces is 

controlled by chemotactic factors and plays an important microbicidal function, in 

addition to the release of collagenases and proteases (Moldoveanu et al. 2009, Grommes 

et al. 2011). Lastly, the most critical component of pulmonary host defenses lie in the 

development of a specific immune response driven by lymphocytes (Moore et al. 2001, 

Chen et al. 2013). These are mainly found in discrete locations such as the bronchial 

submucosa and regional lymph nodes. 

 

1.3 Respiratory Immune System: Innate and Adaptive Immune responses 

As one of the primary interfaces between the external environment and the body’s 

immune system, the respiratory epithelium serves to be a physical barrier to noxious 

stimuli and pathogens. The epithelium is able to mount immune responses, categorised to 

innate and adaptive airway responses. Innate immune responses are elicited in the first 

instance and after exposure to the various environmental antigens. The innate responses 

then proceed to prime the adaptive responses. 
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1.3.1  Innate immune response 

Innate immune responses are triggered by various cells stimulated by antigen 

exposure to release pro- and anti-inflammatory mediators. Cell types such as airway 

macrophages, dendritic cells and innate lymphoid cells are responsible for the 

physiological and pathological innate immune response.  

 

Macrophages, consisting of airway and interstitial macrophages are the bastion of the 

innate airway immune response (Byrne et al. 2015, Liegeois et al. 2018, Puttur et al. 2019) 

During homeostasis, the cell population remains the highest in concentration. Its 

functions to: i) clear cellular debris from the airway tract (Cox et al. 1995), ii) controlling 

defenses to external stimuli and pathogens, thereby maintaining homeostasis (Wynn et al. 

2013, Chen et al. 2020) and iii) identifying such external stimuli through pattern 

recognition receptors such as Toll-Like Receptors (TLRs) that are present on cell surfaces 

(Underhill et al. 2002, Kawai et al. 2010), iv) clearance of stimuli by secreting cytokines 

(Lucas et al. 2003) and v) phagocytose apoptotic cells and processing pathogens for 

presentation to cells within the adaptive immune responses (Peng et al. 2007).  

Macrophages play a crucial role in viral [such as in Respiratory Syncytial Virus (Makris 

et al. 2016, Oh et al. 2019), and Rhinovirus infections], and bacterial [Mycobacterium 

tuberculosis (Xu et al. 2014a, Zhang et al. 2021), S. pneumoniae] pathogenesis by 

secreting Type I-interferons (IFNs) and pro-inflammatory cytokines (such as IL-1 β, IL-

6, IL-12, TNF-β, TNF- α) (Mangan et al. 2012). The intensity of the mounted immune 

responses at the airway epithelium is time-dependent as well as dependent on the 

invading-pathogen (Ioannidis et al. 2012, Weinstock et al. 2021). Ioannidis et al. 2012 

was able to show that the human airway epithelium mounts a RSV-specific immune 

response which determines subsequent systemic immune responses (Ioannidis et al. 

2012). From this study, this suggests the absence of epithelial immune mediators after 

such RSV infection may contribute to an absence of systemic immunity to RSV. 

Additionally, initial responses by macrophages to viral infections appear to attenuate their 

future responses to secondary bacterial infections that proceed from a primary viral 

infection (Kim et al. 2011, Mehta et al. 2015, Hanada et al. 2018). 

 

Dendritic cells (DCs) represent the second major cell population responsible within the 

innate airway response and initiator of downstream adaptive responses (Kato et al. 2007). 

They use projections between the airway epithelium as a form of surveillance for foreign 

proteins and noxious stimuli (Weinstock et al. 2021). There are three main subtypes of 
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DCs, namely two types of myeloid or conventional DCs (type 1 (cDC1) or type 2 (cDC2) 

and plasmacytoid DCs (pDCs) (Rodrigues et al. 2018). The cDC1 subtype cells are 

present in the respiratory mucosa and vascular wall. They promote the generation of DC 

precursors in the bone marrow and play a vital role in antigen presentation to CD8+ T 

cells leading to CD8+ T cell-based cytotoxic response to viruses (Weinstock et al. 2021). 

Additionally, the cDC1 cell types also stimulate Th1 and Th17 responses to contribute to 

airway homeostasis by apoptotic cells clearance and modulating IL-2 release (Weinstock 

et al. 2021). On the other hand, cDC2 cells are present within the lamina propria. They 

produce inflammatory cytokines, which in turn recruit effector T helper cells and 

inflammatory cells such as neutrophils (Weinstock et al. 2021). Additionally, these cells 

are able to phagocytose allergens and promote Th2 cells differentiation (Hilligan et al. 

2020) and proliferation of anti-inflammatory IL-10-producing T regulatory (Tregs) cells 

(Geginat et al. 2019). Plasmacytoid DCs are localised within throughout the respiratory 

system (Kopf et al. 2015). These cells are essential for anti-viral responses (Smit et al. 

2008) through TLR-7 activation (Birmachu et al. 2007). Additionally, they contribute to 

the resolution of inflammation by promoting Treg cell differentiation (Rodriguez-Vita et 

al. 2010). 

 

1.3.2 Adaptive immune response 

The adaptive immune responses are mounted by T cells, B cells, mast cells and 

granulocytes such as eosinophils and neutrophils (Delves et al. 2000b, Delves et al. 

2000a).  CD4+ T cells or helper T (Th) cells form the basis of both cellular and humoral 

adaptive immune response where they also function to present processed antigens to B 

cells thereby modulating the production of antigen-specific antibodies (den Haan et al. 

2014). Helper T cells also modulate CD8+ T cell or cytotoxic T cell (CTL) responses 

(Laidlaw et al. 2016), and are categorised into Th1 and Th2 subclasses (Zhu et al. 2010). 

Helper-T cells (Th1) cells produce IFN-γ which modulates CTLs to mature, recognise, 

and destroy infected cells. CTLs also remain as resident memory CD8+ T cells capable 

of recognising a subsequent exposure to returning pathogens (Schenkel et al. 2014) 

whereas. Th2 cells function in allergic responses by producing IL-4 that cause preferential 

naïve Th cell differentiation into Th2 cells, maturation of precursor myeloid cells to 

eosinophils, and recruitment of eosinophils to the airway mucosa. Th2 cells also become 

resident memory Th2 cells within the submucosa to mount a response to any subsequent 

exposure to that allergen. 
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Other helper T cells (such as Th17 cells, Th22, Th9 and Tregs cells) are involved in 

airway epithelial immune response regulating or suppressing other immune system cells. 

Th17 cells coregulate IL-21, and IL-22, produced by Th22 cells, Th9 cells, and Tregs, 

and play a role in regulating or suppressing other immune system cells (Zambrano-

Zaragoza et al. 2014). In addition to these, Th17 cells contribute to airway immune 

homeostasis by controlling epithelial cell response to extracellular pathogens (Gurczynski 

et al. 2018). Helper T cells are also facilitators of cellular and humoral immune response, 

especially against viral pathogens such as influenza and RSV (Weinstock et al. 2021). 

 

B cells in the airway are crucial effector cells for the secretion of antibodies (Menon et 

al. 2021), including IgM, IgG, IgE and IgA (Daniele 1990). Granulocytes represent 

effector cells that function in protective immune responses but can also cause airway 

epithelial damage (Weinstock et al. 2021). Mast cells play an important role in the 

pathophysiology of certain respiratory diseases by producing IgE, as well as type 2 

cytokines in response to cytokines like TSLP (thymic stromal lymphopoietin) and IL-33 

secreted by the activated airway epithelial cell (Holtzman et al. 2014). Eosinophils are 

known to act in allergic airway diseases (Walsh et al. 2010a, Walsh et al. 2010b). They 

are recruited to the airway, in response to Th2 cytokines (Akuthota et al. 2008), and 

perpetuate allergic inflammation (Barnes 2011). Neutrophils respond very early in the 

course of a bacterial (Craig et al. 2009) and viral (Jenne et al. 2013, Naumenko et al. 

2018) infection and lead to a post-viral airway disease state (Hussain et al. 2019, 

Narayanan et al. 2020). 

 

1.4 Pathology of the respiratory system 

1.4.1 Infections of the upper respiratory tract 

Common colds, sore throats and ‘influenza like’ illnesses are self-limiting 

illnesses caused by a variety of respiratory viruses including rhinovirus, respiratory 

syncytial virus, corona viruses, adenovirus and parainfluenza viruses (Kodama et al. 

2017). Two examples include ‘strep throat’ which is a bacterial infection caused by 

streptococcus A and mononucleosis, a viral infection caused by EBV with results in 

enlarged nodes and a sore throat.  
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1.4.2 Infections of the middle and lower respiratory tract 

Croup (or larygotracheobronchitis) is an acute illness most common in children 

between 9 months and 5 years of age years (Marx et al. 1997).  It is most commonly 

caused by acute parainfluenza infection resulting in the inflammation of the larynx, 

trachea and large bronchi causes the typical barking cough and, in some cases, causes 

sufficient narrowing to make breathing difficult with noisy breathing (Everard 2009). 

Another infection, acute bronchiolitis, occurs in children below 2 years old, is caused by 

Respiratory Syncytial Virus and maybe fatal in severe cases (Resch et al. 2009).  The 

same viruses that cause colds and pharyngitis can also cause acute bronchitis with a 

troublesome cough. Finally, acute epiglottitis, caused by an acute Haemophilus 

influenzae B infection of the epiglottitis, can be life threatening due to swelling and 

airway closure. However, this has virtually disappeared in countries where HiB vaccines 

are widely used (McEwan et al. 2003, Baiu et al. 2019). 

 

1.4.2.1 Pneumonia  

Pneumonia occurs as a result of lung inflammation or infection. The disease can 

be classified as typical and atypical pneumonia. The former infection affecting the air 

spaces characterised by a productive cough, whereas the latter affects the interstitial lung 

tissue with a non-productive cough (Franco 2017). Infective agents are typically inhaled 

and include S. pneumonia though other bacteria such as H. influenzae B and 

Staphylococcus aureus can cause pneumonia as can many viruses. Atypical pneumonias 

are commonly caused by organisms such as Mycoplasma pneumoniae and Legionella 

pneumophilia (File et al. 1998). Complications of pneumonias includes pleuritis, 

empyema, abscess, bronchiectasis and chronic disease though most patients who recover 

do not suffer long term consequences (Mani 2018). 

 

1.4.2.2 Chronic obstructive pulmonary disease (COPD) 

The disease is characterised by chronic bronchitis and emphysema. Bronchitis is 

inflammation of the bronchi and may lead to the narrowing of airways caused by the 

thickened mucosal lining and increased mucus secretions (Jeffery 1994). Emphysema 

occurs when there is destruction and dilation of distal air spaces (Fletcher et al. 1984). 

Centrilobular emphysema represents the most common form where air spaces in the 

centre of a lobule widens and is secondary to smoking (Aubry et al. 2000).   
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1.4.2.3 Bronchiectasis  

Bronchiectasis is the permanent dilation of a bronchus due to the destruction of 

the wall and is typically caused by chronic inflammation resulting from persistent 

infection of the conduction airways (Chalmers et al. 2018).  The damage to the airway 

wall impedes mucociliary clearance and predisposes to a vicious cycle of repeated 

infections. Causes of bronchiectasis may include obstruction (from a foreign body or 

tumour), infection (such as seen in tuberculosis, measles, pneumonia) and impaired 

defence mechanisms (as in cystic fibrosis and antibody deficiencies) (King et al. 2006, 

O'Donnell 2008, Chalmers et al. 2018). 

 

1.5 Respiratory microbiota 

Until recently, it was believed lower airways were sterile, however, it is now 

known to comprise of a highly variable microbiome.  The upper respiratory tract is 

colonised by specialised resident bacterial, viral and fungal assemblages, which 

presumably prevent potential pathogens from overgrowing and disseminating towards the 

lungs, thereby functioning as gatekeepers to respiratory health (Man et al. 2017). 

Although considered generally sterile at birth (Gallacher et al. 2016),  by two days the 

oropharynx is colonised by streptococci bacteria, with approximately two-thirds of the 

epithelial cells observed with bacteria attached to them (Long et al. 1976).  

 

Staphylococci were initially found to be the most frequently isolated organisms from 

nasopharynx of infants (Harrison et al. 1999). However later studies discovered the  

nasopharynx microbiome of infants after 2 weeks of birth to be dominated by six genera: 

Moraxella (31.2%), Streptococcus (15.5%), Corynebacterium (13.5%), Staphylococcus 

(10.3%), Haemophilus (9.7%),and Alloiococcus (8.8%; genus Dolosigranulum) (Teo et 

al. 2015), of which S. aureus (detected in 29–80% subjects), S. pneumoniae (6–40%), M. 

catarrhalis (0–28%), and Pseudomonas aeruginosa (3–61%) were consistently detected. 

Others have found similar microbiome composition in children aged 12–14 months 

(Bogaert et al. 2011, Biesbroek et al. 2014, Peterson et al. 2016) and in adults (Hilty et al. 

2010). 

 

The dynamics of the nasopharynx microbiome in a 2 month-old is dominated by 

Staphylococcus (41%) and Corynebacterium (22%) (Teo et al. 2015). The population is 

then replaced by Moraxella or Alloiococcus, where the prevalence of Moraxella increased 

with age (9% at 2 months to 41% at 12 months). However, Staphylococcus carriage 



 

12 

appears unstable or transient, being firstly dominant but declined rapidly with age.  

Haemophilus is very rarely detected in healthy subjects, while Streptococcus is present in 

~14% of subjects from 2-12 months of age. Furthermore, the authors also found that 

although Haemophilus is exclusively associated with acute respiratory tract infections, it 

is also found in consecutive infections suggesting its persistence in the nasopharynx.   

 

1.6 Respiratory Viral and Bacterial Pathogens 

Respiratory viruses contribute to significant morbidity and mortality in humans 

and cause large economic losses worldwide. The infections that these pathogens cause 

are mostly self-limiting in healthy adults but are important factors in the illness and death 

of the very young, immunologically-compromised and elderly (Tregoning et al. 2010). It 

is estimated that respiratory viral pathogens account for about 5% of all deaths and for 

about 60% of deaths related to related to respiratory disease (Welliver et al. 1988). 

Species within the Adenoviridae, Coronaviridae, Herpesviridae, Orthomyxoviridae, 

Paramyxoviridae and Picoviridae are classified as causes of respiratory tract infection. 

More than 200 antigenically distinct viruses have been documented as causes of sporadic 

or epidemic respiratory infection in infants, children and adults (Mackie 2003). Of these 

viruses that replicate in the respiratory tract, coronaviruses, influenza virus, parainfluenza 

virus, respiratory syncytial virus and rhinoviruses produce infections that are primarily 

restricted to the respiratory mucosa and are not generally accompanied by systemic 

disease (Mackie 2003). Serious respiratory diseases are observed with infection by 

adenoviruses, cytomegalovirus, nonpolio enteroviruses (echoviruses and 

coxsackieviruses), Epstein-Barr, measles and varicella zoster viruses. Clinical syndromes 

for different respiratory viruses vary with severity (Welliver et al. 1988).  In mild 

infections these range from the common cold (coryza), febrile ‘flu-like’ illness (cough, 

myalgia, malaise) and pharyngotonsilitis which mostly resolve without any 

complications. In more serious disease manifestations, laryngotracheobronchitis, 

bronchiolitis, wheezing, pneumonia, apnea of infancy and sudden infant death occur 

(Shah et al. 2007). S. pneumoniae, H. influenzae and M. catarrhalis are responsible for a 

large percentage of URTIs (Chochua et al. 2016). In otitis media S. pneumoniae is the 

most common single isolate (accounting for ∼28% of cases on average), followed closely 

by H. influenzae (21% of cases) and M. catarrhalis (20%) (St Sauver et al. 2000). The 

percentage of cases caused by group A streptococci varies with season where in winter, 

up to 10% of acute otitis media cases may be caused by this pathogen (Laufer et al. 2011, 
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Pettigrew et al. 2012). In children older than 4 years, the prevalence of S. 

pyogenes increases (causing up to 13% of cases) (Efstratiou et al. 2016). 

  

The microbiology of acute sinusitis is nearly identical with that of otitis media. The 

predominant organisms are S. pneumoniae, H. influenzae and M. catarrhalis; organisms 

isolated infrequently include group A Streptococcus, S. viridans, Eikenella corrodens, 

Peptostreptococcus species and Moraxella species (Cappelletty 1998). Viruses may cause 

up to 15% of cases of acute sinusitis, sometimes in combination with bacterial infection. 

Although viruses are the primary cause of acute bronchitis, occasionally M. pneumoniae, 

Chlamydia species and Bordetella pertussis can be the causative agents (Principi et al. 

2001, Kazama et al. 2019). Secondary invasion by common respiratory pathogens, such 

as S. pneumoniae and H. influenzae, may play a role in acute bronchitis; however, this is 

uncertain (King 2012, Hendaus et al. 2015, Lee et al. 2016). 

 

1.6.1 Haemophilus influenzae 

These bacteria, belonging to the Pasteurellaceae family, are characteristically 

Gram-negative, coccobacillary, facultatively anaerobic and divided into the encapsulated 

and non-encapsulated strains. The encapsulated strain is divided into six serotypes 

(designated serotypes a to f) based on the expression of one of six structurally and 

antigenically distinct capsular polysaccharides (St Geme et al. 1998, Hardy et al. 2003).  

The unencapsulated, nontypeable strain lack capsular serotypes, and does not react 

against antisera directed against known H. influenzae polysaccharide capsules.  

 

1.6.1.1 Epidemiology of Nontypeable Haemophilus influenzae (NTHi) 

Nontypeable H. influenzae (NTHi) constitute a major respiratory bacterial 

pathogen in paediatric and adult cases. Its manifestations relate to chronic middle ear and 

lung diseases.  In humans, the bacteria are usually found within the nasopharynx. Here, it 

behaves as a commensal microbe (Kuklinska et al. 1984, Howard et al. 1988, Foxwell et 

al. 1998c). One-fifth of one year-old infants show nasopharnygeal colonisation. The 

percentage increases to half in children aged five- to six-year-olds. Colonisations 

throughout adulthood remain high (Howard et al. 1988). Multiple strains can be detected 

in children simultaneously (Dhooge et al. 2000, Pickering et al. 2014). However adults 

are found to harbour only one strain (Kuklinska et al. 1984). A human host carries one 

individual strains for a certain period of time lasting several weeks to months before 

losing the commensal and acquires a new strain (Spinola et al. 1986, Trottier et al. 1989, 
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Faden et al. 1995). The bacterium is transmitted by airborne droplets or by direct contact 

with respiratory secretions.  

 

Colonisation rates among Australian aboriginal children are particularly high (Leach et 

al. 2008, Hare et al. 2010). In the lower airways of adults and paediatric cases of non-

cystic fibrosis bronchiectasis, NTHi is the most common bacteria encountered (King et 

al. 2007, Hare et al. 2010), where up to 70% of sputum cultures in adults (King et al. 

2007) and up to 80% of BALs in Australian indigenous children with bronchiectasis (Hare 

et al. 2010) are NTHi-positive. However, these were based on a limited subject population 

size and may not be reflective of the whole population.  The microbe is also the causative 

agent in chronic bronchitis and pulmonary exacerbations as well as in one-third of acute 

or chronic sinusitis cases (Evans et al. 1975, Wald et al. 1981, Murphy et al. 1992, Otczyk 

et al. 2011). NTHi has been found to be an important cause of community-acquired 

pneumonia, especially in children in developing countries, in patients with underlying 

chronic lung disease, and in the elderly (Musher et al. 1983, Shann 1986, Weinberg et al. 

1989).  

 

Upper respiratory infection of viral origins disrupts the mucociliary activity, mucosal 

integrity neutrophil function (Adivitiya et al. 2021) and as well as predisposes to NTHi-

related respiratory diseases such as otitis media, sinusitis and pneumonia (Foxwell et al. 

1998c, Massa et al. 2009, Cripps 2010, Bakaletz 2012). In remote Australian indigenous 

communities, about 90% of otitis media cases are linked to NTHi (Smith-Vaughan et al. 

2013).  Other medical conditions which result in goblet cell hyperplasia, mucus hyper-

secretion and decreased respiratory epithelial cell ciliary function increase the chances of 

localised respiratory tract disease caused by NTHi (St Geme 1993). Systemic diseases 

caused by NTHi occur in cases with abnormalities or compromised immunity (Krasan et 

al. 1999). 

 

1.6.1.2 Bacterial structure 

The outer membrane, designated P1 to P6 proteins, functions as an interface 

between the microbe and the human host and is made up of integral proteins, surface-

associated proteins and lipo-oligosaccharides (Loeb et al. 1980). A number of minor 

outer-membrane proteins exist, including PCP, D15, OMP 26, protein D, the transferrin-

binding proteins (Tbp1 and Tbp2) and several heme-binding proteins. 

Lipooligosaccharide (LOS) makes up the major component of the H. influenzae cell wall 
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(Campagnari et al. 1987). These macromolecules contain a lipid A moiety and an 

oligosaccharide core which lacks O side chains. 

 

1.6.1.3 Establishment on mucosal surfaces 

In interactions between NTHi and nasal turbinates, residual microbes left over 

from the mucociliary escalator action by ciliated respiratory epithelial cells and the 

associated mucus layer, form micro-colonies. These potentiate to cause ciliostasis, cilia 

loss and sloughing of ciliated cells (Read et al. 1991).  The P2 and P5 outer membrane 

proteins influence the binding to nasopharyngeal mucin found in mucus (Reddy et al. 

1996, Kubiet et al. 2000, St Geme 2002). The NTHi bacterium secretes LOS from its 

surface and is responsible for ciliotoxicity (Johnson et al. 1986, Foxwell et al. 1998c). 

LOS may exist associated with the bacterial surface or present in secreted form. Secreted 

LOS is highly potent in stimulating the release of monocyte-derived inflammatory 

mediators such as tumor necrosis factor alpha (TNF-α), interleukin 1α (IL-1α), and 

interleukin 6 (IL-6) (Gu et al. 1995). 

 

1.6.1.4 Adherence to the respiratory epithelium 

An important step in the colonisation of H. influenzae is epithelial surface 

adherence. NTHi has a preference to bind non-ciliated cells and areas of damaged 

epithelium. A variety of factors influence the bacteria’s ability to adhere (St Geme et al. 

1990, Gilsdorf et al. 1997, Jurcisek et al. 2007b). These include the presence of  adhesive 

pili structures resembling as hair-like surface appendages of rigid helical rods conjoined 

to a thin tip that extend and are circumferentially arranged (St Geme et al. 1996, Bakaletz 

et al. 2005). The pili protein is encoded by five gene clusters, designated hifA-E 

(Mhlanga-Mutangadura et al. 1998). The adhesive characteristics of the pili protein was 

observed in the piliation and agglutination of human erythrocytes and adherence to human 

oropharyngeal epithelial cells (Rudel et al. 1992, Scheuerpflug et al. 1999). Several other 

adhesins, including HMW1 and HMW2 (St Geme 2002), Hia, Hap (Clementi et al. 2011), 

and others mediate direct adherence to non-ciliated epithelial cells . 

 

1.6.1.5 Persistence on mucosal surfaces 

NTHi persistence requires the evasion of host immune mechanisms. The 

bacterium is able to pass through the sub-epithelial space between cells and is capable of 

entering and surviving within the epithelial and non-epithelial cells. The bacteria have 

been found in between epithelial cells of the bronchi and bronchioles and extends down 
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to and beyond the basement membrane (St Geme et al. 1990, St Geme 1993, Glockner et 

al. 2021, Short et al. 2021). The same observations were found in adenoidal tissue culture 

whereby using scanning and transmission electron microscopy (Bernstein et al. 1990, 

Read et al. 1992, Tsang et al. 1993), clusters of bacteria were found between adjacent 

cells (Farley et al. 1986, Craig et al. 2001) as well as able to disrupt the tight junctions 

within the epithelium (Kaufhold et al. 2017). H. influenzae may target macrophages to 

establish intracellular niches and are capable of entering transformed and primary 

respiratory epithelial cells (St Geme et al. 1990, Forsgren et al. 1994, St Geme et al. 1994, 

Ketterer et al. 1999). NTHi has also been observed to migrate between cells to the 

basolateral surface of monolayer by a process called paracytosis (van Schilfgaarde et al. 

1995) 

 

1.6.1.6 Phase variation of H. influenzae 

The Haemophilus bacteria uses the strategy of phase variation in outsmarting the 

host immune system (Davis et al. 2014). This involves the reversible loss or gain of a 

defined surface structure (Phillips et al. 2019) including LOS (Weiser et al. 1989, Weiser 

et al. 1990), pili, the HMW adhesions and haem receptors as these are immunogenic and 

stimulate antibody responses.  

 

1.6.1.7 Antigenic variation of H. influenzae 

Some bacterial surface structures undergo an irreversible process that results in  

substitution, deletion or addition of amino acids in the immunodominant regions of the 

protein, which is termed antigenic drift (Hardy et al. 2003). When horizontal gene transfer 

occurs between strain, either with some or the entire original gene being replaced by the 

donor DNA, antigenic variation occurs (Hardy et al. 2003). Changes in the amino acid 

sequence then produce subtle structural changes which prevents recognition by 

previously generated host antibodies.   

 

A number of surface proteins undergo significant strain-to-strain variation in sequence. 

This may suggest that spontaneous mutation occurs in combination with horizontal 

exchange of large segments of DNA over time. The P2 and P5 outer membrane proteins 

typically undergo antigenic variation. The P2 is known to be able elicit immune responses 

during infections (Murphy et al. 1988). This protein is variable in size and amino acid 

sequence when compared between different strains (Sikkema et al. 1992, Duim et al. 

1993, Bell et al. 1994). Additionally, P2 sequence variation occurs in clonal population 
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in persistent infections (Duim et al. 1994). In chronic otitis media paediatric cases as well 

as chronic bronchitis cases in adults caused by NTHi, the immunodominant epitopes 

within loop 5 and 6 vary at high frequencies (Smith-Vaughan et al. 1997, Yi et al. 1997).   

 

Another protein structure that undergoes constant variation is the P5, which is an 

important immune response target (Webb et al. 1998). Chronic bronchitis and persistent 

infection cases caused by a single H. influenzae strain, results in size variation of the P5 

over time (Duim et al. 1997). Persistent infections had been found to be associated with 

acquisition of point mutations and codon deletions located throughout four well-defined 

regions of the P5 gene (Duim et al. 1997). Like the P2, the region corresponds to putative 

surface-exposed loops.  

 

1.6.1.8 Immune Response and NTHi 

NTHi triggers the immune response through activation of TLR2 (Lugade et al. 

2011). This in turn signal transduces MyD88 dependent and independent pathways 

(Andrews et al. 2015), which utilises canonical and non-canonical NFκB signalling (Cho 

et al. 2016), through the activation of p38 MAPK (Lee et al. 2008), to activate a range of 

pro-inflammatory cytokines (Clemans et al. 2000, Pichichero et al. 2016, Yang et al. 

2019).  NTHi clearance studies performed in mouse lungs identified MyD88-dependent 

signalling through TLR4 as important (Wieland et al. 2005), the same group however 

ruled out TLR9 importance in host defence against NTHi infection (Wieland et al. 2010). 

NTHi has also been shown to up-regulate expression of some mucins, including 

MUC5AC (Wang et al. 2002a, Jono et al. 2003, Chen et al. 2004, Shen et al. 2008, Jono 

et al. 2012) as well as MUC1, which has also been shown to have an anti-inflammatory 

role (Kyo et al. 2012). 

 

A major stimulator of the immune response is LOS. It stimulates early expression of IL-

1α, IL-1β, TNF-α, IL-6, IL-8 and MCP-1, leading to secretion of TNF-α, IL-6, IL-8 and 

MCP-1 in 9HTEo tracheal epithelial cells (Clemans et al. 2000). Inhibition of LOS using 

polymyxin B showed that other factors contribute to immune response, not just LOS; 

However, it was also shown that the surface proteins implicated in adherence previously 

mentioned, haemagglutinating pili, HMW1, HMW2, Hia and Hap proteins, do not 

stimulate the release of inflammatory cytokines (Clemans et al. 2000). Studies conducted 

using the ALI human cell culture model and whole NTHi organisms found increased 
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levels of the inflammatory cytokines IL-1β, IL-6, TNF-α, GM-CSF and IL-8 in a long 

term culture with NTHi (Ren et al. 2012). 

 

Using tracheal infection in rats with formalin killed NTHi, Foxwell (1998) found that 

TNF-α disappeared 12-15h post-infection. It was proposed that TNF-α had a priming 

effect to recruit immune cells quicker to the site of infection, to prevent progression to a 

more severe IL-5 mediated inflammatory response (Foxwell et al. 1998b). However, 

TNF-α causes damage to epithelial cells, and NTHi preferentially adhere to damaged 

cells, so levels of expression are not maintained for an extended period of time. 

Additionally, Clemans (2000) discovered that TNF-α expression is induced earlier than 

IL-6 and IL-8. This suggested that TNF-α may be used to sustain IL-6 and IL-8 levels 

and activate immune cells. 

 

It is known that NTHi may cause a systemic and chronic infection (King et al. 2008, 

Ahearn et al. 2017, Saliu et al. 2021). However, it is unclear how the adaptive immune 

responds to this infection. Cell-mediated Th1 responses are directed against intracellular 

pathogens, whereas humoral Th2 responses are directed against extracellular pathogens. 

NTHi has the capacity to live intracellularly (Forsgren et al. 1994), as viable NTHi were 

recovered from macrophages 72h-post phagocytosis (Craig et al. 2001). The appropriate 

clearing response would be predicted to be Th1, as occurs with other intracellular bacteria 

such as Mycobacterium tuberculosis. 

 

1.6.1.9 Animal models to study NTHi 

There exist two animal model used for studying H. influenzae infections. Early 

studies used five-day-old infant rat model for invasive disease and the chinchilla model, 

for local infection.  The Sprague-Dawley rat strain maintained under specific pathogen-

free condition is widely used as a biologically relevant model of invasive human H. 

influenzae infection. This model is advantageous in which the intranasal inoculation used 

as the entry route and dissemination mode is similar to those in humans. The course and 

infection length are predictable and reproducible within natural infection limits. Inducing 

the NTHi infection is relatively simple (Moxon et al. 1974, Moxon et al. 1977a, Moxon 

et al. 1977b). Even though NTHi is not a natural coloniser or pathogen in rats, the middle 

ear of rats is structurally similar to that of humans, and direct inoculation of both NTHi 

into the tympanic bulla has produced pathologic changes similar to those seen in humans 

(Magnuson et al. 1997). The model is also used to investigate mutants of H. influenzae 
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(Moxon et al. 1981, Moxon et al. 1984). Nasopharyngeal or intraperitoneal inoculation 

allows blood-borne dissemination and results in meningitis. Magnitude of bacteraemia 

has been found to be inversely proportional to animal age at time of inoculation. 

Bacteraemia results within minutes of intraperitoneal injection and reaches maximum 

levels within one day post-infection, leading to meningitis where upon blood, the bacteria 

cross the blood-brain barrier to the cerebrospinal fluid.  Encapsulated H. influenzae strains 

have been successful in producing disease in this model (Moxon et al. 1981, Zwahlen et 

al. 1989). However, highly virulent nontypeable strains are efficacious as well (Rubin et 

al. 1989, Nizet et al. 1996). The chinchilla model has been routinely used to model otitis 

media by the direct inoculation of the bacteria into the middle ear. The model differs 

slightly from the actual otitis media where initial colonisation of mucous membranes 

within the oropharynx is followed by retrograde ascent up the Eustachian tube which 

results in the invasion of the middle ear. NTHi instillation at the nasopharyngeal region 

allows study of NTHi colonisation in these areas (Bakaletz et al. 1989, DeMaria 1989, 

DeMaria et al. 1992, DeMaria et al. 1997).  

 

1.6.2 Biofilms 

Colonies of planktonic bacteria are able to cluster together and develop into 

complex structures known as a biofilm. A bacterial biofilm can be defined as a matrix-

enclosed microbial community attached to a surface such as those found on non-shedding 

surfaces of mucosal surface with suitable anatomical features (Costerton et al. 1995). As 

these surfaces in nature are coated with an adsorbed layer of macromolecules, biofilms 

are usually attached to this conditioning film rather than directly to the surface proper. 

This matrix consists of polymers produced by constituent microbes, as well as host-

derived molecules (Allison 2003, Flemming et al. 2007, Flemming et al. 2010). A 

microbe growing within a biofilm has a somewhat different phenotype from those 

growing planktonically and such collective biofilm properties differ considerably from 

those microbes existing in simple aqueous suspension (Donlan 2002, Gilbert et al. 2002)). 

The utilisation of necessary compounds for growth such as oxygen and nutrients from the 

environments by microbes present in the outer layers of the biofilms, coupled with the 

increasing impeded diffusion of these molecules by the matrix, creates a chemical and 

physiochemical gradient within the biofilm structure. Other gradients involving 

metabolites produced by microbes that are present within the biofilms, may develop over 

time. Within biofilms, a wide assortment of microhabitats may exist. These provide 

conditions suitable for the colonisation of a wide sort of physiologically distinct microbes.  
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1.6.2.1 Development of biofilms 

Colonisation of a growing and diversifying biofilm by additional bacterial species 

present in the respiratory occurs that is mediated by two principal mechanisms. These are 

co-adhesion and co-aggregation (Dunne 2002, Trunk et al. 2018). Co-adhesion involves 

the adhesion of a planktonic bacterium in the respiratory epithelium to a microbe already 

present in a biofilm, whereas co-aggregation involves the formation of a microbial 

aggregate from planktonic bacteria present in the respiratory airways, which results in the 

aggregate adhering to a microbe already present in the biofilm (Jain et al. 2007, Trunk et 

al. 2018). Adhesin-receptor interaction enables both co-adhesion and co-aggregation. Co-

aggregation is crucial for the physical development and spatial organisation of a biofilm 

as well as in facilitating nutritional and physiological interactions between microbes in 

biofilm communities. The production of exopolymers by microbes in addition to co-

adhesion and co-aggregation, provide additional foundation for bacterial colonisation  

(Sutherland 1982, Bazaka et al. 2011).  

 

A biofilm will become increasingly susceptible to mechanical and hydrodynamic shear 

forces as it grows in size. It will tend to decrease its size and possibly its diversity due to 

detachment of constituent microbes. Detachment due to mechanical abrasion constitutes 

a greater problem for biofilms present along the respiratory airway as compared to those 

growing in anatomically protected regions (Wilson 2001). These are unaffected until they 

protrude beyond limits of its sheltered site. The detachment of microbes and biofilm 

sections from the original parent biofilm provides an opportunity by which the biofilm 

formation can be initiated at other sites once reattachment has occurred.  

 

As secondary colonisers within a biofilm, these microbes go about altering the 

environment enabling colonisation by yet other microbes. Microbial succession 

eventually results in the formation of a stable, climax community with high diversity. 

Microbial species in such communities exist in a state of dynamic equilibrium as complex 

spatial, physiological and nutritional interactions takes hold, provided there is no change 

in environmental determinants (Zengler et al. 2018). A change will occur that may result 

in a shift in relative proportions of the constituent microbes, resulting in the possible 

elimination of some and recruitment of new microbial species.  

 

 

 



 

21 

1.6.2.2 Biofilms and host responses 

IgG is an important effector molecule of the acquired immune defence system 

involved in opsonisation, complement activation, microbial enzyme and toxins 

neutralisation and the prevention of microbial adhesion (Lu et al. 2018). While 

opsonisation and complement activation may sufficient to remove planktonic microbes, 

these are less effective against microbes present in biofilms (Cerca et al. 2006). Once a 

biofilm has taken hold, access of complement components, antibodies and 

polymorphonuclear (PMN) cells to the constituent microbes will be severely inhibited by 

the biofilm matrix. A consequence of such lysosomal granules release by PMNs with its 

accompanying enzymes and free radicals, results in direct host tissue damage which 

indirectly exacerbates the inflammatory response. Microbial biofilms also display a 

reduced susceptibility to antibiotics. This has been attributed to a variety of factors: (i) 

Penetration of an antimicrobial agent is limited through the binding of such agent to the 

extracellular biofilm matrix; (ii) the antimicrobial agent is inactivated by enzymes present 

in the biofilm matrix; (iii) a marked reduction of microbial growth rate in biofilms makes 

them less susceptible to the agents; (iv) altered microenvironment (in the form of pH and 

oxygen content) within biofilms inhibits agent activity and (v) gene expression alteration 

of microbes within biofilms result in new phenotype of reduced susceptibility to the agent 

(Foley et al. 1996, Fux et al. 2005).  

 

1.6.2.3 Visualisation of Bacterial Biofilms 

The structures within biofilms are highly hydrated. The total volume of biofilms 

may compose of only 10 to 50% of microbes.  The staining and dehydration techniques 

employed to set up biofilms for investigation by light and electron microscopy 

particularly distort its structure. The use of confocal laser scanning microscopy (CLSM) 

has enabled biofilm investigations in its native and hydrated state and has allowed a more 

accurate description of its structure and dimensions (Bridier et al. 2010). Before the 

advent of CLSM and differential interference contrast microscopy in biofilm studies, a 

lack of evidence existed to show the complex and organised structure present within 

biofilms. It was hypothesised that microbes had simply existed in the random distribution 

throughout the matrix. Additional information regarding biofilms can be obtained by 

using vital stains, fluorescent-labelled antibodies and labelled oligonucleotide probes 

(Schwartz et al. 2003). Data regarding the natural biofilm microenvironment (such as pH 

and redox potential) can be obtained using appropriate probes. It is also possible to 
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monitor gene expression within biofilms using reporter genes such as green fluorescent 

proteins (Jansson 2003).  

 

A number of factors exist in determining biofilm structure. No single, unifying structure 

can be used to characterise all biofilms. Key variables involved include the nature of the 

microbe and its community, the presence and availability of nutrients present, the 

environment’s hydrodynamic properties and the nature and presence of mechanical forces 

at the biofilm site. Biofilm structures range from featureless, flat types to something that 

consist of a more complex organisation which consist of tower stacks made up of 

microbes enclosed in a protective extracellular matrix separated by water channels 

(Donlan 2002). Such biofilm characteristics are constructed following extreme conditions 

of low nutrient concentration, high hydrodynamic shear stress and absence of mechanical 

abrasive and compressive forces. The tower stacks may consist of single microbial species 

or microcolonies of a variety of mixed species that make up the microbial composition of 

a biofilm (Lee et al. 2014). A microcolony develops at a particular location within a tower 

stack that has access to appropriate combination of environmental factors coupled with 

diffusion gradients. Water channels may play a role as a circulatory system, delivering 

fresh nutrients and oxygen while discarding metabolic waste products (Costerton et al. 

1995, Wilson 2001, Stoodley et al. 2002).   

 

1.6.3 Respiratory syncytial virus (RSV)  

This virus belongs to the type species of Genus Pneumovirus and Family 

Paramyxoviridae. Human RSV exists as the A and B antigenic subgroups, which exhibit 

genome-wide sequence divergence. The other genus members are the bovine RSV, and 

pneumonia virus of mice. The subfamily Pneumovirinae contains a Meta-pneumovirus, 

which consists of human and avian metapneumoviruses. The subfamily of 

Paramyxovirinae, includes animal and human parainfluenza viruses, mumps, measles, 

Nipah and Hendra viruses (Enders 1996, Eaton et al. 2006). 

 

1.6.3.1 Structure 

The virion consists of a lipid envelope derived from the host cell plasma 

membrane. The nucleocapsid is contained within the lipid envelope. Virions produced 

through cell culture, are predominantly long filaments of 60-200 nm in diameter and up 

to l0 µm in length or exist as 100-350 nm in diameter spherical particles (Collins et al. 

2013). The non-glycosylated matrix M protein establishes itself on the inner face of this 
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envelope. The viral glycoproteins form separate homo-oligomers that appear as 11-16nm 

surface spikes.  The virus also lacks neuraminidase and hemagglutinin activity whereas 

the F is heavily sialylated from the lack of neuraminidase (Barretto et al. 2003). There are 

four nucleocapsid/polymerase proteins: the nucleoprotein N, the transcription 

processivity factor M2-1 and the large polymerase subunit L (Collins et al. 2013).  

 

The genome of the RSV is a single-stranded non-segmented negative sense RNA. RNA 

replication involves a complimentary copy of the genome called the anti-genome. The 

genome and anti-sense lacks the 5’ caps and 3’ polyA tails. The genome is bound for its 

entire length by the N protein to form a stable nucleocapsid, which are templates for RNA 

synthesis and remain intact throughout the replication cycle.  At the protein level, RSV is 

more complex than most Paramyxoviridae members where 11 separate proteins encode 

the virus. Of particular interest, the F and G glycoproteins are viral neutralisation antigens 

and are also the major protective antigens. Specifically, the F protein directs viral 

penetration and syncytium formation. This is typical in the Paramyxoviridae family. The 

protein is structurally similar to other F proteins of the subfamily. It is synthesised as an 

inactive F0 precursor and is activated by cellular endoproteases to obtain two disulphide-

linked subunits. However, unlike others of the Paramyxoviridae, the RSV protein has two 

cleavage sites (Gonzalez-Reyes et al. 2001). The F protein binds to TLR-4, initiating 

signal transduction and innate immune responses (Haynes et al. 2001, Lizundia et al. 

2008). 

 

The large glycoprotein G functions in virion attachment and differs from those found in 

the subfamily HN, H or G attachment proteins. The G protein has a membrane anchor 

near its N-terminus with the majority of the C-terminus being external. It is also produced 

as a secreted form and lacks the membrane anchor and functions in host immunity 

evasion. The secreted form of G protein is known to interfere with antibody-mediated 

neutralisation and behaves like an antigenic decoy as well as impeding cell-mediated 

neutralisation of RSV by Fc receptor-bearing immune cells (Bukreyev et al. 2008). It is 

also speculated that G protein mimics the TNF-α receptor which effectively inhibits the 

antiviral effective of the cytokine (Langedijk et al. 1998). G protein is known to interact 

with DC-SIGN on human dendritic cells and alter signalling pathways associated with 

antigen presentation (Johnson et al. 2012). The G protein has a central conserved domain 

which has been demonstrated to inhibit the activation of several TLRs including TLR-4 

which masks the immunogenicity of F protein (Polack et al. 2005). 
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1.6.3.2 RSV Replication Cycle 

RSV attachment and entry are mediated by the G and F glycoproteins. Entry of 

the virion occurs by viral envelope fusion with the cell plasma membrane. Evidence 

suggests entry is through clathrin-mediated endocytosis (Srinivasakumar et al. 1991, 

Kolokoltsov et al. 2007). Genome transcription and replication occurs in the cytoplasm 

and is not nuclear dependent. Newly synthesised soluble N and P proteins promote RNA 

replication and elongation. This results in the production and accumulation of a full-

length encapsulated genome. Progeny RNA are used in transcription and RNA replication 

where both the former and latter occur concurrently. Completed RSV mRNAs and 

proteins are found intracellularly four to six hours post-infection and achieve a maximum 

accumulation by 15-20 hrs-post-infection. Transcription is downregulated in favour of 

RNA replication and packaging of the genome. This process is facilitated by the M2-2 

protein (Bermingham et al. 1999). Surprisingly, no change in the molar amounts of the 

various viral mRNAs during the infection time course has been detected (Fearns et al. 

1999). Progeny virus release commences by 10-12 hours post-infection whereby it 

reaches a peak after 24 hrs. The release continues until the cell die by 30 to 48 hours post-

infection.  

 

RSV-infected cells have been observed with large cytoplasmic inclusion bodies that 

emerge by 12 hours post-infection (Lindquist et al. 2011, Lifland et al. 2012). The bodies 

contain the newly synthesised viral RNA and N, P, M2-1, L proteins. It is suggested that 

such inclusion bodies to be RNA synthesis sites as well as functional sites to sequester 

crucial cellular signalling components associated to infection surveillance and response. 

These include MDA5 and MAVS involved in interferon induction (Lifland et al. 2012), 

p38 MAPK (mitogen-activated protein kinase) and O-linked N-acetylglucosamine 

transferase which is associated in stress responses and granule formation (Fricke et al. 

2013). Cells infected with RSV in vitro develop syncytia, where this major cytopathic 

effect leads to the cell monolayer destruction. However, it is less common in 

differentiated, polarised epithelium in vitro and in vivo (Zhang et al. 2002, Johnson et al. 

2007).  

 

The assembly and budding of packaged RSV occur at the host plasma membrane. In 

polarised cells, this takes places at the apical surface (Roberts et al. 1995, Zhang et al. 

2002). where it contains localised virus-modified lipid rafts involving the viral surface 

proteins as well as the M proteins (Henderson et al. 2002, Jeffree et al. 2003, McCurdy et 
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al. 2003, McDonald et al. 2004, Yeo et al. 2009). The formation of virions capable of 

delivering viral genome to susceptible host cells require the involvement of the F, M, N 

and P proteins (Teng et al. 1998). Coincidentally, the expression of these four proteins 

induces viral filament formation (Utley et al. 2008). The viral genome and its anti-sense 

have been found in the virus particle. This may arise from the lack of selective packaging 

displayed by the virus. Characteristically from other enveloped RNA viruses, RSV is 

known to hijack cellular recycling endosomes used for budding (Brock et al. 2003, Utley 

et al. 2008). 

 

1.6.3.3 Clinical Features 

Primary RSV infection usually occurs within the first encounter during infancy. 

Essentially by two years of age all infants are infected (Glezen et al. 1986). Singular 

clinical features of the primary infection are indicative symptoms where there is frequent 

lower respiratory tract involvement with a prominent wheezing. Infants younger than 

three months old are most severely affected (Kim et al. 1973, Ogra 2004, Hall 2012). A 

RSV infection commences with a mild upper respiratory tracts signs, cough and low grade 

fever for several days. The cough progressively worsens and is accompanied with lower 

respiratory tract involvement where infants exhibit rapid breathing and have a 

progressively laboured breathing with chest wall retractions. Crackles and wheezes are 

pronounced and detectable over minutes to hours. Hyperinflation and peribronchial 

thickening can be observed through radiologic investigations (Wright et al. 2011). 

Scattered interstitial infiltrates may be found. Characteristically, partial collapse of the 

right middle and upper lobes can be observed. The physical examination and radiographic 

investigations commonly do not correspond to the illness severity. Acute RSV illness last 

between five to ten days, however cough may persist for several weeks. Bronchiolitis is 

a frequent diagnosis (Wainwright 2010). Apnoea may also develop in a small percentage 

of infants where this may be the initial manifestation before other respiratory signs are 

displayed (Ralston et al. 2009). However, apnoea is self-limited and is common in 

premature infants and does not present with subsequent respiratory infection.  

 

In developed countries, simultaneous or secondary bacterial infections are uncommon 

with RSV infection (Hall et al. 1988, McIntosh 1991, Ralston et al. 2011). In developing 

countries, secondary bacterial infection or co-infection may be a substantial contributor 

to RSV disease (Madhi et al. 2004).  Recurrent wheezing and long-term pulmonary 

complications occur in nearly half of infants hospitalised with RSV lower respiratory 
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infection (Sigurs et al. 2010, Sly et al. 2010, Stein et al. 2010). It is uncertain if RSV 

infection causes a predisposition to recurrent wheezing or a predisposition to recurrent 

wheezing increases the susceptibility to RSV hospitalisation (Stensballe et al. 2009).  

 

RSV infections among older children and adults are commonplace and occur multiple 

times throughout life (Hall et al. 1991). Recurrent infections are symptomatic upper 

respiratory tract infections that are more severe and lasts longer that the average cold 

(Hall et al. 1978, Hall et al. 2001, Falsey 2007). Low grade fever and upper respiratory 

tract complications such as sinusitis and otitis media are common. At least one-fourth of 

healthy adults infected with RSV will develop lower respiratory tract symptoms such as 

wheezing and cough. When compared to influenza mediated disease, RSV infection 

usually has a less acute accompanied with less fever and systemic symptoms. The 

importance of RSV infections among older adults has been of interest (Hall et al. 1976, 

Falsey et al. 2005, Walsh et al. 2007, Walsh 2011). In elderly adults, RSV presentation is 

not distinctive. A more severe illness presented where exacerbation of co-morbid 

conditions such as chronic obstructive pulmonary disease and congestive heart failure 

may be common.  

 

1.6.3.4 Immunopathology of RSV infections  

Severe RSV infections are usually presented with combined mucus production 

and an increase in leukocyte population, which includes neutrophils, lymphocytes, 

macrophages and eosinophils (Graham et al. 2000), within in the airways (Johnson et al. 

2007). In normal conditions, mucus production provides a beneficial innate response by 

preventing reinfection and establishing a protective environment for the epithelium. 

Uncontrolled mucus production can restrict lung gas exchange mechanisms and airways 

obstruction which results in mechanically and biochemically impaired breathing. Catarrh 

is detrimental in infants as airways are smaller and easily obstructed. Similarly, while the 

activation of cell responses can be advantageous for mounting a robust innate response, 

a hyper-activated adaptive response can lead to a disease state as observed in severe 

paediatric RSV cases  (Sun et al. 2017).   

 

The adaptive immune cells are activated following the production of inflammatory 

cytokines by innate cells, where it results in the activation and migration of cytotoxic 

CD8+ T cells and clearance of infected cells (Zhang et al. 2011). A sluggish initiation of 

viral clearance by the innate immunity to activate adaptive CD8+ T cells lead to other 
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mechanisms where virus clearance can be achieved, such as mucus overproduction 

(Kulinski et al. 2013). Severe RSV disease complications may be correlated with an 

unstable immune environment. While the host may be RSV-free, a dysregulated cytokine 

environment with abnormal Th cell response aggravates the disease condition.  

 

1.5.3.5. Innate immune responses to RSV infections  

Besides ciliostasis, clumping, loss of cilia and sloughing of live ciliated cells 

during the course of RSV infection, infected bronchial cells produced elevated levels of 

IL-6, IL-8, and RANTES by 24 hours with a peak at 72 hours (Tristram et al. 1998). IL-

8 and RANTES have been shown to be involved in RSV disease pathogenesis through 

the recruitment and activation of host cells on the epithelial surface (Oshansky et al. 2009, 

Johansson 2016). As RSV is a negative-sense virus, the innate immune system recognises 

the pathogen-associated molecular patterns (PAMPs) in the form of ssRNA and dsRNA 

species formed from its replication cycle through the (Zeng et al. 2012, Mukherjee et al. 

2013). Mononuclear cells hold an important function in development of RSV-induced 

immune responses in the lung. These cells in turn act as antigen presenting cells that 

mediate the adaptive immune responses.  

 

1.5.3.6. Toll-like receptors (TLRs) in RSV infections 

Toll-like receptors are composed of 13 members. These are expressed in cells ranging 

from leukocyte membrane of dendritic cells, macrophages, NK cells, adaptive immune B 

and T lymphocytes, as well as non-immune cells such as epithelial and endothelial cells 

and fibroblasts (Vidya et al. 2018). These glycoproteins function in surveillance against 

PAMPs of invading pathogens which cross the epithelium and stimulate and immune 

response. TLRs have been demonstrated to act in RSV infections. These includes TLR2, 

TLR3, TLR4 and TLR7.  

 

Toll-like receptor-2 (TLR2) has been shown to be the functional receptor of RSV 

(Murawski et al. 2009), whereas TLR3 recognises the dsRNA from the virion that results 

from RSV replication (Sen et al. 2005, Kim et al. 2014). Through a complex series of 

signal transduction, this in activates NFκB (Choudhary et al. 2005) and IRF-3 (Grandvaux 

et al. 2014), where this modulates the production of IFN-α (Schijf et al. 2013), IP-

10/CXCL10 (Machado et al. 2017) and CCL5 (RANTES) (Becker et al. 1997, Saito et al. 

1997, Hornsleth et al. 2001, Tekkanat et al. 2002).   
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Besides initiating TLR3 signalling pathway activation which regulate MyD88-

independent chemokines, RSV infection also results in the upregulation of TLR3 

expression in a positive feedback loop in RSV-infected cells (Rudd et al. 2005). It has 

been shown that RSV infection results in a predominant Th1 type response (Rudd et al. 

2006). Moreover, the expression of TLR3 is upregulated in respiratory epithelial cells 

during RSV infections. This results in the sensitisation of the epithelium to extracellular 

dsRNA (Groskreutz et al. 2006) and production of cytokines such as CXCL8 (IL-8) 

(Thomas et al. 2000, Mukaida 2003). This may provide the explanation that persistent 

inflammatory processes from RSV infections may drive and provide the perfect scenario 

for the infection of the epithelium by other pathogens. 

 

Toll-like receptor-4 (TLR4) has been shown to interact with the F protein of RSV, through 

its CD14 co-receptor (Kurt-Jones et al. 2000). This results in NFκB-mediated innate 

immune responses and inflammation (Mukherjee et al. 2013). TLR-4 responses in 

neonates have been demonstrated to be crucial in developing effective innate immune 

responses against RSV infections (Krishnan et al. 2004, Marodi 2006). Inflammatory 

cytokines such as IL-6 and IL-8 produced by epithelial cells have been proven to be 

inhibited by RSV through TLR4 and CD14.  

 

Toll-like receptor-7 (TLR7) recognises ssRNA (Moreno-Eutimio et al. 2020), such as 

those of RSV’s (Lukacs et al. 2010), that are present in the endosomes from the 

internalisation and processing by macrophages and dendritic cells (Mercer et al. 2013). It 

also functions to regulate RSV responses through activation of dendritic cells (Schlender 

et al. 2005, Qi et al. 2015), resulting in IL-12 suppression (Rudd et al. 2007) while 

upregulating IL-23 (Lukacs et al. 2010). The cytokines IL-2 and IL-12 have a positive 

effect on Th1 differentiation (Zhou et al. 2003). However the proinflammatory IL-23 

cytokine contributes to the formation and maintenance of Th17 cells and enhances Th2 

polarisation while regulating airway inflammation (Peng et al. 2010).       

 

1.5.3.7. Responses to RSV G and F proteins 

The G and F proteins are the major integral proteins present on the RSV 

membrane. These transmembrane proteins are able to elicit an innate response. As the G 

protein exists as a secreted protein (Bukreyev et al. 2012), its presence may to be a 

function as a decoy to block host G-specific neutralising antibody response (Battles et al. 

2019, Martinez et al. 2021). While functioning in the virion fusion, the F protein triggers 
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TLR4 and its co-receptor CD14, cascading in the induction of proinflammatory cytokines 

such the Type I and II IFNs. The NS-1 and NS-2 proteins dampen down such 

inflammatory conditions (Moore et al. 2008, Munir et al. 2011, Swedan et al. 2011, 

Boyoglu-Barnum et al. 2019, Sedeyn et al. 2019). Additionally, the G protein is known 

to bind C-type lectin present on macrophages and dendritic cells, such as surfactant 

proteins, DC-SIGN (dendritic cell-specific intercellular adhesion molecule-3-grabbing 

Non Integrin/CD209) (Johnson et al. 2012). and its homologue DC-SIGNR (L-

SIGN/CD299). The interaction of G protein with DC-SIGN and DC-SIGNR modulates 

and diminishes DC activation which cumulates in the inhibition of immune responses 

towards RSV.  

 

1.5.3.8. Adaptive Immune Response to RSV 

Dendritic cells (DC) provide a critical link between the innate immune response and the 

infection of adaptive immunity (Clark et al. 2000, Steinman et al. 2006). DCs are found 

to be present in the respiratory tract following acute RSV infection. These can acquire 

virus-derived antigens either through direct infection or indirectly by phagocytosis of 

virus particles or necrotic/apoptotic virus-infected epithelial cells (Stegelmeier et al. 

2019). There are two populations of DCs: Conventional CD11b+ (cDCs or myeloid DCs) 

and CD103+ DCs. Both DCs rapidly migrate to the lung draining lymph nodes and play 

a role in activation of naïve CD8 T cells. Plasmacytoid DCs (pDCs) is known to be 

important in limiting pulmonary immunopathology during acute RSV infection (Wang et 

al. 2006). The equilibrium between pDCs to cDCs may be critical in the outcome of acute 

RSV infection (Varga et al. 2013). With increased pDC number accelerating viral 

clearance and limiting disease severity (Smit et al. 2008).  

 

Cellular immune responses plays a critical role in host defence against RSV infection. 

Induction of an appropriate T-cell responses is needed to clear a primary RSV infection. 

CD8 T cells control acute infections through the secretion of cytokines and lysis of 

infected host cells (Varga et al. 2013). These cells can contribute to protective immunity 

as an increased frequency of CD8 T cells in young children correlates with a decreased 

risk of secondary infection with RSV (Mbawuike et al. 2001).  

 

Advances in animal models indicates that the induction of a T-cell response is essential 

to completely eliminate RSV (Graham 2011). Studies using CD8 T cells depletion in mice 

indicates a delay in viral clearance. This demonstrates the importance of CD8 T cells in 



 

30 

clearing a primary RSV infection (Schmidt et al. 2018).  It is however unclear how the 

effector mechanisms used by RSV-specific CD8 T cells to halt an acute RSV infection. 

It has been suggested that IFN-γ production by RSV-specific CD8 T cells is essential for 

its ability to eliminate virus.  

 

Th2-responses has been shown to contribute to the pathogenesis of diseases associated 

with severe RSV infection. These include increase mucus production and airway 

hyperactivity. Th17 cells may also play a role in RSV-induced disease severity (Mangodt 

et al. 2015). IL-17A plays a critical role in host defence against bacterial and fungal 

infections as well as mucus production. Neutralisation of IL-17A results in mucus 

production decrease following acute RSV infection (Mukherjee et al. 2011). 

 

1.7 Current knowledge on NTHi and RSV interaction 

1.7.1 Aetiological studies  

Very few studies have directly investigated NTHi and RSV co-infection. Viral 

infection of the respiratory epithelium due to RSV has been shown to have an increase in 

NTHi adherence (Jiang et al. 1999, Avadhanula et al. 2006a), whereas RSV has been 

discovered in conjunction with NTHi, in cases where the manifestation of bronchitis, 

pneumonia and otitis media occurs in patients (Hietala et al. 1989, Chonmaitree et al. 

1992). In a study of patients with roentgenologically verified pneumonia who needed 

hospitalisation, the aetiology of community-acquired pneumonia was studied and 

determined through blood culture and/or antibody titre levels (Berntsson et al. 1985). Of 

127 patients, NTHi was the probable aetiological agent in five patients. Three patients 

were identified to be infected with respiratory syncytial virus. In 20 patients there was 

evidence of infection with more than one microorganism involving either S. pneumoniae, 

NTHi, S. pyogenes, L. pneumophila, S. aureus, M. pneumoniae, Chlamydia psittaci, 

Influenza virus type A and type B, parainfluenza virus type 1.  

 

De Schutter et al (2011) performed a retrospective study of community-acquired 

pneumonia in paediatric patients undergoing bronchoscopy and bronchoalveolar lavage. 

Of the aerobic bacteria that were isolated, three-quarters were H. influenzae, followed by 

M. catarrhalis, and S. pneumoniae (De Schutter et al. 2011). Nearly 98% of the 

Haemophilus bacteria were the nontypeable strain. Of the viruses, respiratory syncytial 

virus, parainfluenza viruses, and influenza viruses were detected most frequently. 

Polymicrobial infection, involving a bacteria, virus or atypical microorganism origin, 
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accounted for nearly 20 and 30% of nonresponding community-acquired pneumonia and 

recurrent community-acquired pneumonia cases, respectively. Along the same lines, the 

microbiota of RSV-infected children were also discovered to shift to favour an over-

colonisation of the genus Haemophilus (Ederveen et al. 2018). Additionally, CXCL8 

levels was indicative for disease severity and bacteria abundance. The study suggests that 

the bacteria is associated with viral load and mucosal CXCL8 responses of which both 

factors are involved in RSV disease pathogenesis.   

 

The presence of H. influenzae, in addition to K. pneumoniae and M. catarrhalis in RSV-

cases has a higher risk of developing recurrent wheezing (Zhang et al. 2020). It has been 

suggested that NTHi is able to colonise the respiratory airway more effectively during 

RSV infections since the virus stimulates Th2 polarisation (Gonzalez et al. 2012, Russell 

et al. 2017) 

 

1.7.2 Co-Infection model studies 

Using an RSV infection model in cotton rats, Patel et al. (1992) examined NTHi 

adherence to respiratory epithelium. NTHi colonisation was found to increase to a 

maximum within 4 days post-RSV-infection and subsequently declined over 10 days 

(Patel et al. 1992). Antibody response as measured by IgG-specific antibody against the 

outer membrane was found to not influence colonisation. Collectively, the study may 

suggest that NTHi colonisation is affected by a concurrent infection of RSV. However, 

the bacterial attachment site was never determined. In another study, Jianz and colleagues 

(1999) explored NTHi surface outer membrane protein P5-homologous fimbriae (P5-

fimbriae) function in attachment to an immortalised epithelial cell line (A549) infected 

with RSV using fluorescence flow cytometry. They discovered that the P5-fimbria is a 

critical binder that the NTHi uses for attachment.  Avadhanula el al. (2006a) also 

examined NTHi adherence to respiratory epithelium following RSV infection and 

determined how the paramyxovirus altered host cell receptors for the bacteria and 

enhanced bacterial adhesion to primary and immortalised cell lines (primary normal 

human small airway (SAE) and primary human bronchial epithelial (NHBE) cells, BEAS-

2B human bronchial epithelial cells, A549 cells). Their findings support the view that 

respiratory viruses promote bacterial adhesion to respiratory epithelial cells, culminating 

in increase of bacterial colonisation and contributing to disease. In a following up the 

same group discovered that the RSV G glycoprotein is a receptor for NTHi as well as S. 

pneumonie (Avadhanula et al. 2007).  
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In investigating the impact of disodium cromoglycate and corticosteroids on in vitro 

interaction between NTHi and RSV, Fukasawa et al. (2009) examined the bacteria’s 

adherence to RSV-infected A549 human pneumocyte type II carcinoma cells. It was 

found that RSV infection increased adherence of NTHi to A549 cells (Fukasawa et al. 

2009). Other studies also corroborated these observations (Jiang et al. 1999, Avadhanula 

et al. 2006a).  Finally, McGillivary (2009) demonstrated that concurrent RSV infection 

with NTHi in a chinchilla model of experimental OM resulted in a 100-fold more 

recovery of bacteria from nasopharyngeal lavage fluid compared to those infected with 

the bacteria alone. Their study suggests that innate immunity effectors regulate the normal 

nasopharynx bacterial colonisation.  

 

Brockson et al (2012)  assessed whether co-infection of chinchillas with M. catarrhalis 

and RSV would facilitate ascension of M. catarrhalis from the nasopharynx into the 

middle ear. Data generated showed that when co-infected with RSV and NTHi 

predisposed to M. catarrhalis, induced ascending experimental OM. Arrevillaga (2012) 

also studied RSV persistence on NTHi uptake, adhesion and ingestion kinetics in the 

P338D1 mouse macrophage line, using the flurochromes ethidum bromide or FITC-

labelled NTHi in flow-cytometric assays. Persistence of RSV reduced the macrophages 

capacity to up take the bacteria as with the mRNA and protein expression of ICAM-1, 

expressed by respiratory epithelial cells and used by the bacteria to adhere to the airway 

epithelium.  Finally, Gulraiz (2015) examined ICAM-1 upregulation induced by NTHi 

infection on RSV replication and its resulting inflammatory responses. Human bronchial 

epithelial cells pretreated with heat-inactivated NTHI (hi-NTHI) and subsequently 

infected with RSV, resulted in RSV replication increase, accompanied with release of Il-

6 and Il-8. They concluded that hi-NTHI pretreatment may enhance the inflammatory 

response to RSV infection where pre-existing bacterial infections might exaggerate 

inflammation during secondary viral infection.  

 

As shown above, while efforts have been made to demonstrate the interaction between 

NTHi and RSV there appears to be a paucity of information and understanding of a 

polymicrobial infection involving both pathogens in the respiratory airway involving the 

infection and host immune responses. Further to this, there appears to be a lack of a 

reliable model of the respiratory epithelium so that the mechanistic interactions can be 

studied in greater detail. Previous studies involved mainly the use of immortalised cell 
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lines and therefore, the findings need validation in a more current and relevant model 

which recapitulates the complex pseudostratified nature of the airway epithelium. 

Therefore, there is a need to develop a polymicrobial infection in the airway model which 

uses primary respiratory epithelium where the RSV infection and NTHi colonisation and 

their mechanistic interaction can be elucidated.  

 

1.8 Polymicrobial Infections 

Co-infection of the respiratory airway involving bacterial and viral pathogens are 

commonly encountered in the clinical setting (Binks et al. 2011, Melvin et al. 2016a, 

Zhang et al. 2018).  However, determining such bacterial-viral co-infections is difficult 

mainly due to most cases being undetected, the limited sensitivity of certain 

microbiological diagnostic tests and the availability of relevant clinical specimens (Bosch 

et al. 2013a, McArdle et al. 2018). These respiratory pathogens are typically studied 

individually, although in their natural environment they often coexist or compete with 

multiple microbial species (Bosch et al. 2013a, Nair et al. 2014, Briaud et al. 2020). 

Similarly, clinical diagnosis of infections occurs via an approach which assumes a single-

agent aetiology (Esper et al. 2011). However, again mixed infections are probably 

frequent and complex interactions occur between the different infectious microorganisms 

living in the same ecological niche (Rynkiewicz et al. 2015, Hoarau et al. 2020). 

Respiratory infections are the greatest single contributor to the overall burden of human 

diseases (Nair et al. 2010). Co-infections are now widely accepted and recognised through 

the prevalence and effect on severity. Table 1 list the commonly encountered 

polymicrobial infections of the upper and lower respiratory airway. 

 



 

34 

TABLE 1: Polymicrobial infections evident in the upper and lower respiratory airway and resulting clinical manifestations. 

 

Respiratory Tract 

Region 

Anatomical regions Co-Pathogens isolated 

 

Resulting Pathology Associated 

Clinical 

Symptoms 

References 

Upper 

Respiratory Tract 

nasal cavity, 

pharynx, 

tonsils, 

oesophagus, 

larynx, epiglottis 

Rhinovirus,  

Coronavirus, 

Parainfluenza virus, 

Adenovirus, 

RSV, 

Influenza virus,  

Streptococcus pyogenes, 

S. pneumoniae, 

Haemophilus influenzae, 

Corynebacterium 

diphtheriae,  

Bordetella pertussis, 

Bacillus anthracis 

Rhinitis – nasal 

mucosa, 

rhinosinusitis/sinusitis 

– nose – paranasal 

sinuses, 

Nasopharyngitis -

nares, pharynx, 

hypopharynx, uvula, 

and tonsils, 

Supraglottitis - larynx 

and supraglottic area, 

Laryngitis – larynx, 

Laryngotracheitis - 

larynx, trachea, and 

subglottic area, 

Tracheitis - trachea and 

subglottic area 

Nasal discharge, 

Nasal congestion, 

Sneezing, 

Sore throat, 

Cough, headache, 

low-grade fever, 

facial pressure, 

sneezing, malaise, 

fatigue, weakness 

(Dasaraju et al. 

1996, Pettigrew et 

al. 2008, Revai et al. 

2008, Moore et al. 

2010, van den Bergh 

et al. 2012, Bosch et 

al. 2013b, Marom et 

al. 2014, 

Chonmaitree et al. 

2017, DeMuri et al. 

2018, Clark 2020) 
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Lower 

Respiratory Tract 

Trachea, lungs, 

bronchi, 

bronchioles, alveoli 

Acute Exacerbations of 

Chronic Bronchitis –  

H. influenzae, S. 

pneumoniae or 

Moraxella catarrhalis. 

Typical - 

Staphylococcus aureus, 

Klebsiella pneumonia 

Atypical - Legionella 

pneumophila, 

Mycoplasma 

pneumoniae, 

Chlamydophila 

pneumoniae, 

Chlamydia psittaci, 

Parasitic - Respiratory 

cryptosporidiosis, 

Viral – Adenovirus, 

Influenza A and B 

viruses, 

Human parainfluenza 

viruses, 

Human respiratory 

syncytial virus, 

SARS coronavirus, 

Middle East respiratory 

syndrome coronavirus 

Pneumonia, lung 

abscess and acute 

bronchitis 

Bronchitis, 

oedema, 

shortness of 

breath, weakness, 

fever, coughing 

and fatigue. 

(Paisley et al. 1984, 

Marx et al. 1999, 

Torzillo et al. 1999, 

Purcell et al. 2002, 

Creer et al. 2006, 

Mizgerd 2008, 

Franz et al. 2010, 

Gencay et al. 2010, 

Man et al. 2019, 

Zhong et al. 2019, 

Vos et al. 2021) 
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The direct effect of one microbe on another occur within a species and effects of microbes 

on each other can occur through a host. One bacterial species may affect the disease 

caused by another and the direct effects of one organism may target the pathogenic factors 

of another. Highly evolved relationships exist between microbes that live in the upper 

respiratory tract. It will be important to understand these relationships, especially in 

settings when flora is manipulated, with the possibility of affecting other pathogens. The 

finding of a respiratory virus in an upper respiratory sample is considered as diagnosis 

for the aetiology of lower airway infection (Garibaldi 1985, Papadopoulos et al. 2000, 

Williams et al. 2004). Although viruses are usually the main responsible for most of both 

upper and lower acute respiratory infections, studies have shown that patients may be 

infected with both bacterial and viral pathogens (Pichon et al. 2017). This makes the 

determination of clinical characteristics by the physician to differentiate between a viral 

from bacterial disease in the early course of an infection more complex (Korppi et al. 

2008). Upper respiratory samples are sometimes not appropriate for culture or direct 

detection of bacterial pathogens or their components (Carroll 2002, Charlson et al. 2010, 

Satzke et al. 2013, Kumpitsch et al. 2019). Some samples from lower airways are more 

difficult to obtain and require invasive procedures.  

 

Limited availability of human pathologic specimens and ethical restrictions in lower 

airways of human volunteers has hampered understanding of respiratory pathogen airway 

disease. Current knowledge of RSV airway infection and pathology (Tripp 2004, 

Bohmwald et al. 2016) is based on in vitro studies using non-polarised epithelial cell-

lines grown on plastic (Zhang et al. 2002, Wright et al. 2005, Villenave et al. 2012, Pickles 

2013) or in vivo studies using animal models semi-permissive for RSV infection (Graham 

et al. 1988, Byrd et al. 1997, Domachowske et al. 2004, Kong et al. 2005, Peebles et al. 

2005, Mejias et al. 2008, Bem et al. 2011, Openshaw 2013, Taylor 2017, Altamirano-

Lagos et al. 2019). These models do not recapitulate the pathologic infection of the human 

columnar airway epithelium in vivo  (Pickles 2013, Marshall et al. 2015). Histopathologic 

specimens of RSV-infected lung tissues have immunolocalised RSV antigen to columnar 

airway epithelium of large conducting airways and in ciliated cells and non-ciliated Clara 

secretory cells within the bronchiolar regions (Zhang et al. 2002, Pickles et al. 2015). 

Human airway epithelial cell cultures can be generated from volunteers willing to 

undergo harvest of epithelial cells by scraping or brushing of nasal or trachea-bronchial 

epithelium (Kelsen et al. 1992, Pickles 2013). The isolated epithelial cells can then be 

grown using appropriate culture conditions to generate differentiated cultures of columnar 
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airway epithelium, where epithelial cell cultures exhibit morphologic and physiologic 

properties similar to those of the human columnar airway epithelium in vivo. 

 

1.8.1 Mechanisms in Bacterial-Viral Interactions 

Mechanisms by which viruses influence bacterial colonisation and invasion are 

thought to vary. A number of these are addressed and reviewed below. 

 

1.8.1.1 Viral Predisposition to Bacterial Adherence 

Attachment to the host mucosal surface represents the initial step by a microbe in 

respiratory diseases, whereas viral infections result in the modification of host epithelium 

defences (Bogaert et al. 2004). To cause disease, the bacterium first needs to colonise a 

specific niche. This dynamic process involves a complex microbial interplay (Bosch et 

al. 2013c). Viral predisposition to bacterial attachment occurs instantaneously and lasts 

up to a week after the initial viral infection in mouse model studies (Hament et al. 2005, 

Avadhanula et al. 2006a, Stark et al. 2006). This can be explained from the fact that not 

all pathogenic microbes (bacterial and viral) types, species and strains interact equally 

(Hakansson et al. 1994). 

 

Nasopharyngeal carriage of bacteria like S. pneumoniae and H. influenzae is commonly 

found in healthy subjects. Initial epidemiological studies in the 1920s investigated 

bacterial-viral interactions during a respiratory infection and found that both bacteria 

species could be isolated from throats of patients in higher amounts than when they were 

healthy (Hament et al. 1999). In an aetiology study of community-acquired pneumonia in 

children, it was discovered that paediatric patients with viral infection, nearly half were 

also presented with bacterial co-infection (Heiskanen-Kosma et al. 1998). On the other 

hand, one-fifth of subjects who presented with bacterial infections had a prior viral 

infection. Interestingly, the most frequent combination in such paediatric patients under 

five, were found to be S. pneumoniae and RSV. Patel et al. (1992) demonstrated that in 

the cotton-rat model, RSV-experimentally infected animals had an increase of NTHi 

concentration in nasal washings. This indicated an increased in NTHi colonisation (Patel 

et al. 1992) 

 

1.8.1.2 Epithelium Barrier Disruption 

Pathogenic bacteria may cause barrier function loss, which results in the entry of 

other microbes. Cellular processes are at risk to disruption upon viral infection of the host 
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cell, from viral replication process and may result in death of the infected cell through 

metabolic exhaustion or direct lysis. Induced cell death may lead to the clearing of the 

epithelium (Plotkowski et al. 1986, Suzuki et al. 1994), thereafter exposing the basement 

membrane to further assaults by other microbes. A disrupted epithelium may also result 

in epithelial integrity loss and a decreased in inhibition of bacterial translocation. 

Furthermore, viruses causes damage to ciliated cells (Pittet et al. 2010), which results in 

the mucociliar velocity decrease and reduction in bacterial clearance (Suzuki et al. 1994). 

Tristram et al (1998), also demonstrated RSV infection had a negative effect on ciliated 

cells such as ciliostasis, clumping, cilia loss in live cells and sloughing of cells (Tristram 

et al. 1998) 

 

1.8.1.3 Adhesion Proteins Upregulation 

Viruses within infected cells may modify antimicrobial peptide expressions that 

are secreted in the respiratory mucosa (McGillivary et al. 2009). Defensins are important 

innate immune regulators that are responsible for the elimination of pathogenic bacteria 

(Fellermann et al. 2001, Ganz 2003, Hazlett et al. 2011). The host response to a viral 

infection includes a pro-inflammatory response which leads to adhesion protein 

upregulation in certain cells in the epithelium. These proteins function as receptors where 

immune cells bind to infected cells and clear the virus infection. Several bacterial species 

are able to adhere to a diverse group of adhesion proteins on host cell surfaces, which 

include intracellular adhesion molecule 1 (ICAM-1) and outer membrane protein P5-

homologous fimbriae (P5 fimbriae) (Cundell et al. 1995a, Cundell et al. 1995b, Ishizuka 

et al. 2003, Avadhanula et al. 2006a, Avadhanula et al. 2006b, Wang et al. 2009). 

 

1.8.1.4 Production of Viral Factors 

During infection by respiratory syncytial virus (RSV), the glycoproteins F and G 

are inserted into the host cell membrane. Bacteria are able to adhere to these susceptible 

cells through the expression of the RSV glycoprotein G (Hament et al. 2004, Hament et 

al. 2005, Avadhanula et al. 2007). In fact, the glycoprotein G was responsible for the 

increased binding of N. meningtidis to RSV-infected epithelial cells. However, while 

information is lacking for RSV, influenza and parainfluenza-viruses produces 

neuraminidase which functions to create entry for bacteria into susceptible host cells by 

cleaving sialic acids residues which results in the exposure of bacterial receptors on the 

upper (McCullers et al. 2003, Peltola et al. 2004, Alymova et al. 2005). 
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1.8.1.5 Immune System Dysfunction 

The expression of adhesion molecules from virus infections may catalyse 

neutrophilic, monocytic and other immune cell adhesion to virus-infected cells, which 

results in the increase of recruitment and activation of pro-inflammatory cells. 

Respiratory viruses are able to counter this by causing neutrophilic function dysregulation 

and oxidative burst decreased (Stark et al. 2006), enhancement of neutrophilic apoptosis, 

resulting in an increase of susceptibility to bacterial superinfection (Colamussi et al. 1999, 

Engelich et al. 2001, McNamee et al. 2006). Viral infection also affects cytokine 

production and its biological activity (Kukavica-Ibrulj et al. 2009).  IFN-α and IFN-β 

induced during virus infection has also been observed to result in a neutrophilic response 

impairment caused by inadequate production of neutrophil chemoattractants (Shahangian 

et al. 2009). However, IFN-γ downregulates macrophage activity resulting in bacterial 

clearance dysregulation (Sun et al. 2008). TNF-α production is also affected during viral 

infection. Its downregulation has been shown to increase the susceptibility of the host 

epithelium to secondary bacterial infections (Didierlaurent et al. 2008). 

 

1.8.1.6 One-way or Two-way Synergism 

While evidence supports a one-way viral predisposition to bacterial colonisation, 

studies have shown a preceding bacterial infection may increase the susceptibility to a 

consecutive viral infection (Sajjan et al. 2006, Verkaik et al. 2011). It is postulated that 

microbial interactions may tip the equilibrium of microbiota and thereby, create an 

opportunity for viral invasion and transmission (Kuss et al. 2011). Of importance, viruses 

may be using this strategy of tapping into its microbial environment to escape the host 

immune clearance (Kane et al. 2011).  

 

Synergisms in coinfections and superinfections are of interest of late. These interactions 

between the viral and bacterial pathogens have been investigated. main polymicrobial 

infections involving RSV and several prevalent bacterial and viral respiratory pathogens, 

such as S. aureus, P. aeruginosa, S. pneumoniae, H. influenzae, M. catarrhalis, Klebsiella 

pneumoniae, human rhinoviruses, influenza A virus, human metapneumovirus, and 

human parainfluenza viruses. The question of how viral infections predispose patients to 

bacterial infections has been looked for some time (Beadling et al. 2004). Murine models 

of viral and bacterial co-infection mimic the lethal synergism seen in humans and reveal 

at least two mechanisms of interaction (Beadling et al. 2004). Initially, a bacterial 

infiltration is heightened during acute viral infection. Secondly, the nature of responding 
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cell populations is dramatically altered during concomitant infections. Co-infections 

involving influenza virus and the S. pneumoniae are well-documented (McCullers et al. 

2003, Peltola et al. 2004, Peltola et al. 2005, McCullers 2006). However, most 

polymicrobial infections involving RSV lack a molecular basis in explaining the 

interaction between the virus and bacterial pathogens (Brealey et al. 2020, Jung et al. 

2020, Yan et al. 2020, Pacheco et al. 2021). A mouse model was also used to investigate 

the interaction between influenza virus and H. influenzae (Lee et al. 2010).However, there 

still exist a paucity of information with regards to polymicrobial infections involving 

respiratory viral and bacterial interactions and their combined pathogenesis and 

mechanisms (Wark 2010, Bosch et al. 2013b, Kapur et al. 2014, Ho et al. 2015, 

Bellinghausen et al. 2016, Almand et al. 2017, Hanada et al. 2018, Kiedrowski et al. 

2018a, Diaz-Diaz et al. 2019, Jung et al. 2020, Yan et al. 2020, Pacheco et al. 2021). The 

use of in vitro and animal models, as well as molecular microbiology study of viruses and 

bacteria, provide an understanding of the mechanisms that explain how respiratory 

viruses and bacteria combine to cause disease.  

 

1.9 Modelling the Airway Epithelium 

Models are a key tool in understanding the fundamentals of many of the essential 

functions and processes of the human body, including normal and inflammatory 

responses, disease pathogenesis and the action of potential therapies. A number of in vivo 

and in vitro models are currently used to study the airway epithelium. In vitro study 

involves the use of components of an organism that have been isolated from their usual 

biological niche. This most commonly involves the use of cells, either primary or 

immortalised cell lines, to study a particular tissue (Forbes 2000, Forbes et al. 2005, 

Sporty et al. 2008, Berube et al. 2010). There are various cell culture methods available 

for studying the human airway epithelium.  Besides immortalised cell lines, which can be 

limiting, primary cells can be obtained either directly from a patient/cadaver or from 

commercial companies (Forbes 2000, Ilyushina et al. 2012, Villenave et al. 2013, Walters 

et al. 2013). Primary cells, particularly bronchial epithelial or nasal cells are easily 

obtained by bronchial or nasal brushings. It is also possible to extract cells from explants 

from cadavers if processed in an appropriate time frame. Cell lines are advantageous since 

are easy to obtain and work with, whereas primary cells are moderately easy to obtain if 

from a commercial company but are surrounded by ethical implications if taken from 

patients (Geraghty et al. 2014). Also, there is a high level of inter-donor variability that 

needs to be potentially considered (Chansard et al. 2020). Primary cells are also more 
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difficult to maintain as they are more prone to infection, particularly those obtained from 

local brushings (Roger A. Vertrees 2009). They also have a finite lifespan and cannot be 

cultured through repeated passages (Roger A. Vertrees 2009). Cells obtained from 

explants or brushings may also have the added complication of contaminating cell types 

(Romagnoli et al. 1999). Whilst both types of culture technique use airway cells, there 

are issues surrounding accurate representation of the human airway. It is thought that cell 

lines do not represent the diverse cell types present in the airway as well as the normal 

airways ability to senesce and re-new. Primary cells do overcome this when cultured at 

an air-liquid interface (ALI). This methodology allows cells to differentiate into the cell 

types seen in the airway in representative proportions, thus forming a model for various 

studies relating to the human airways (Ross et al. 2007). 

 

1.9.1 Primary Airway Epithelial Cell Culture at the Air-Liquid Interface (ALI) 

The ALI culture technique was developed as a method of differentiating by 

Whitcutt et al (1988). The method was successful in using cells from multiple species 

where cell differentiation was achieved. The cellular differentiation successfully resulted 

in the mucociliary structure, secreted mucus substances and possessed a similar epithelial 

polarity found in the in vivo epithelium (Whitcutt et al. 1988). The ALI culture technique 

was adapted to culture human keratinocytes from skin and squamous carcinoma cells 

(Regnier et al. 1988). This modified protocol was used for the differentiation of  

tracheobronchial epithelial cells (Wu et al. 1990). Culturing primary human 

tracheobronchial epithelial cells by using the ALI culture technique provides an in vitro 

model of airway differentiation. This recapitulates the human airway epithelium where 

studies including airway responses to damage and repair, as well as bacterial/viral 

manifestations in healthy and patients suffering a chronic airway disease such as COPD, 

cystic fibrosis and asthma, can be investigated (Holgate 2008, Eisele et al. 2011, Vareille 

et al. 2011, Gohy et al. 2016, Iosifidis et al. 2016, Mertens et al. 2017, De Rose et al. 

2018, Jankauskaite et al. 2018, Looi et al. 2018, Su et al. 2018, Calven et al. 2020, Paudel 

et al. 2020, Potaczek et al. 2020). Furthermore, evidence exist that this culture technique 

provides an accurate transcriptional and transcriptome airway profile in vivo (Dvorak et 

al. 2011, Pezzulo et al. 2011). 

 

1.10 Aims, Objectives, Hypothesis and Conclusion 

Co-infections of the respiratory airway involving bacterial and viral pathogens are 

often encountered in a clinical setting. There exist multiple reasons that this significant 
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problem is relatively difficult to determine, including undetected cases of bacterial-viral 

co-infections, the limited sensitivity of microbiological diagnostic tests and the 

availability of clinical specimens. However, current studies usually only assume a single 

pathogenic aetiological agent in airway infectious studies.  This project was conducted to 

progress the field further by modelling poly-microbial interactions evident in the human 

respiratory airway.  Specifically, we hypothesised that there exists bi-directional 

interaction between the bacteria NTHi and RSV, which influences host airway epithelial 

cell responses. Furthermore, we explored how NTHi interacts with the host to develop 

stable bionics and how other factors such as poly-microbial infection with a respiratory 

virus changed this bacteria’s behaviour.  

 

In order to test the hypothesis, the following aims were drawn up. These include: 1) To 

develop a viable and reliable methodology to produce and analyse NTHi biofilm 

formation using confocal laser scanning microscopy (CLSM) and analysis software 

(COMSTAT2); 2) the establishment of  models for the singular and multiple 

polymicrobial infection using NTHi bacteria and RSV on fully differentiated human 

primary tracheal epithelial cells established at Air-Liquid Interface (ALI) and characterise 

these scenarios via morphological, functional, molecular and immunological endpoints, 

and 3) using confocal microscopy and pathogen load, elucidate the dynamic relationship 

occurring in one poly-microbial infection scenario, i.e. initial infection of NTHi followed 

by a secondary RSV infection. 

 

Optimisation studies were initially designed and conducted to establish and characterise 

NTHi biofilm formation on chamber slides. Demonstrating and confirming the formation 

of biofilms on these inert surfaces by the use of lectin staining, fully differentiated primary 

airway epithelial cells (AEC) were then inoculated with NTHi onto their apical surfaces 

to assess the viability of a long-term NTHi exposure model. Following this, RSV and 

NTHi were used to assess between the effect of viral infection, NTHi biofilm and AEC 

epithelium. Six infection groups were set up where singular, sequential or concurrent 

infection involving either NTHi and/or RSV were used to infect fully differentiated AEC. 

The impact of sequential or concurrent infection with RSV and NTHi was then assessed.  

This was done through morphological, functional, molecular and immunological 

endpoints. NTHi-colonised and/or RSV-infected cultures post-7 days were subjected to 

apical washes and basal media were collected. These, together with cells were used to 

determine the NTHi and RSV pathogen load via qPCR. Cytokine expression from apical 
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and basolateral media was also determined by multiplex. Insert surfaces were also fixed, 

excised, mounted and overlayed with coverslips. Confocal microscopy was then 

conducted to image inserts, pathogens and biofilm.



 

 

CHAPTER 2 

 

 

Materials and Methods 
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2.1 General reagents and Chemicals 

All general reagents and chemicals utilised in this study are listed with their supplier 

details below.   

 

Table 2: General reagents and Chemicals and their suppliers 

Materials, Media and Reagents  Supplier 

0.22- and 0.45µm syringe filter units Pall, East Hills, NY, USA 

4-Chloro-1-naphthol (4CN) tablet Sigma-Aldrich, St. Louis, MO, USA 

4-(2-hydroxyethyl)-1-

piperazineethanesulfonic Acid (HEPES) 

Sigma-Aldrich, St. Louis, MO, USA 

25G & 27G needles Terumo Medical, Macquarie Park, NSW, 

Australia 

7X™ Laboratory Detergents, MP 

Biomedicals™ 

Thermo Fisher Scientific, Walham, MA, 

USA 

Adenine Sigma-Aldrich, St. Louis, MO, USA 

β-Mercaptoethanol Sigma-Aldrich, St. Louis, MO, USA 

Β-Nicotinamide Adenine Dinucleotide (β-

NAD) (V Factor) 

Sigma-Aldrich, St. Louis, MO, USA 

Calcium chloride (CaCl2) Sigma-Aldrich, St. Louis, MO, USA 

Casein Blocker™, 1% in PBS, 

Hammarsten grade with Kathon® Anti-

microbial agent 

Thermo Fisher Scientific, Waltham, MA, 

USA 

Cholera Toxin Sigma-Aldrich, St. Louis, MO, USA 

Citric acid (C6H8O7) Sigma-Aldrich, St. Louis, MO, USA 

Collagen S (Type 1) Roche, Castle Hill, NSW, Australia 

Cryo 1°C Freezing container “Mr Frosty” Wessington Cryogenics, Houghton-le-

Spring, Tyne & Wear, UK 

Dimethyl sulfoxide (DMSO) Hybri-

Max™ 

Sigma-Aldrich, St. Louis, MO, USA 

Dulbecco’s Modified Eagle Medium, 

High Glucose (DMEM) 

Thermo Fisher Scientific, Waltham, MA, 

USA 

Ethanol (C2H6O) Lomb Scientific, Taren Point, NSW, 

Australia 

Ethylene diamine tetraacetic acid (EDTA) Sigma-Aldrich, St. Louis, MO, USA 
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Fibronectin Sigma-Aldrich, St. Louis, MO, USA 

Foetal Calf serum Biowest, Nuaillé - France   

Formalin, neutral-buffered 10% (10% 

NBF) 

Sigma-Aldrich, St. Louis, MO, USA 

Fungizone Thermo Fisher Scientific, Waltham, MA, 

USA 

Gentamicin Sigma-Aldrich, St. Louis, MO, USA  

Glycerol, ≥99.5% Sigma-Aldrich, St. Louis, MO, USA 

Hemin (X Factor) Sigma-Aldrich, St. Louis, MO, USA 

Heparin sodium Mayne Pharma, Mulgrave, VIC, Australia 

Hydrochloric Acid (HCl) (32%) Univar, Ingleburn, NSW, Australia 

Hydrocortisone Sigma-Aldrich, St. Louis, MO, USA 

Hydrogen Peroxide, H2O2 30% in water Sigma-Aldrich, St. Louis, MO, USA 

Insulin Sigma-Aldrich, St. Louis, MO, USA 

Kanamycin Sigma-Aldrich, St. Louis, MO, USA 

L-glutamine (C5H10N2O3) Thermo Fisher Scientific, Waltham, MA, 

USA 

Magnesium chloride (MgCl2) Sigma-Aldrich, St. Louis, MO, USA 

Methanol, ≥ 99.9% Sigma-Aldrich, St. Louis, MO, USA 

Minimal Essential Medium (MEM) Thermo Fisher Scientific, Waltham, MA, 

USA 

Mountant and Anti-fade, Prolong Glass Thermo Fisher Scientific, Waltham, MA, 

USA 

Non-Essential Amino Acids (NEAA) Thermo Fisher Scientific, Waltham, MA, 

USA 

Nystatin Thermo Fisher Scientific, Waltham, MA, 

USA 

Penicillin-Streptomycin (Pen-Strept) Sigma-Aldrich, St. Louis, MO, USA 

Potassium chloride (KCl) Sigma-Aldrich, St. Louis, MO, USA 

Potassium dihydrogen phosphate 

(KH2PO4) 

BDH Lab.  Supplies, Poole, Dorset, UK 

Protease inhibitor cocktail mix Sigma-Aldrich, St. Louis, MO, USA 

Recombinant human epidermal growth 

factor (EGF) 

Sigma-Aldrich, St. Louis, MO, USA 
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RNA lysis buffer (RLT) Thermo Fisher Scientific, Waltham, MA, 

USA 

ROCK inhibitor (Y-27632) Enzo Life Sciences, Farmingdale, NY, 

USA 

RPMI-1640 media Thermo Fisher Scientific, Waltham, MA, 

USA 

Sodium bicarbonate (NaHCO3) Sigma-Aldrich, St. Louis, MO, USA 

Sodium chloride (NaCl) Sigma-Aldrich, St. Louis, MO, USA 

Sodium deoxycholate (C24H39NaO4) Sigma-Aldrich, St. Louis, MO, USA 

Sodium dihydrogen phosphate (NaH2PO4) Sigma-Aldrich, St. Louis, MO, USA 

Sodium dodecyl sulphate (SDS) Sigma-Aldrich, St. Louis, MO, USA 

Sodium fluoride (NaF) Sigma-Aldrich, St. Louis, MO, USA 

Sodium hydroxide (NaOH) Sigma-Aldrich, St. Louis, MO, USA 

Sodium phosphate dibasic (Na2HPO4) Sigma-Aldrich, St. Louis, MO, USA 

Sodium pyrophosphate (Na4P2O7) Sigma-Aldrich, St. Louis, MO, USA 

Sodium pyruvate (C3H3NaO3) Sigma-Aldrich, St. Louis, MO, USA 

Sodium orthovanadate (Na3VO4) Sigma-Aldrich, St. Louis, MO, USA 

Spectinomycin Sigma-Aldrich, St. Louis, MO, USA 

Syringe (1 mL / 5 mL / 10 mL) Terumo Medical, Macquaire Park, NSW, 

Australia 

Triton-X 100 (C14H22O(C2H4O)n(n=9-

10)) 

Sigma-Aldrich, St. Louis, MO, USA 

Trizma base (NH2C(CH2OH)3) Sigma-Aldrich, St. Louis, MO, USA 

Trypan-Blue Sigma-Aldrich, St. Louis, MO, USA 

Trypsin Sigma-Aldrich, St. Louis, MO, USA 

Trypsin/Ethylenediaminetetraacetic acid 

(T-EDTA) 

Sigma-Aldrich, St. Louis, MO, USA 

Tween-20 (Polysorbate-20; C58H114O26) ICN Biomedicals, Irvine, CA, USA 

Vivaspin-20 (1,000,000 MWCO) 

centrifugal concentrators 

Sartorius, Göttingen, Germany 

 



 

48 

2.2 Antibodies and Serum 

Table 3: Antibodies used and their suppliers 

Antibody Product Code Supplier 

Goat anti Respiratory 

Syncytial Virus Purified  

7950-0004 Bio-Rad, Hercules, 

California, USA 

Rabbit anti Goat IgG (Fc) – 

HRP conjugated 

STAR122P Bio-Rad, Hercules, 

California, USA 

Monoclonal antibody anti-

beta tubulin Tub2.1.  

 

T5201 Sigma-Aldrich, St. Louis, 

MO, USA 

 

Monoclonal antibody anti-

Muc5AC 1-13M1. 

 

OBT1746 Bio-Rad, Hercules, 

California, USA 

Goat anti-Mouse IgG 

(H+L) Highly Cross-

Adsorbed Secondary 

Antibody, conjugated to 

Alexa Fluor Plus 647. 

 

A-21235 Invitrogen / ThermoFisher 

Scientific, Waltham, MA, 

USA 

Normal Goat Serum 

 

016201 ThermoFisher Scientific, 

Waltham, MA, USA 
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2.3 General Equipment 

2.3.1 Autoclave 

Sterilisation using an Atherton autoclave (Thornbury, VIC, Australia) of 

equipment, solutions, and waste was performed at 121°C for 15 mins. Quality controls 

including biological (BIONOVA BT220, Terragene, Santa Fe, Argentina), steam 

penetration validation (gke Steri-Record PMS Compact-PCD colour: orange, Jandakot, 

WA, Australia), and 3M Comply Steam Indicator Tape (Thermo Fisher Scientific, 

Waltham, MA, USA) were used during every autoclave run to confirm successful 

sterilisation.  

 

2.3.2 Balances 

All analytical and biochemical reagents were measured using an Ohaus Explorer® 

Balance (Derrimut, VIC, Australia). 

 

2.3.3 Bronchial cytology brush 

All bronchial brushings were collected using Olympus® BC-25105 nylon 

cytology brushes of 10 mm length and 2 mm outer diameter (Macquarie Park, NSW, 

Australia). 

 

2.3.4 Centrifuges 

All centrifugation was performed using either an Eppendorf 5810R refrigerated 

Swing Bucket Rotor or a 5415D mini centrifuge (Hamburg, Germany). Cytospin 

centrifugation was performed using a Hettich centrifuge from Andreas Hettich GmbH 

and Company KG (Tuttlingen, Baden-Württemberg, Germany). 

 

2.3.5 Epithelial Volt/Ohm (EVOM) Meter 

The EVOM2 was used to perform routine Trans Epithelial Electrical Resistance 

(TEER) measurements and was obtained from World Prevision Instruments.  

 

2.3.6 Glassware 

General glassware was procured from Schott (Frenchs Forest, NSW, Australia) 

and Corning (Mount Martha, VIC, Australia).  All glassware was soaked in 7X™  

laboratory detergent (MP Biomedicals) overnight, rinsed three times in tap water and then 

deionised water.  All equipment was sterilised in an autoclave (refer to 2.3.1).   
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2.3.7 Heating devices 

Heating of specified samples or reagents to temperatures between 37°C and 100°C 

was performed using a RATEK heating block (Boronia, VIC, Australia). 

 

2.3.8 Incubators 

All established mycoplasma-free cell cultures were maintained in a Panasonic 

MCO-19AICUVH CO2 incubator (Murarrie, QLD, Australia) in an atmosphere of 5% 

CO2.  All mycoplasma-free cell line cultures were maintained in a separate, identical 

incubator with the same atmospheric conditions. 

 

2.3.9 Laminar flow cabinets 

All cell culture was performed in a Laminar Flow Cabinet from AES 

Environmental (Balcatta, WA, Australia) certified by the National Association of Testing 

Authorities (NATA). 

 

2.3.10 Microscopes 

A Leica Microsystems GmbH inverted microscope (Wetzlar, Hesse, Germany) 

and Nikon® Eclipse Ti inverted microscope (Coherent Scientific, Hilton, Australia) with 

an attached camera were used to observe cellular morphology and cell viability.   

 

2.3.10.1 Confocal microscopy 

Inserts were imaged using a Nikon® A1 inverted confocal microscope (Nikon, 

Minato, Tokyo, Japan), with a Nikon® Plan Apo VC 20x Numerical Aperture (NA) and 

Nikon Instrument Software (NIS) Elements- Advanced Research (AR) (v4.2.22; Nikon, 

Minato, Tokyo, Japan).  Individual channels were captured sequentially, where a 405nm 

laser was used for Hoechst 33342 with collection through a 450/50 bandpass filter, Alexa 

Fluor 488 excited using a 488nm laser with collection through 525/50, and Alexa Fluor 

568 excited with a 561nm laser and collected through a 585/50 bandpass filter.  Z-stack 

images with step size of 1µm were collected with a pinhole of 35.8µm (1.2 AU for 488nm 

laser), where the top and bottom of the stacks were determined visually.   

 

2.3.10.2 Transmission Electron Microscope 

Electron Microscopy was performed using a FEI Titan Themis 80-200/ FEI 

Tecnai G2 Spirit TEM/ Philips CM200 Transmission Electron Microscope/ Philips 
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CM100 Transmission Electron Microscope within the Centre for Advanced Microscopy 

and Microanalysis, University of Adelaide.  

 

2.3.11 pH meter 

A 3310 pH meter from Jenway (Gransmore Green Felsted Dunmow, Essex, 

England) was used for all pH measurements.  Calibration solutions were obtained from 

Scharlau (Barcelona, Catalonia, Spain). 

 

2.3.12 Pipettes 

All volumes between 1 and 25mL were measured using S1 Pipet Fillers (Thermo 

Fisher Scientific, Waltham, MA, USA). Gilson micropipettes (Middleton, WI, USA) 

were used to measure all volumes less than 1mL. F1-ClipTip Multichannel Pipettes 

(Thermo Fisher Scientific, Waltham, MA, USA) were also used for work involving 96-

well microplates.  

 

2.3.13 Spectophotometers and plate readers 

All spectrophotometric measurements between 400 nm and 600 nm were 

performed using a BioTek SynergyMx multiplate reader (Winooski, VT, USA), or on a 

Thermo Scientific™ Multiskan™ FC microplate photometer (Wilmington, DE, USA).  

Luminescence measurements were performed using a PerkinElmer Enspire® Multilabel 

plate reader (Melbourne, VIC, Australia). 

 

2.3.14 Stirrers, shakers and rockers 

A variety of equipment was used to mix or agitate solutions including a magnetic 

heated stirrer (Industrial Equipment and Control Pty Ltd, Thornbury, VIC, Australia), 

shaker (Ratek, Boronia, VIC, Australia), vortex (IKA, Petaling Jaya, Malaysia), sonicator 

(UniSonics, Brookvale, NSW, Australia) and rocking platform (Barloworld Scientific 

Laboratory Group, Rochester, NY, USA). 

 

2.3.15 Thermocyclers 

Reverse transcription PCR of RNA to cDNA was performed using a T100 thermal 

cycler (BioRad, Hercules, CA, USA). Quantitative real-time PCR (qPCR) was performed 

using a QuantStudio 7 Flex PCR system (Applied Biosystems, Foster City, CA, USA). 
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2.3.16 Tissue culture and general plasticware 

All disposable tissue culture plasticware was obtained from BD Biosciences 

(Franklin Lakes, NJ, USA). 

 

2.3.17 Water baths 

Where specified, samples and reagents were thawed or warmed using a 

Thermoline Water Bath (Smithfield, NSW, Australia) 

 

2.4 Agar, broth and solutions 

2.4.1 Chocolate Agar Plates 

Ready-made chocolate agar plates containing defibrinated heat-lysed horse or 

sheep blood were obtained either from PathWest Media (Mt Claremont, Western 

Australia, Australia), Thermo Scientific (Scoresby, Victoria, Australia) or Harry Perkins 

Institute Laboratory Media Preparation (Nedlands, Western Australia, Australia). Plates 

were stored at 4°C until needed.  

 

2.4.2 NTHi Freezing Media (0.8% (v/v) skim milk + 20% (v/v) glycerol) 

In a 50ml Falcon tube, 30ml of ddH2O, 0.4g of skim milk powder and 12.5ml of 

pure Glycerol were combined and heated in a 37°C waterbath with occasion inverting 

until the milk powder was dissolved. The volume was then topped up to 50ml with 

ddH2O. The solution was then filter-sterilised first through a 0.8µm-syringe filter unit and 

followed by a 0.45µm- syringe filter unit. Aliquots were then made into 15ml Falcon 

tubes and stored at 4°C until required.  

 

2.4.3 Brain-Heart Infusion (BHI) broth 

BHI broth was ordered from Pathwest Media in 500ml volume lots and stored at 

4°C until needed. 

 

2.4.4 Sodium hydroxide (NaOH), 1N 

Sodium hydroxide pellets weighing 2g were measured out on a weighing scale 

and added to 40ml of ddH2O. The solution was mixed thoroughly by inversion before the 

total volume was topped up to 50ml with ddH2O.  
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2.4.5 Hemin (X factor) stocks, 1mg/ml 

Hemin powder (Sigma-Aldrich, 51280) weighing 0.1g was weighed out into a 

5ml tube. Two millilitres of 1N NaOH was then added to a 50ml beaker with a magnetic 

bar and placed on a magnetic stirrer plate running at speed. The hemin powder was then 

slowly added to the NaOH solution. An extra volume of 1ml 1N NaOH was added into 

the same tube to flush out any residual powder before transferring to the beaker. Parafilm 

was placed on top of the beaker prevent evaporation and the contents stirred for a few 

days until all hemin was dissolved.  The subsequent solution was then filter-sterilised 

using a 0.22µm-syringe filter unit, dispensed into 5ml aliquots and stored at -20°C until 

needed.  

 

2.4.6 β-Nicotinamide Adenine Dinucleotide (β-NAD) (V factor) stocks, 2mg/ml 

β-NAD powder (Sigma-Aldrich, N7004) weighing 0.2g was mixed thoroughly in 

80ml sterile ddH2O by inversion before the total volume was topped up to 100ml with 

ddH2O. The β-NAD solution was then filter-sterilised using a 0.22µm-syring filter unit, 

dispensed into 5ml aliquots and stored at 4°C until needed. 

 

2.4.7 Supplemented Brain-Heart Infusion (BHI) broth 

Five hundred millilitres of BHI broth was mixed with 1.5ml Hemin stock solution 

of 1mg/ml in 1N NaOH (refer to 2.4.4) and 0.5ml β-NAD stocks solutions of 10ml/ml in 

sterile ddH2O (refer to 2.4.6) and mixed. Supplemented BHI broth was stored at 4°C until 

needed.  

 

2.4.8 Kanamycin stocks, 20mg/ml in water 

Kanamycin sulfate powder (Sigma-Aldrich, K1377-5G) weighing 0.5g was 

measured out and dissolved in 25ml ddH2O before the solution was filter sterilised using 

a 0.22µm-syring filter unit. Aliquots of 0.5ml solutions were dispensed into 

microcentrifuge tubes and stored at -20°C until needed. To dilute to working 

concentrations of 20µg/ml, a 1000x dilution was later made when required.  

 

2.4.9 Spectinomycin stocks, 200mg/ml in water 

Spectinomycin dihydrochloride pentahydrate (Sigma-Aldrich, S4014-5G) 

weighing 2g was measured out and dissolved in 10ml ddH2O before the solution was 

filter sterilised using a 0.22µm-syring filter unit. Aliquots of 0.5ml solutions were 
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dispensed into 1.7ml microcentrifuge tubes and stored at -20°C until needed. To dilute to 

working concentrations of 200µg/ml, a 1000x dilution was later made when needed. 

 

2.4.10 Penicillin/Streptomycin stocks, 100X  

Five millilitres Penicillin-Stretomycin (Sigma-Aldrich, P4333-100ML) aliquots 

were dispensed and stored at -20°C until needed. To dilute to working concentrations, a 

100x dilution was later made.  

 

2.4.11 Trypsin-EDTA stocks 

Five millilitres containing 0.25% Trypsin-EDTA (Sigma-Aldrich, T4049) 

aliquots were made and stored at -20°C until needed.  

 

2.4.12 NIH-3T3 growth medium 

NIH-3T3 murine embryonic fibroblasts were maintained in maintained in DMEM 

growth media (GIBCO Invitrogen, Carlsbad, CA, USA) supplemented with 10% (v/v) 

FCS and 1% (v/v) penicillin/streptomycin (Life Technologies Australia Pty Ltd. 

Mulgrave, VIC, Australia). The components were added to a final volume of 500mL of 

DMEM, filter sterilised and stored at 4°C until required. 

 

2.4.13 NIH-3T3 trypsin solution 

NIH-3T3 trypsin solution for differential trypsinisation of NIH-3T3 cells and 

primary AEC was prepared by diluting a commercial trypsin solution 1:99 (v/v) in 1 x 

PBS (refer to 2.4.21) under sterile conditions and stored at 4°C until required. 

 

2.4.14 NIH-3T3 cryopreservation medium 

NIH-3T3 cryopreservation medium was made up of 10% (v/v) DMSO and 20% 

(v/v) FCS added to 70% (v/v) culture media in which the cells were grown (refer to 

2.4.12). 

 

2.4.15 Primary epithelial expansion medium  

Primary AEC were maintained in a defined media (Martinovich et al., 2017). This 

consisted of; 2:1 (v/v) mixture of Ham’s F-12 Nutrient Mix (Life Technologies, 

Melbourne, Australia) and Dulbecco's Modified Eagle Medium (DMEM) (Life 

Technologies, Melbourne, Australia) , 5% (v/v) FCS (Life Technologies, Melbourne, 

Australia), 0.4μg/mL hydrocortisone (refer to 2.5.5), 5μg/mL insulin (refer to 2.5.6), 
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8.4ng/mL cholera toxin (refer to 2.5.3), 10ng/mL EGF (refer to 2.5.4), 24μg/mL adenine 

(refer to 2.5.1) and 10μmol/L ROCK inhibitor (refer to 2.5.7). The components were 

added to a final volume of 500mL under sterile conditions and filter-sterilised before 

storage at 4°C until required.  

 

2.4.16 Primary epithelial cryopreservation medium 

Primary epithelial cryopreservation medium was made up of 90% (v/v) FCS and 

10% (v/v) DMSO. 

 

2.4.17 Fibronectin coating buffer 

To make fibronectin cell culture coating buffer, 1mg of fibronectin was diluted in 

10mL of bronchial epithelial basal medium (BEBM) (Lonza, Basel, Switzerland) at 37°C 

for 60 mins to completely dissolve the powder. Then, 1mL of collagen S and 10mL of 

BSA stock (refer to 2.5.2) were added to a final volume of 100mL of BEBM under sterile 

conditions. The solution was filter sterilised and stored at 4°C away from light until 

required. 

 

2.4.18 HEPES buffered saline solution 

HEPES buffered saline solution (HBSS) for washing primary airway epithelial 

cell monolayers was prepared by thawing a commercial HBSS solution (ReagentPack 

subculture reagents, Lonza, Basel, Switzerland) and dispensing into 10mL aliquots stored 

at -20oC until required. 

 

2.4.19 Primary trypsin solution 

Trypsin used for subculture of primary airway epithelial cell monolayers was 

prepared by thawing a commercial Trypsin-EDTA solution (ReagentPack subculture 

reagents, Lonza, Basel, Switzerland) and 10mL aliquots were stored at -20°C. 

 

2.4.20 Primary trypsin neutralising solution 

Trypsin neutralising solution used for subculture of primary airway epithelial cell 

monolayers was prepared by thawing a commercial solution (ReagentPack subculture 

reagents, Lonza, Basel, Switzerland) and 10mL aliquots stored at -20°C until required.  
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2.4.21 Phosphate buffered saline (PBS) 

For general use, a sachet of PBS pre-mixed powder (P5368, Sigma Aldrich) was 

dissolved completely in 1 litre of distilled or deionised water to yield 0.01M (1x PBS) 

containing 0.138M NaCl and 0.0027M KClat pH 7.4. Solutions were autoclaved to long 

term storage.  

 

2.4.22 Dulbecco’s Phosphate Buffered Saline (PBS) 

For cell culture use, Dulbecco’s PBS in 500ml bottles (D8537, Sigma-Aldrich) 

were used and stored at 4°C in between use.  

 

2.4.23 Trypan blue solution (0.05% v/v) 

To make a 0.05% (v/v) solution of trypan blue, 1 mL of Trypan Blue 0.4% (w/v) 

cell culture grade solution was diluted in 7mL of 1x PBS (refer to 2.4.21). The solution 

was filter-sterilised before being stored at room temperature. 

 

2.4.24 ALI media 

Media was prepared by the combination of final concentrations of  0.87µM 

Insulin, 0.21µM Hydrocortisone, 0.50ng/mL Epidermal Growth Factor, 0.01µM 

Triiodothyronine, 0.125µM Transferrin, 2.7µM Epinephrine, 0.5µM 

Phosphorylethanolamine, 0.5µM Ethanolamine, 10µg/mL Bovine Pituitary Extract, 

0.5mg/mL Bovine Serum Albumin, 1.5µM Ferrous Sulfate (FeSO4.7H2O), 60mMM 

Magnesium Chloride (MgCl2.6H2O), 11mM Calcium Chloride (CaCl2.2H2O), 5.0ml 

Hydrochloric (HCl) Acid, 3.0µM Zinc Sulfate (ZnSO4.7H2O), 100 U/ml Penicillin, 100 

µg/ml Streptomycin, 500µM  Retinoic Acid and trace elements. 

 

2.4.25 Double deionised water (ddH2O) 

Double deionised water was prepared by passing distilled water through a Milli-

Q water purification system (Millipore, North Ryde, NSW, Australia). 

 

2.4.26 Ethanol (95 % v/v) 

To make 1,000 mL of 95 % (v/v final) of ethanol, 950 mL of absolute ethanol was 

added to 50 mL of ddH2O.  The solution was stored at room temperature (RT) until 

required. 
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2.4.27 Ethanol (80% v/v) 

To make 1,000 mL of 80 % (v/v final) of ethanol, 800 mL of absolute ethanol was 

added to 200 mL of ddH2O.  The solution was stored at RT until required. 

 

2.4.28 Ethanol (70 % v/v) 

To make 1,000 mL of 70 % (v/v final) of ethanol, 700 mL of absolute ethanol was 

added to 300 mL of ddH2O.  The solution was stored at RT until required. 

 

2.4.29 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) Buffered Saline 

Solution 

A 10X stock of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 

was prepared by dissolving 47.6 g of HEPES, 70.7 g of NaCl, 2 g of KCl, 1.7 g of glucose 

and 10.2 g of Na2HPO4 in 800 mL of ddH2O.  The solution pH was adjusted to 7.4 and 

the volume was made up to 1 L by adding ddH2O.  The buffer was autoclaved as required 

and stored at RT until use.  The stock solution was diluted 1 part to 9 parts ddH2O before 

use. 

 

2.4.30 Hydrochloric acid (HCl; 1 M) 

To make a 1 M HCl solution, 10 mL of 32 % HCl was diluted in 90 mL of ddH2O 

to a final volume of 100 mL and stored at RT. 

 

2.4.31 Hydrochloric acid (HCl; 10 mM) 

To make a 10 mM HCl solution, 10 µL of 32 % HCl was diluted in 9.99 mL of 

ddH2O to a final volume of 10 mL and stored at RT. 

 

2.4.32 Hydrochloric acid (HCl; 4 mM) 

To make a 4 mM HCl solution, 17 µL of 32 % HCl was diluted in 50 mL of ddH2O 

and stored at RT. 

 

2.4.33 Neutral Buffered Formalin (NBF) 

To make 1,000 mL of 10 % (v/v) NBF, 900 mL of ddH2O and 100 mL of formalin 

were combined with 4 g of NaH2PO4 and 6.5 g of Na2HPO4.  The solution was stored 

away from direct light at 4°C until required and for no longer than 2 weeks. 
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2.5 Media additives 

2.5.1 Adenine (10mg/mL) 

A 10mg/mL stock solution of Adenine was prepared by dissolving 200mg of 

Adenine powder (Sigma-Aldrich, St. Louis, MO, USA) in 20mL of 0.5M HCl (refer to 

2.4.1.6). The solution was filter sterilised before being stored at -20oC.  

2.5.2 Bovine serum albumin (BSA; 1mg/mL) 

A 1mg/mL stock solution of BSA was prepared by dissolving 100mg of BSA 

powder into 100 mL of 1x PBS (refer to 2.4.21). The solution was filter sterilised and 

aliquoted before being stored at -20°C until needed. 

 

2.5.3 Cholera toxin (200µg/mL) 

A 200µg/mL stock of cholera toxin was prepared by dissolving 2mg of cholera 

toxin in 10mL of ddH2O (refer to 2.4.25). The solution was filter sterilised and aliquoted 

before being stored at -20°C until required. 

 

2.5.4 Epidermal growth factor (EGF; 25µg/mL) 

A 25µg/mL stock of EGF was prepared by dissolving 500µg of EGF powder into 

2mL of BSA (refer to 2.5.2) and 18mL of 1x HEPES buffered saline solution (refer to 

2.4.29). The solution was then filtered-sterilised before being stored at -20°C until 

required. 

 

2.5.5 Hydrocortisone (3.6mg/mL) 

A 3.6mg/mL stock of hydrocortisone was prepared by dissolving 72mg of 

hydrocortisone powder into a final volume of 20mL of 95% (v/v) ethanol (refer to 2.4.26). 

The solution was then filtered-sterilised before being stored at -20°C until required 

 

2.5.6 Insulin (2mg/mL) 

A 2mg/mL stock of insulin powder was prepared by dissolving 100mg of insulin 

powder into 50mL of 4mM HCl (refer to 2.4.32), before being filter sterilised and stored 

at -20oC until required. 

 

2.5.7 ROCK inhibitor (Y-27632; 10mM) 

A 10mM stock of ROCK inhibitor (Y-27632) was prepared by dissolving 25mg 

of ROCK inhibitor powder in 7.8mL of ddH2O (refer to 2.4.25), before being filter 

sterilised and stored at -20oC until needed. 
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2.6 Methodology 

2.6.1 Ethics 

The study was approved by the Princess Margaret Hospital for Children, St. John 

of God (Subiaco) Hospital and UWA Human Research Ethics Committees.  Permission 

was granted to collect paediatric AEC from patients undergoing elective surgery for non-

respiratory conditions by the Human Research Ethics Committees at St John of God 

Hospital, Subiaco (HAPPIER study: #452, and WAERP: #901), and UWA Human 

Research Ethics Committee (HAPPIER: RA/4/1/5730 and WAERP: RA/4/1/ 8271) (refer 

to Appendix A). The WAERP (WesternWestern Australia Epithelial Research Program) 

community cohort recruits and samples participants between 2-16 years of age 

undergoing elective surgery for non-respiratory related conditions. No participants had 

clinical symptoms of bacterial or viral chest infection for at least two weeks preceding 

recruitment and any children presenting symptoms of chest infection were activity 

excluded. All children in the cohort were stable at the time of sampling and none had 

received medication at least one month prior to recruitment and airway sampling. 

 

2.6.2 Cell counting 

To determine the concentration of cells in a suspension, the cell suspension was 

diluted 1:1 (v/v) with trypan blue solution (refer to 2.4.2.2.4). Then, 10μL of the mixed 

solution was transferred into a haemocytometer. The total number of cells were counted 

as per the manufacturer’s instructions, and by using the sum of the cells in the four corner 

squares of the haemocytometer, the concentration of cells in suspension was determined 

using the following formula:  

𝑐𝑒𝑙𝑙𝑠/𝑚𝐿 = 𝑛/𝑓 × 𝑑f ×104 

Where n = total cell number counted, f = number of fields counted, df = dilution factor. 

 

2.6.3 Cell Culture Work 

2.6.3.1 NIH-3T3 cell line 

NIH-3T3 cells were used as a feeder cell layer for establishing primary AEC 

cultures by conditionally reprogramming as previously described (Martinovich et al., 

2017). An immortalised murine embryonic fibroblast cell line (NIH-3T3) was purchased 

from the American Type Culture Collection (ATCC) (South Granville, NSW, Australia). 

NIH-3T3 were first derived from embryonic tissue of Swiss albino mice (Todaro and 

Green, 1963). NIH-3T3 cells are maintained in a specialized growth media (refer to 
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2.4.2.3.5) at 37°C + 5% CO2. Cell cultures were tested regularly to ensure they were 

mycoplasma negative. 

 

2.6.3.1.1 NIH-3T3 recovery 

NIH-3T3 cells were recovered by quick thawing cryovials at 37°C in a water bath, before 

immediate 1:9 (v/v) dilution in RPMI-1640 and centrifugation at 500g for 7 mins at 4°C 

to pellet the cells before being resuspended in 1mL of NIH-3T3 growth medium (refer to 

2.4.2.3.5). Total cell count and cell viability via trypan blue exclusion were performed 

using a haemocytometer (refer to 2.5.3.1) for each sample. Cells were seeded at an 

appropriate density into culture vessels. Recovered cells were maintained in an incubator 

at 37°C + 5% CO2 dedicated to cell lines and regularly certified as mycoplasma negative. 

 

2.6.3.1.2 NIH-3T3 subculture 

When NIH-3T3 cells were greater than 80% confluent, they were subsequently 

subcultured to maintain growth and expand cell number for experimentation. 

Subculturing cell lines was performed by first washing the monolayer once with PBS 

(refer to 2.4.1.6) before incubating with 0.25% (v/v) Trypsin-EDTA solution for up to 5 

mins at 37°C + 5% CO2 or until the monolayer was detached from the culture vessel. 

Trypsin activity was then neutralised with the addition of DMEM containing 10% (v/v) 

FCS and the cell suspension was collected. The resulting cell suspension was centrifuged 

at 500g for 7 mins at 4°C to pellet the cells and subsequently resuspended in NIH-3T3 

growth medium (refer to 2.4.2.3.5). Total cell count and cell viability via trypan blue 

exclusion were performed using a haemocytometer (refer to 2.5.3.1) for each sample at 

each passage. Cells were seeded into new culture vessels and maintained in an incubator 

at 37°C + 5% CO2 dedicated to cell lines and regularly certified as mycoplasma negative. 

 

2.6.1.1.3 NIH-3T3 cryopreservation 

For long term storage, NIH-3T3 cell were stored at -180°C in NIH-3T3 

cryopreservation solution (refer to 2.4.2.3.6). Cells were detached and collected from 

culture vessels following the appropriate methodology for subculture (refer to 2.5.3.4.2). 

Total cell count and cell viability via trypan blue exclusion were performed on each 

sample using a haemocytometer (refer to 2.5.3.1) and the concentration of cells was 

adjusted with cryopreservation solution (refer to 2.4.2.3.6) to a minimum of 0.5 x 106 

cells/mL. The cell solution was kept on ice whilst aliquoted into 1 mL cryovials. To freeze 

the cells at the required rate of -1°C/min the aliquots were stored in a Mr Frosty cryo-



 

61 

container (Thermo Fisher Scientific, Waltham, MA, USA) for a minimum of 24 hrs at -

80°C before transfer to long-term storage at -180°C in liquid N2. 

 

2.6.1.1.4 NIH-3T3 irradiation 

Detached cells collected as part of routine subculture (refer to 2.5.3.4.2), were 

irradiation with 3000cGy γ-radiation using a Gammacell 3000 Elan (Nordion, 

Oxfordshire, UK). After γ-irradiation, a total cell count was performed using a 

haemocytometer. Cells were then seeded at a density of 5000 cells/cm2 into new culture 

vessels pre-coated with fibronectin coating buffer (refer to 2.4.2.2.1) containing an 

appropriate amount of primary epithelial expansion medium (refer to 2.4.2.3.10). 

 

2.6.1.2 Ohio HeLa cell line 

The cell line of human epithelial cervix carcinoma origin was initially obtained 

from the European Collection of Cell Cultures (ECACC) (Porton Down, Salisbury, UK). 

The cell line was maintained in a defined growth medium and cultured at 37°C + 5% CO2. 

Cell cultures were tested regularly to ensure they were mycoplasma negative.  

 

2.6.1.2.1 Ohio-HeLa recovery 

Ohio-HeLa cells were recovered by quick thawing cryovials at 37°C in a water 

bath, before immediate 1:9 (v/v) dilution in RPMI-1640 and centrifugation at 500g for 7 

mins at 4°C to pellet the cells before being resuspended in 1mL of Ohio-HeLa growth 

medium (refer to 2.4.2.3.1). Total cell count and cell viability via trypan blue exclusion 

were performed using a haemocytometer (refer to 2.5.3.1) for each sample. Cells were 

seeded at an appropriate density into culture vessels.  

 

2.6.1.2.2 Ohio-HeLa cell line subculture 

When Ohio-HeLa cells grown in culture reached a concentration of 0.5 x 106 

cells/mL, they were subcultured to maintain growth and expand cell number. 

Subculturing was performed by removing the suspension medium containing the cells 

from the flask, before being centrifuged at 500g for 7 mins at 4°C to pellet the cells and 

subsequently resuspended in growth medium (refer to 2.4.2.3.1). Total cell count and cell 

viability via trypan blue exclusion were performed using a haemocytometer (refer to 

2.5.3.1) for each sample. Cells were then seeding into new culture vessels at a 1:9 (v/v) 

dilution in fresh growth medium (refer to 2.4.2.3.1) and maintained on an incubator 
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shaker (230rpm) in an incubator at 37°C + 5% CO2 dedicated to cell lines and regularly 

certified as mycoplasma negative. 

 

2.6.1.3 Primary airway epithelial cells (AEC) 

Primary AEC were obtained from children scheduled for elective surgery for non-

respiratory conditions were recruited. All children were free of respiratory symptoms at 

time of recruitment, with the ISAAC and ATS respiratory questionnaires were used to 

confirm and validate the presence or absence of respiratory symptoms reported by parents 

or guardians. 

 

2.6.1.3.1 Primary airway epithelial cell isolation 

Primary airway epithelial cells were isolated using either a trans-laryngeal non-

bronchoscopic brushing method through an endotracheal tube. The sampling 

methodology was developed in the laboratory in which this study was performed and has 

been described previously (Kicic et al., 2006; Lane et al., 2005). Briefly, each child was 

anaesthetised and intubated, before a cytology brush (BC 25105, Olympus, Australia) 

was inserted through a bronchoscope or directly through the endotracheal tube, advanced 

until resistance was felt and rubbed in a circular motion against the epithelial surface to 

sample cells. The brush was then withdrawn and then cut off into in 4 mL cold RPMI-

1640 and stored on ice. This brushing procedure was repeated with a second brush. Cell 

samples were immediately taken to the laboratory and processed within 15 mins of 

sampling. 

 

After addition of 1 mL of FCS, epithelial cells were removed from the cytology brushes 

by vortex agitation. The brushes were placed in a new tube containing 4 mL of RPMI-

1640 and 1 mL of FCS and vortex agitation was repeated to remove all cells. Collection 

media from both tubes were then pooled, centrifuged at 500g for 7 mins at 4°C to pellet 

the cells and subsequently resuspended in primary epithelial expansion medium (refer to 

2.4.2.3.10). To break up clumps of epithelia, the solution was passed three times through 

a 25G needle, before repeating with a 27G needle. The cell suspension was then incubated 

in a 35mm culture dish pre-coated with a 1:499 (v/v) dilution of CD-68 antibody in 1x 

PBS (refer to 2.4.1.6) for 20 mins at 37°C + 5% CO2 to remove any potential 

macrophages. A 10μL aliquot of the resulting cell suspension was taken to determine cell 

number using a haemocytometer. 
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2.6.1.3.2 Primary airway epithelial cell culture establishment 

Primary airway epithelial cells isolated from non-bronchoscopic brushings (refer 

to 2.5.3.7.1) were grown using a conditionally reprogrammed culture methodology 

optimised in this laboratory to greatly increased expansion potential as previously 

described (Martinovich et al., 2017). Briefly, primary airway epithelial cells were seeded 

at a density of 5000 cells/cm2 into a culture vessel pre-coated with fibronectin coating 

buffer (refer to 2.4.2.2.1) containing γ-irradiated NIH-3T3 fibroblasts (refer to 2.5.3.4.4) 

at a density of 5000 cells/cm2. Primary airway epithelial cell cultures were maintained in 

an incubator at 37°C + 5% CO2 dedicated to primary airway epithelial cell culture. 

 

2.6.1.3.3 Primary airway epithelial cell recovery 

Cells were recovered by quick thawing cryovials at 37°C in a water bath, before 

adding 9 mL of DMEM, 10% (v/v) FCS (Life Technologies Australia Pty Ltd. Mulgrave, 

VIC, Australia) and centrifuging at 500g for 7 mins at 4°C to pellet the cells and 

subsequently resuspended in primary epithelial expansion medium (refer to 2.4.2.3.10). 

Total cell count and cell viability via trypan blue exclusion were performed using a 

haemocytometer (refer to 2.5.3.1) for each sample at each passage. Cells were seeded at 

a density of 5000 cells/cm2 into new culture vessels pre-coated with fibronectin coating 

buffer (refer to 2.4.2.2.1) that had also been seeded with containing γ-irradiated NIH-3T3 

fibroblasts (refer to 2.5.3.4.4) at a density of 5000 cells/cm2 containing the appropriate 

volume of primary epithelial expansion medium (refer to 2.4.2.3.10). 

 

2.6.1.3.4 Primary airway epithelial cell subculture 

Primary airway epithelial cell cultures were expanded no more than five passages 

as previously described (Martinovich et al., 2017). When cells were greater than 80% 

confluent, they were subsequently subcultured to maintain growth and expand cell 

numbers for experimentation. Subculturing primary AEC was performed by first washing 

the monolayer once with PBS (refer to 2.4.1.6) before a differential trypsinisation step to 

remove the NIH-3T3 feeder layer prior to removing the epithelial cells. Here, the 

appropriate volume of NIH trypsin solution (refer to 2.4.2.2.2) was added to the culture 

vessel and cells were monitored by phase microscopy at room temperature for 2 mins 

until fibroblasts had detached from the culture vessel. The solution containing the NIH-

3T3 fibroblasts was then aspirated and the monolayer was washed once with primary 

HEPES buffered saline solution (refer to 2.4.2.2.3) before incubating with primary trypsin 

solution (refer to 2.4.2.2.4) for up to 7 mins at 37°C + 5% CO2, or until the monolayer 
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had detached from the culture vessel. Trypsin activity was then neutralised with the 

addition of primary trypsin neutralising solution (refer to 2.4.2.2.5). The resulting cell 

suspension was then centrifuged at 500g for 7 mins at 4°C to pellet the cells and 

subsequently resuspended in primary epithelial expansion medium (refer to 2.4.15). Total 

cell count and cell viability via trypan blue exclusion were performed using a 

haemocytometer (refer to 2.5.3.1) for each sample at each passage. Cells were seeded at 

a density of 5000 cells/cm2 into new culture vessels pre-coated with fibronectin coating 

buffer (refer to 2.4.2.2.1) that had also been seeded with containing γ-irradiated NIH-3T3 

fibroblasts (refer to 2.5.3.4.4) at a density of 5000 cells/cm2 containing the appropriate 

volume of primary epithelial expansion medium (refer to 2.4.2.3.10). Primary AEC 

cultures were maintained in an incubator at 37°C +5% CO2 dedicated to primary AEC 

culture. 

 

2.6.1.3.5 Primary airway epithelial cell cryopreservation 

For long term storage, primary airway epithelial cells were stored at -180°C in 

cryopreservation solution (refer to 2.4.2.3.11). Cells were initially detached from culture 

vessels following the methodology for primary airway epithelial cell subculture (refer 

to2.5.3.7.5). Total cell count and cell viability using trypan blue exclusion were 

performed on each sample using a haemocytometer (refer to 2.5.3.1) and the 

concentration of cells was adjusted with cryopreservation solution (refer to 2.4.2.3.11) to 

a minimum of 0.5 x 106 cells/mL. The cell solution was kept on ice whilst aliquoted into 

1mL cryovials. To freeze the cells at the required rate of -1°C/min the aliquots were stored 

in a Mr Frosty cryo-container (Thermo Fisher Scientific, Waltham, MA, USA) for a 

minimum of 24 hrs at -80°C before transfer to long-term storage at -180°C in liquid N2. 

 

2.6.1.4 Mycoplasma testing for cell lines 

Cell lines used in this study were tested for infection with Mycoplasma spp.  A 

volume of 500µL culture media supernatant was harvested into a 1.5mL microfuge tube 

when the cell culture reached confluence at passage 0.  The cell culture supernatants were 

tested using the MycoAlert™ PLUS Assay (Lonza™, Basel-Stadt, Basel, Switzerland) as 

per manufacturer’s instructions, where the selective biochemical test detects for 

mycoplasma infection by exploiting the activity of certain mycoplasmal enzymes.  All 

samples, positive and negative controls and assay reagents were equilibrated to room 

temperature at least 15 mins before testing.  First, the culture supernatants and controls 

were diluted 1:10 by transferring 45μL of MycoAlert™ PLUS Assay Buffer into a 96 ½-
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area white plate and then adding 5μL of cleared supernatant.  The wells were incubated 

with 50μL of MycoAlert™ PLUS Reagent for 20 mins at room temperature.  The plate 

was scanned in an Enspire® Multilabel plate reader (refer to 2.3.14).  The results of this 

reading were Reading A.  Then, 50μL of MycoAlert™ PLUS Substrate was added to each 

sample and incubated for 30 mins at room temperature.  The plate was scanned in an 

Enspire® Multilabel plate reader (refer to 2.3.14) and results were Reading B.  The ratio 

of Reading B over Reading A of greater than 1.0 was considered positive for Mycoplasma 

infection.  All cell cultures used in this study tested negative for Mycoplasma spp. 

 

2.6.1.5 Generation of Airway Epithelial Cells (AEC) at Air-Liquid Interface (ALI) 

For summary schematic diagram of the generation of AEC ALIs, refer to Appendix 

Figure 8.1. 

 

2.6.1.5.1 Insert coating 

Corning® Transwell® inserts measuring 6.5mm in diameter, with 0.4µm pores 

(CLS3470, Sigma-Aldrich) were applied with 100µl 0.03mg/ml Collagen Type I diluted 

in 1 x PBS. Inserts were coated at 37°C for at least 45 mins or typically overnight at 4°C. 

 

2.6.1.5.2 Harvesting Co-cultured Airway Epithelial Cells 

Upon reaching near confluence (80-90%), culture media were aspirated off 

submerged co-cultures grown in vessels and washed with the addition of 1ml 1x PBS. 

NIH-3T3 cells were detached by the addition of a 1:100 diluted Trypsin-EDTA solution 

and incubated for 2 mins at room temperature. Detached cells were removed by 

aspiration, before 1ml HBSS of the subculture kit was added to cells. Primary epithelial 

cells were subsequently detached by the addition of 1ml Trypsin-EDTA (refer to 2.4.19) 

and incubated for 8 mins at 37°C. Trypsin was inactivated by the addition of 1ml Trypsin 

Naturalisation Solution (refer to 2.4.20). Detached cells were then transferred to 15ml 

Falcon tubes and 2ml DMEM was added to the culture vessel to wash and collect any 

remaining cells. Cells were then centrifugated at 500xg 7 mins at 4°C, where the resulting 

cell pellet was resuspended in 4ml ALI media (refer to 2.4.24). Cell counts was then 

performed using trypan blue exclusion (refer to 2.4.23). Cells were then resuspended at 

2.5x105cells in 0.2ml of media (refer to 2.4.24) and seeded on transwell inserts which had 

previously been washed three times with 1 x PBS (refer to 2.4.21). Transwells were then 

cultured at 37°C + 5% CO2. Media from both apical and basolateral compartments was 

changed daily by aspiration. When confluence had reached 80-90%, inserts were air-lifted 
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via the aspiration of the apical chamber. The basolateral compartment containing UNC 

ALI media (refer to 2.4.24) was maintained and media changed on alternate days. Weekly 

apical washes with 200µl DMEM were conducted to remove excess mucus build-up.  

AECs were observed microscopically to ensure cultures were free of microbial 

contamination and for the appearance of cilia beating. Cilia beating usually appeared 

around Day 28-post seeding and would indicate the successful polarisation and 

differentiation of the primary AEC to a matured and pseudostratified epithelium.  

 

2.6.1.5.3 Mycoplasma Testing for primary cells 

Primary cell cultures were routinely tested for mycoplasma contamination using 

MycoAlert™ PLUS assay (Lonza™, Basel-Stadt, Basel, Switzerland) as per 

manufacturer’s instructions. At each subculturing stage, cell supernatants from AEC 

culture were collected by centrifugation at 200 x g 5 min 4°C to remove cells and debris. 

Supernatant were at -80°C until tested. Reagents and supernatant were equilibrated to 

room temperature prior to testing. A MycoAlert™ positive control was diluted 1:10 with 

assay buffer as positive control. Cell supernatants were also diluted 1:10 with assay buffer 

before being transferred onto a 96 ½-area white plate (Perkin Elmer, MA, USA). An equal 

volume of reagent was then added to the diluted cell supernatant. The plate was then 

incubated at RT in the dark for 20 mins at RT. This was followed by luminescent scanning 

using the Enspire® multilabel plate reader. The reading obtained was referred to as 

Reading A. Afterwards, an equal volume of substrate was then added to the plate and 

incubated for 30 min at RT, followed by another luminescent reading. This second 

reading was referred to as Reading B. The ratio of the second reading over the first reading 

(Reading B/Reading A) of >1.0 was indicative of mycoplasma presence. All primary cells 

used in this study were tested and confirmed to be mycoplasma-free. 

 

2.6.1.5.4 Trans-epithelial electrical resistance (TEER) measurements 

Confluent monolayer layer of primary AECs in culture inserts were assessed for 

its formation and integrity of tight junctions between cells by the use of an epithelial 

voltohmeter (Millicell-ERS voltmeter, Millipore). Triplicates measurements per well 

were made at 37°C weekly. The resistance obtained from a cell-free culture insert was 

used to subtract from the resistance measured across each cell monolayer and corrected 

for the surface area of the culture insert to reveal the TEER readings of the epithelial cells 

with values expressed as Ω/cm2. Corrected TEER readings of approximately 800 Ω/cm2 

was accepted as those of a well-differentiated epithelium. 
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2.6.2 Bacterial Work 

2.6.2.1 Bacterial strain 

The 86-028NP NTHi strain was a kind gift from Lauren O. Bakaletz (Center for 

Microbial Pathogenesis, The Research Institute at Nationwide Children’s Hospital, 

Columbus, Ohio, USA.).  The strain is a minimally passaged clinical isolate obtained 

from a paediatric patient who underwent tympanostomy and tube insertion for chronic 

OM with effusion at Columbus Children’s Hospital. The strain has been genetically 

modified with the promoter trap vector, pGZRS-39A. The vector contains the origin of 

replication from an E.coli-Actinobacillus pleuropneumoniae plasmid, the lacZ region 

containing the multiple cloning site from pUC19, and the kanamycin resistance gene from 

Tn903. Within the BamHI- and EcoRI- multiple cloning sites, resides the gfpmut3 gene 

fragment, thus generating the 86-028NP+pRSM2211 (herein referred to as GFP-NTHi). 

This strain contained a strong promoter for the outer membrane protein P2. The strains 

designated as 86-028NP+pP2-mCherry and 86-028NP+pP2-E2-Crimson (herein, 

referred to as mCherry-NTHi and Crimson-NTHi, respectively), were also use in selected 

investigations. The mCherry-NTHi and Crimson-NTHi were generated in the same 

manner as the GFP-NTHi, except the mCherry- and Crimson-reporter constructs were 

swapped with the GFP-reporter construct’s location.  

 

2.6.2.2 Bacterial stocks 

Bacterial stocks were stored at -80°C in 2ml cryovials containing 1ml 20% (v/v) 

glycerol solution in 0.8% (v/v) skim milk.  

 

2.6.2.3 Growth and propagation of NTHi glycerol stocks on chocolate agar 

In order to propagate NTHi, glycerol stocks were removed from -80°C storage 

and placed on dry ice. While stocks remained frozen, a loopful of bacterial stock was 

removed using disposable inoculation loop and streaked across four successive areas on 

chocolate agar plates (refer to 2.4.1), earlier coated with 20µg/ml kanamycin (refer to 

2.4.8) for 86-028NP+pRSM2211, and 200µg/ml Spectinomycin (refer to 2.4.9) for 86-

028NP+pP2-mCherry and 86-028NP+pP2-E2-Crimson. Following an overnight 

incubation at 37°C + 5% CO2, NTHI colonies were removed using a plastic disposable 

inoculation loop, and then streaked onto chocolate agar earlier coated with 20µg of 

kanamycin/ml (refer to 2.4.8) or in brain heart infusion (BHI) broth (refer to 2.4.3) 

supplemented with 2 µg of hemin/ml (dissolved in 20 mM NaOH; Sigma) and 2µg of 

NAD (Sigma)/ml (sBHI) and was incubated at 37°C + 5% CO2. 
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2.6.2.4 Construction of NTHi Standard curve 

Overnight colonies from chocolate agar plates coated with appropriate antibiotics 

inoculated into 1ml 1x PBS. Dilutions were performed at 1:2, 1:3, 1:5 and 1:10 using 1x 

PBS, following which serial dilutions were continued from the original four dilutions, 

giving 1:4, 1:8, 1:16, 1:30, 1:32, 1:50, 1:100, and 1:500. Using a spectrophotometer, the 

optical density at 492nm (OD492) were determined using 100µl of the neat overnight 

culture and diluted cultures. Each of the neat and serially diluted cultures were further 

diluted six steps in 10-fold dilutions by using 20µl of culture diluted in 180µl of 1x PBS 

in a 96-well plate, giving a dilution of 10-1 to 10-6. Ten microlitres of the 10-fold diluted 

cultures from the neat and 12 serially diluted cultures were spotted in triplicate onto 

chocolate agar plates coated with the appropriate antibiotics and incubated overnight at 

37°C. Colonies present on agar were counted for the various spots performed at different 

dilutions. Colonies Forming Unit (CFU) were then calculated by multiplying the number 

of colonies with the original dilution with the 10-fold dilution and volume used for 

spotting with 100 to obtain CFU per millilitre.  

 

In order to tabulate the data obtained, the standard curve obtain for each of NTHi 86-

028NP strain transformed with the three fluorescent tags of pRSM2211, pP2-Crimson 

and pP2-mCherry (Figure 2.1).  
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Figure 2.1: Standard growth curve of conjugated NTHi 86-028NP strain used in 

thesis +pRSM 2211 (top), +pP2-mCherry (middle), +pP2-E2-Crimson (bottom). 

Dilutions of overnight colonies from chocolate agar plates grown under antibiotics-

pressure were performed in 1ml 1x PBS. The optical density at 492nm (OD492) was 

obtained in the neat and serially diluted cultures, before a further dilution in six 10-fold 

dilutions (10-1 to 10-6). Ten microlitres of diluted cultures were then spotted in triplicates 

onto antibiotics-coated chocolate agar plates and incubated overnight at 37°C. Colonies 

Forming Unit (CFU) were determined by multiplying the number of colonies with the 

original dilution with the 10-fold dilution and volume used for spotting with 100 to obtain 

CFU per millilitre.   
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2.6.2.5 Biofilm formation 

Frozen NTHi was retrieved from -80°C and placed on dry-ice. While ensuring the 

bacterial stock vial remains frozen, a 10µl loop was used to scratch the upper layer of the 

frozen stock and then streaked in a perpendicular pattern on chocolate agar plates (refer 

to 2.4.1) coated with either 20µg/ml kanamycin (refer to 2.4.8) or 200µg/ml 

spectinomycin (refer to 2.4.9), respectively for NTHi 86-028 NP Omp P2: pRSM2211 

and pP2-mCherry or pP2-E2-Crimson. Agar plates were then placed overnight in a 37°C 

+ 5% CO2 incubator. The next day, colonies were scraped using a 10µl inoculating loop 

into 3ml supplemented BHI with either 20µg/ml Kanamycin (refer to 2.4.8) or 200µg/ml 

spectinomycin (refer to 2.4.9) in a 15ml Falcon tube. The bacterial suspension was then 

vortexed to ensure colonies were thoroughly dissociated resulting in a homogenous 

bacterial suspension. One hundred millilitres of bacterial suspension was then dispensed 

into a flat-bottom 96-well plate. Optical density at 490nm was then determined using a 

MultiSkan FC (Thermo Fisher Scientific) plate reader set up with 490nm filter and 

blanked with BHI broth alone. The optical density was adjusted by the addition of sBHI 

to OD490 of 0.65. Liquid culture was performed in an incubator set at 200rpm.  Incubation 

at 37°C + 5% CO2 was then performed for three hours. Thereafter, the optical density at 

492nm was once again determined in 100µl suspensions. The bacterial concentration was 

determined using extrapolation of the determined optical density at 492nm for the specific 

transformed NTHi. The bacterial suspension was then diluted to 2 x 105 CFU/ml in sBHI 

and either 200µl or 400µl were seeded into each well of an 4- or 8-chamber Permanox 

plastic slide (Thermo Fisher Scientific) and incubated at 37°C + 5% CO2. For biofilms 

grown longer than 16h, medium was replaced twice daily. Upon reaching its time point, 

bacteria were fixed by using the same volumes of 10% (v/v) NBF (Sigma-Aldrich, 

HT5011) for 1hr at RT before rinsing in three times with a 1x PBS.  

 

2.6.2.6 Crystal violet staining of NTHi overnight cultures grown in 96-well flat 

bottom plate 

Plates with overnight NTHi cultures were decanted by inversion and blotted on 

paper towels. Plates were then either washed twice by full immersion in MilliQ water, 

followed by blotting on paper towels. A volume of 40µl of 0.1% Crystal violet dissolved 

in MIlliQ water was added to each well and the plate was incubated at room temperature 

for 15 mins. Plates were washed again, blotted and repeated once before being air dried. 

A volume of 230µl of 100% (v/v) ethanol were then added to each well before the 
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absorbance at 570nm were read using the MultiSkan FC plate reader (Thermo Fisher 

Scientific).   

 

2.6.2.7 Staining of ALIs with lectins Wheat Germ Agglutinin (WGA) and 

Concanavalin A (ConA)  

Chamber slides were stained with 100µl, with 5µg/ml WGA-Oregon Green 

(Thermo-Fisher Scientific) in 1x PBS for 10 mins at RT in the dark. Slides were then 

washed twice with 300µl 1x PBS, before staining with 100µl of ConA-FITC (50µg/ml; 

Thermo-Fisher Scientific) in 1x PBS for 30 mins at RT in the dark before washing twice 

in 1x PBS.  In slides where the chambers were removable, one to two drops of ProLong™ 

Glass antifade mountant (Thermo Fisher Scientific) was added to each chamber area 

ensuring the entire surface area was covered before coverslip placed on top. Slides were 

cured overnight in the dark at RT and stored at 4°C until assessed via microscopy. 

Confocal microscopy was performed using the 561nm-laser to detect for the mCherry-

NTHi, and 488nm-laser to detect for the various sugar moieties within the extra polymeric 

substances. 

 

2.6.2.8 EPS staining and visualisation 

Basal and apical surfaces of the epithelia were concurrently stained with 10µl and 

30µl, respectively of WGA-Oregon Green (5µg/ml) for 10 mins at RT in the dark. Inserts 

were then washed twice with 300µl of 1x PBS, before concurrent staining with 10µl and 

30µl, respectively of ConA-FITC (50µg/ml) for 30 mins at RT in the dark before washing 

twice in 1x PBS. Fifty microlitres of Hoechst33342 (5µg/ml) was then used to 

concurrently stain the apical and basal surfaces of the inserts for 10 mins at RT in the 

dark, before two washes were performed. Stained membranes were removed from their 

plastic holders and ProLong™ Glass antifade mountant added ensuring the entire surface 

area was covered before a coverslip placed on top. Slides were cured overnight in the 

dark at RT.  Staining was visualised using confocal microscopy which was performed 

using the 561nm-laser to detect for the mCherry-NTHi, and 488nm-laser to detect for the 

various sugar moieties within the extra polymeric substances. 
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2.6.3 Viral Work 

2.6.3.1 Respiratory Syncytial Virus (RSV) 

The RSV strain A2, recombinant red-tagged virus (designated rr-RSV-BN1) stock 

(herein referred as RFP-RSV) was gifted by Mark Peeples from the Nationwide 

Children’s Hospital in Columbus, Ohio (Guerrero-Plata et al., 2006). 

 

2.6.3.2 Propagation of RSV 

Ohio-HeLa cells were grown to 60-80% confluence in a minimum of 4 x T75 

flasks in 5% (v/v) FBS + DMEM (refer to Appendix 6). Media was removed from the 

cells and replaced with 5mls of a 1:2500 dilution of virus (8µl in 19992µl growth media; 

refer to Appendix 6). This was incubated at 37°C for 2 hrs, gently shaking the flasks every 

15 mins. Eight millilitres of growth media was then added and cells were incubated for 3 

days at 5% CO2 and 37°C. On day 3, the percentage of fluorescent cells was 

approximated, and if less than 80% then 10mls of media were added to prevent cell death, 

and infection continued and monitored by fluorescent microscopy. When more than 80% 

of cells were fluorescent, then the virus was harvested from cells as on day 5. On day 5, 

the media was removed from the flask into a 50ml Falcon tube. Five millilitres the original 

media was put back into the flask and cells were then removed with a cell scraper and 

pipette and then passed through a 21- and 19-gauge needle 2-3 times in order to shear the 

cells. Cells were then ‘snap’ frozen in liquid nitrogen, thawed at 37°C to prevent killing 

the virus with large hot/cold rapid temperature changes and centrifuged at 300 rpm for 10 

mins at 4°C to pellet the cell debris. The supernatant containing the virus was then 

removed, aliquoted into 8ml samples and snap frozen in liquid N2. These aliquots were 

then stored at -80°C. 

 

2.6.3.3 Purification of RSV 

A 5ml 0.1% Casein Blocker™ solution (Thermo Fisher Scientific, 37528) in 1x 

PBS was added to Vivaspin 20 tubes (Sartorius, VS2061) with 1000kDa MWCO to coat 

overnight at 4°C. Tubes were then centrifuged at 1000xg for 5 mins at 4°C. Any 

remaining retentate and flowthrough were then removed from both compartments of the 

centrifugal concentrator. Twenty millilitres of a 1:10 dilution of RSV stock in cold serum-

free DMEM was added to the Vivaspin tube and centrifuged at 2500g for 40 mins at 4°C. 

The retentate containing RSV was removed from the top chamber and any remaining 

virus washed off with 1ml of serum free DMEM. The purified virus was then diluted 1:2 

with serum free media, aliquoted into 1ml or 500µl samples, snap frozen in liquid N2 and 
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stored at -80°C. Twelve millilitres of the filtrate were also stored to use as controls to 

ensure successful virus purification.  

 

2.6.3.4 RSV Plaque Assay 

2.6.3.4.1 Ohio-HeLa cell Infection 

Ohio-HeLa cells were seeded at a density of 100µl volume at 2.5x105 cells/ml in 

a 96-well plate containing 5% FBS + DMEM (refer to Appendix 6) and incubated 

overnight at 37°C + 5% CO2 incubator. The plate was then inverted to remove the media 

and 90µl of 2% FBS + DMEM (refer to Appendix 6) added to each well. The stock of 

RSV was then thawed quickly as previously described (refer to 2.6.3.2) and 10µl of neat 

virus was added in triplicates, to give a concentration of 1x10-1. Wells were mixed by 

gentle pipetting. Ten microlitres from each of these wells were then transferred and 

dispensed into the next row in sequence, mixed gently by pipetting and the process 

repeated to give final concentrations between 1x10-1 to 1x10-8. Filtrate from the 

purification process was also added to the plate in triplicate of neat filtrate and dilutions 

of 1x10-1 and 1x10-2. The plate was then incubated with minimal disturbance for 48 hrs 

at 37°C + 5% CO2 incubator. 

 

2.6.3.4.2 Immunostaining and Quantification of plaques 

Plates were inverted to remove the media and fixed in 200µl of ice cold 50:50 

(v/v) 1x PBS:Acetone solution for 5 mins at room temperature. The plate was washed 3 

times with 200µl of wash buffer (0.1% (w/v) BSA solution diluted in 1 x PBS), 5 mins at 

room temperature per wash.  A 50µl volume of RSV antibody (AbD Serotec, 7950-0004) 

diluted 1:5000 in wash buffer was added to the wells and incubated for 1 hour at room 

temperature on a rotating platform. Wells were washed a further 3 times for 5 mins at 

room temperature. A 50µl volume of rabbit anti-goat peroxidase conjugated antibody 

(diluted 1:500) was added to the wells and incubated for 1 hour at room temperature on a 

rotating platform. The plate was then washed 3 times for 5 mins at RT with wash buffer.  

A 30mg 4-chloro-1-naphthol (4CN) substrate tablet (Sigma-Aldrich, C6788) was 

dissolved in 10ml of methanol, ≥99.9% (Sigma-Aldrich) and 1ml was added to 10mls of 

1x TAE buffer along with 12µl of 30% hydrogen peroxide (Sigma-Aldrich). The plate 

was incubated for 10-20 mins with 50µl of substrate until black colonies appeared. Cells 

were washed with distilled water and allowed to air dry. To determine the plaque forming 

units (pfu)/ml, the number of black colonies was counted at each dilution in triplicate, the 

mean number calculated, and multiplied by 10 to calculate the pfu/ml. 



 

74 

2.6.4 End of Experiment 

2.6.4.1 Collection of apical washes and basolateral media 

Upon the completion of NTHi colonisation and / or RSV infection of the epithelia, 

washes were performed by dropwise instillation of 70µl of pre-warmed DMEM into the 

upper chamber of the Transwell® inserts, followed incubation for 5 mins at 37°C. The 

total volume was then collected by pipetting and transferred to a 1.5ml micro-centrifuge 

tube. A total of three washes were performed. A volume of 1ml of the basolateral media 

was also collected in a 1.5ml microcentrifuge tubes. These tubes were stored at -80°C 

until further required.  

 

2.6.4.2 Fixation of Airway Epithelial Cell-ALIs 

Inserts were fixed using 10 % (v/v) NBF (Sigma-Aldrich, Missouri). Apical 

surfaces were fixed by the dropwise instillation of 300µl 10% (v/v) NBF into the upper 

chamber of Transwell® inserts whereas, basolateral surfaces were concurrently fixed in 

24-well plates containing 1ml of the fixative in the lower compartment. Fixation was 

performed for 1hour at RT. Following fixation, inserts were washed three times by using 

0.3ml and 1ml of 1x PBS applied to the apical and basolateral surfaces, respectively, for 

3 mins. Inserts were then stored with the same volume of 1x PBS at 4°C until further 

required.  

 

2.6.4.3 Immunofluorescence staining, membrane excision and mounting 

Inserts were first blocked in blocking buffer (comprising of 10% (v/v) FBS, 10% 

(v/v) Normal Goat Serum [NGS] 1% (v/v) Bovine Serum Albumin [BSA] in 1x Tris-

Buffered Saline [TBS] for 30 mins at room temperature by instilling 150µl to the apical 

chamber and gently inverting the insert, and then instilling another 50µl to the basolateral 

surface.  Inserts were then stained with TUB2.1 (1:500; refer to 2.2) or Muc5AC (1:200; 

refer to 2.2) for 1 hour at room temperature in the dark in a humified environment. After 

this period, inserts were then washed three times with same volumes of 1x TBS for 20 

mins each at room temperature.  Goat anti-mouse IgG (H+L) conjugated with Alexa Fluor 

647 was then added as the secondary antibody (1:250) and left to incubate for 1 hour at 

room temperature as described for the primary antibody. Inserts were then washed two 

times with same volumes of 1x TBS for 20 mins each at room temperature and Hoechst 

33342 added (at 2.5µg/ml) to stain the nuclei. After a final wash, inserts were inverted, 

and membranes excised using a scalpel. Membranes were then placed on glass slides with 

the apical surface face side up. Approximately 50-80µl ProLong Glass (ThermoFisher 
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Scientific, USA) antifade fluorescence mounting media was then added to the membrane 

before a coverslip gently placed on top. Gentle and slight pressure was then applied to the 

coverslip to ensure the mountant spread evenly across the entire area covered by the 

coverslip. Slides were left in the dark overnight at room temperature to cure before being 

viewed via confocal microscopy. 

 

2.6.5 Downstream Analysis 

For summary schematic diagram of downstream analysis performed, refer to Appendix 

Figure 8.3. 

 

2.6.5.1 Concurrent Isolation of RSV RNA and NTHi DNA from apical surface 

washes and basolateral UNC-ALI media 

Viral and bacterial nucleic acid from apical washes and basolateral media were 

extracted using the genesig® Easy DNA/RNA extraction kit (Primerdesign, United 

Kingdom) as per manufacturer’s instructions.  

 

2.6.5.2 Reverse transcription reaction 

The absorbance at 260nm (A260) and 280nm (A280) were obtained using a 

NanoDrop™ 2000 spectrophotometer (ThermoFisher Scientific, Massachusetts, United 

States) where the RNA concentration was determined by multiplying the A260 of sample 

by 40. A volume corresponding to 200ng of RNA was then removed and added to a 

reverse transcription master mix containing 1x Reverse Transcription Buffer, 5.5mM 

MgCl2, 2mM total dNTP mix, 8units RNase inhibitor, 25units MultiScribe Reverse 

Transcriptase. Water was used to top up to a total of 20µl. Using a Bio-Rad thermal cycler 

the reverse transcription was performed using the following parameters: 25°C for 10 

mins, 48°C for 1h, 95°C for 5 mins and stood at 4°C when completed. A volume with 

20µl of cDNA was then diluted 1:5 using 80µl water.   

 

2.6.5.3 Quantification of Respiratory Syncytial Virus load in apical and basolateral 

samples 

In vitro quantification of RSV was performed using the genesig® Advanced kit 

designed to detect all species of RSV (Primerdesign, UK) and performed as described by 

the manufacturer.  Briefly, following the Reverse transcription reaction, 1:5 diluted 

cDNA was used in the second qPCR detection protocol where a specific RSV spp 

primer/probe which binds and amplifies a segment within the nucleocapsid gene to enable 
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the in vitro quantification of RSV_spp genomes. An endogenous control primer/probe 

mix was also included. After dispensing the diluted cDNA into a master mix the plate 

was subjected in the following amplification parameters: activation 2 mins 95°C, and 50 

cycles of denaturation at 10 seconds 95°C and reading at 60°C for 1 min in the 

QuantStudio7 Flex thermocycler (Applied Biosystem, California, United States). 

 

2.6.5.4 Quantification of Haemophilus influenzae load in apical and basolateral 

samples 

In vitro quantification of H. influenzae was conducted using the genesig® 

Advanced kit designed to detect H. influenzae genome and performed according to the 

manufacturer’s protocol.  Briefly, prior to running the quantification of H. influenzae, the 

absorbance at 260nm (A260) and 280nm (A280) were obtained using a 

spectrophotometer where the DNA concentration was determined by multiplying the 

A260 of sample by 50. A volume corresponding to 100ng of DNA was then removed and 

made into a 1:10 dilution was with water. The H. influenzae primer/probe mix is 

assembled to amplify the peptidoglycan-associated outer membrane lipoprotein (OMP 

P6). An endogenous control primer/probe mix was also included. Loaded plates were then 

subjected to the following amplification protocol: activation 2 mins 95°C, and 50 cycles 

of denaturation at 10 seconds 95°C and reading at 60°C for 1 min in the QuantStudio7 

Flex thermocycler (Applied Biosystem, California, United States). 

 

2.6.5.5 Pathogen load 

Quantitation of NTHi and RSV was performed using Genesig® kits designed to 

separately detect NTHi and RSV (refer to 2.6.5.1). Briefly, at the conclusion of the 7-day 

infection experiment, apical surfaces of ALI cultures were washed three times in 1x PBS 

and pooled. Together with the basolateral media, the apical washes were stored at -80°C 

until needed. Bacterial and viral nucleic acid were then extracted from collected apical 

washes and basolateral media according to the manufacturer’s instructions. Quantitative 

PCR was then performed using a QuantStudio7 Flex thermocycler, where Ct values from 

each infection scenario (Ct infected) plus its housekeeping gene Ct (Ct Hkg) was 

determined. Fold change differences in gene expression relative to control (2-∆∆Ct) was 

then calculated using the ∆∆Ct value. 
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2.6.5.6 Multiplexing immunoassay (BioPlex)  

Cytokine production was then determined in apical and basolateral media 

collections using the Bio-Plex Pro™ Human Cytokine 27-plex assay kit 

(#M500KCAF0Y, Bio-Rad, California, United States). The protocols used were as 

described in instruction manual “Bio-Plex Pro™ Cytokine, chemokine, and Growth 

Factor Assays”, and adapted for the use with a magnetic plate holder instead of the 

automatic washer.  

 

2.6.5.7 Transverse sectioning, wax embedding, staining of transverse sections with 

Haematoxylin & Eosin (H&E), Periodic acid-Schiff (PAS) stain and Alcian Blue. 

Inserts were embedded in paraffin and 5µm sections were taken at perpendicular 

plane to the membrane face. Sections were baked at 60°C and stained for H&E, PAS and 

Alcian Blue as described in IHC world 

(http://www.ihcworld.com/_protocols/special_stains; accessed September 2019) using a 

Leica AutoStainer XL. 

 

2.6.5.8 Sections preparation and Transmission electron microscopy  

Pre-formalin fixed and paraffin embedded transverse sections of ALIs were 

successfully prepared for electron microscopy as described (Tsutsumi, 2018).   

 

2.7 Ethics Approval  

Collection of primary AEC from paediatric patients undergoing elective surgery 

for non-respiratory related conditions was approved by the Human Ethics Committees at 

Perth Children’s Hospital for Children (1903/EP), St John of God Hospital, Subiaco 

(#452 & #901), and UWA Human Research Ethics Committee (RA/4/1/5724 & 

RA/4/1/5730). 

2.8 Statistical analysis 

Data obtained was subject to statistical analysis using GraphPad Prism Version 9 

(GraphPad Software, California, United States). In Chapter 3, all datapoints from 

technical replicates, either in duplicates or triplicates, are presented and analysed. Data 

were thus presented as means of each experiment±std dev. Statistical analysis was then 

performed with GraphPad Prism 8.4.2. An ordinary one-way ANOVA was performed, 

followed by Tukey’s multiple comparison test for Figure 3.1. In performing the statistical 

analysis of crystal violet stained biofilms and subsequent investigations, the Kruskal-

Wallis ANOVA test was first performed followed by Dunn’s multiple comparison test 

http://www.ihcworld.com/_protocols/special_stains
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(Figures 3.2 to 3.5). In Chapter 4, experiments were performed as described with data 

obtained from four biological replicates. Data was resultingly presented as Mean±Std 

Dev.  Statistical analyses were conducted using GraphPad Prism v8.04 (GraphPad 

Software, La Jolla, CA, USA). An ordinary one-way ANOVA was conducted followed 

by Tukey’s multiple comparisons test for Figures 4.1 and 4.2. A Kruskal-Wallis test was 

conducted, after which Dunn’s multiple comparisons test was carried out for Figure 4.5. 

Log2-transformed data were analysed using unpaired T-test with Welch’s correction 

(Figure 4.7). In determining the significance of mucus production and secretion post-

pathogen exposure, a Kruskal-Wallis test was conducted followed by a Dunn’s multiple 

comparisons (Figure 4.9). Statistical significance was accepted at p<0.05. In Chapter 5, 

the median of the fluorescence calculated from five field-of-views, a one-way 

nonparametric ANOVA (Kruskal-Wallis) test was used and followed by Dunn’s multiple 

comparisons test of the rank medians. A P value of < 0.05 was considered statistically 

significant. Median obtained from each investigation was from five field-of views, with 

the reported range of the minimum and maximum CTCF values of each investigation. 



 

 

CHAPTER 3 

 

 

The formation of NTHi biofilms on inert plastic surface and the comparison of 

quantification using Crystal violet staining versus the imaging using confocal 

laser scanning microscopy and quantification using Comstat2 
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3.1 Abstract 

The traditional method of staining biofilm via crystal violet could reproducibility 

measure biofilm formation. As crystal violet stains the biofilm matrix, consisting of DNA, 

proteins and oligosaccharide structures, this gave a direct correlation to the measured 

optical density from alcohol dissolved crystal violet. However, beyond the arbitrary 

determination of biofilm formation, this method was unable to determine other 

biophysical quantifications.  Following formation on inert surfaces, biofilms were also 

visualised by CLSM and multiple vertical plane (Z-stacks) captured. Fluorescence data 

used in conjunction with COMSTAT2 software was then used to successfully determine 

multiple biofilm metricises including; biomass [µm3/µm2], thickness [µm] and surface to 

biovolume ratio [µm2/µm3s] (Heydorn et al. 2000c). This chapter illustrated the 

proportionate increase in biomass and thickness of NTHi biofilm over the culture length 

of time. Biofilms tended to appear sparse and globular in early timepoints that gradually 

transformed into a mat-like dense biofilm. The initial bacterial inoculum into chamber 

slides mostly did not affect the final biofilm configuration over the measure timepoints. 

Surprisingly, nutrient deprived broth failed to have much effect on increases in biofilm 

characteristics over the measured timepoints.  

 

3.2 Introduction 

While being part of the human respiratory tract microbiome, H. influenzae, a 

gram-negative, coccobacillary, facultatively anaerobic bacteria, is opportunistic and thus 

responsible for a wide range of various infections (CDC 2020). Of all the types of H. 

influenzae, the non-typeable (NTHi) strain is the most common cause of invasive disease 

(Van Eldere et al. 2014, Bakaletz et al. 2018) since it appears resistant against the 

encapsulated type b H. influenzae vaccine (Bakaletz et al. 2018). In post-Hib 

environment, NTHi is the main pathogenic lineage, which causes upper respiratory tract, 

ear and chronic obstructive pulmonary disease (COPD) infections (Dagan et al. 2002, 

Finney et al. 2014, Heinz 2018). This chronic disease affects about 10.3% of the world’s 

population aged 30 – 79 years old and is recognised as the third leading cause of death 

world-wide (Adeloye et al. 2022). Furthermore, the non-typeable strain is known to 

contribute to approximately 21,000 otitis media-associated deaths per year (Bakaletz et 

al. 2018). Furthermore, the development of ampicillin resistance by NTHi, has led the 

World Health Organisation to declare that H. influenzae to be one of 12 priority bacterial 

pathogens (Bakaletz et al. 2018, Heinz 2018). 
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Although H. influenzae does cause upper respiratory tract infection (URTI) (DeMuri et 

al. 2018, Ngoi et al. 2021, Ngo et al. 2022), it is more significant when it establishes as a 

lower respiratory tract infection (LRTI) causing bronchitis and pneumonia. The incidence 

of bronchitis stands at 4.6 per 100 or 14.2 million cases annually (Sarna et al. 2016). 

Resistance of H. influenzae strains limits cephalexin usage in paediatric populations and 

may limit its effectiveness in some patients with acute exacerbations of chronic 

bronchitis. While NTHi is recognised as a major cause of opportunistic respiratory tract 

infections, the persistence of NTHi in vivo is speculated from its ability to exist as a 

biofilm (Swords et al. 2004). The first description of NTHi biofilm was made by Swords 

et al.  (2004) where they used a crystal violet-based staining microtiter assay to quantify 

biofilm initiation which was then quantified using optical density (O'Toole et al. 1998a, 

O'Toole et al. 1998b, O'Toole et al. 1999).  Since they also form distinct dynamic 

structures (Chew et al. 2014, Santos et al. 2018), they are also visualised via high powered 

microscopy, namely scanning or transmission electron microscopy (SEM and TEM 

respectively) (S.B.Surman 1996, Lawrence et al. 2003). However, use of electron 

microscopy is expensive, not readily available for all laboratories and requires timely and 

laborious sample preparation. The advent of the confocal laser scanning microscope 

(CLSM) has provided a valuable and essential improvement since it is non-invasive and 

non-destructive to biofilms. Additionally, it allows for real-time visualisation of fully 

hydrated, living biofilm. Greiner et al. (2004), first used CLSM in addition to SEM to 

visualise a 2 and 5-day NTHi biofilm grown in a continuous-flow chamber. Via 

microscopic analysis, they were able to demonstrate that in vitro biofilm is composed of 

a diffused matrix interlaced with multiple water channels (Greiner et al. 2004). Although, 

more readily accessible to laboratories and cheaper, the biophysical properties of biofilms 

cannot be determined using this methodology alone. Complementary software, such as 

the COMSTAT computer program overcomes this limitation (Heydorn et al. 2000b). 

Coupled with the use of fluorescently tagged bacteria and confocal laser scanning 

microscopy, the software allows for a relatively inexpensive method to experimentally 

quantitate the biophysical properties of biofilms including mean thickness, roughness, 

substratum coverage and surface to volume ratio. (Heydorn et al. 2000a).  

 

With the knowledge that NTHi are capable of forming biofilms on inert surfaces and such 

biofilms formation have been crudely quantifiable, this chapter aimed to test the 

hypothesis that the formation of biofilm established by NTHi can be characterised, 

specifically its biophysical properties compared to the gold standard method of crystal 
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violet staining. To test the hypothesis, this chapter (1) established biofilm using various 

fluorescently tagged-NTHi (ie. GFP, mCherry and E2-Crimson) on inert surfaces namely 

plastic chambered culture slides; (2) tested biofilm induction using variable growth 

conditions including bacterial inoculum, starvation and minimal growth media; (3) 

demonstrated formation of biofilm via the use of lectin stains to identify the extracellular 

polymeric substrate and (4) characterised biofilm formation through the use of the 

COMSTAT software to reveal its biophysical properties. 

 

3.3 Materials and Methods 

3.3.1 Materials 

All reagents and chemicals specifically utilised in this chapter are listed in Chapter 2. 

 

3.3.1.1 Bacterial strains 

The 86-028NP NTHi strains, designated as 86-028NP+pRSM2211, 86-

028NP+pP2-mCherry and 86-028NP+pP2-E2-Crimson (herein, referred to as GFP-

NTHi, mCherry-NTHi and Crimson-NTHi, respectively) (refer to 2.6.2.1), contained the 

GFP, mCherry and E2-Crimson reporter construct. The reporter constructs were under 

the promoter for the outer membrane protein P2 which drove the ubiquitous fluorescence.  

 

3.3.2 General Methods 

3.3.2.1 Growth and propagation of NTHi glycerol stocks on chocolate agar 

In order to propagate NTHi, glycerol stocks were removed from -80°C storage 

and placed on dry ice. While stocks remained frozen, a loopful of bacterial stock was 

removed using disposable inoculation loop and streaked across four successive areas on 

chocolate agar plates (refer to 2.4.1), earlier coated with 20µg/ml Kanamycin (refer to 

2.4.8) for GFP-NTHi, and 200µg/ml Spectinomycin (refer to 2.4.9) for both 86-mCherry-

NTHi and Crimson-NTHi. Following an overnight incubation at 37°C + 5% CO2, NTHI 

colonies were removed using a plastic disposable inoculation loop, and then streaked onto 

chocolate agar earlier coated with 20µg of kanamycin/ml (refer to 2.4.8) or in brain heart 

infusion (BHI) broth (Refer to 2.4.3) supplemented with 2 µg of hemin/ml (dissolved in 

20 mM NaOH; Sigma) and 2µg of NAD (Sigma)/ml (sBHI) and was incubated at 37°C 

+ 5% CO2. 
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3.3.2.2 Biofilm formation on inert plastic/glass multi-chamber slides 

Frozen NTHi was retrieved from -80°C and placed on dry-ice. While ensuring the 

bacterial stock vial remained frozen, a 10µl loop was used to scratch the upper layer of 

the frozen stock and then streaked in a perpendicular pattern on chocolate agar plates 

(refer to 2.4.1) coated with either 20µg/ml Kanamycin (refer to 2.4.8) or 200µg/ml 

Spectinomycin (refer to 2.4.9), respectively for GFP-NTHi, and, mCherry-NTHi or 

Crimson-NTHi. Agar plates were then placed overnight in a 37°C + 5% CO2 incubator. 

The following day, colonies were scraped using a 10µl inoculating loop into 3ml 

supplemented BHI with either 20µg/ml Kanamycin (refer to 2.4.8) or 200µg/ml 

spectinomycin (refer to 2.4.9) in a 15ml Falcon tube. The bacterial suspension was then 

vortexed to ensure colonies were thoroughly dissociated resulting in a homogenous 

bacterial suspension. One hundred millilitres of bacterial suspension were then dispensed 

into a flat-bottom 96-well plate. Optical density at 490nm was then determined using a 

MultiSkan FC (Thermo Fisher Scientific) plate reader set up with 490nm filter and 

blanked with BHI broth alone. The optical density was adjusted by the addition of sBHI 

to OD490 of 0.65. Liquid culture was performed for three hours in an orbital shaker 

(200rpm) in a 37°C + 5% CO2 incubator. Afterwards, the optical density at 492nm was 

once again determined in 100µl suspensions. The bacterial concentration was determined 

using extrapolation of the determined optical density at 492nm for the specific 

transformed NTHi. The bacterial suspension was then diluted to 2 x 105 CFU/ml in sBHI 

and either 200µl or 400µl were seeded into each well of a 4- or 8-chamber Permanox 

plastic slide (Thermo Fisher Scientific) and incubated at 37°C + 5% CO2. For biofilms 

grown longer than 16h, medium was replaced twice daily. When each relevant time point 

was reached, bacteria were fixed by adding the same volume of 10% (v/v) NBF. Samples 

were left to fixed for 1h at room temperature (RT) before rinsing in three times with a 1x 

PBS.  

 

3.3.2.3 Staining of biofilms on inert plastic/glass multi-chamber slides with Wheat 

Germ Agglutinin (WGA) and Concanavalin A (ConA) lectins 

Chamber slides were stained with 100µl, with 5µg/ml WGA-Oregon Green 

(Thermo-Fisher Scientific) in 1x PBS for 10 mins at RT in the dark. Slides were then 

washed twice with 300µl 1x PBS, before staining with 100µl of ConA-FITC (50µg/ml; 

Thermo-Fisher Scientific) in 1x PBS for 30 mins at RT in the dark before washing twice 

in 1x PBS.  In slides where the chambers were removable, one to two drops of ProLong™ 

Glass antifade mountant (Thermo Fisher Scientific) was added to each chamber area 
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ensuring the entire surface area was covered before coverslip placed on top. Slides were 

cured overnight in the dark at RT and stored at 4°C until assessed via microscopy. 

Confocal microscopy was performed using the 561nm-laser to detect for the mCherry-

NTHi, and 488nm-laser to detect for the various sugar moieties within the extra polymeric 

substances. 

 

3.3.2.4 Crystal violet staining of bacterial biofilms 

Staining of bacterial biofilms are as described in Chapter 2 (refer to 2.6.2.6) 

 

3.3.2.5 Confocal microscopy 

Confocal microscopy performed as described in Chapter 2 (refer to 2.3.10.1) 

 

3.3.2.6 Statistical Analysis 

All experiments were performed in triplicates with data obtained from four 

replicates for each parameter tested. Data were thus presented as Means of each 

experiment±Std Dev. Statistical analysis was then performed with GraphPad Prism 8.4.2. 

An ordinary one-way ANOVA was performed, followed by Tukey’s multiple comparison 

test for Figure 3.1. In performing the statistical analysis of crystal violet stained biofilms 

and subsequent investigations, the Kruskal-Wallis ANOVA test was first performed 

followed by Dunn’s multiple comparison test (Figures 3.2 to 3.5).  

 

3.4 Results 

3.4.1 NTHi biofilm formation via nutrient restriction  

Knowing that nutrient restriction during bacterial growth is stressful and triggers 

biofilm formation, a series of experiments were performed to assess if NTHi biofilm 

induction could be enhanced via nutrient restriction. Here, the Crimson-NTHi strain was 

inoculated into 96-well plates (100µl of a bacterial suspension at 2 x 105 CFU/ml) in 

either the brain-heart infusion broth (BHI: nutrient rich) or in 1x PBS solution (nutrient 

restricted) at decreasing bacterial densities. These were then grown overnight to allow for 

the formation on biofilm and stained using crystal violet. Results generated found that 

Crimson-NTHi at reduced bacterial densities (at 1:2 and 1:10), were able to induce higher 

biofilm production that that of the neat inoculum, however this was not considered 

significant (p>0.05). However, a dilution of 1:20 of the initial bacterial inoculum, caused 

a significant increase in the biofilm observed (0.52±0.03 AU) as compared to the neat 

undiluted culture (0.14±0.02: p<0.05: Figure 3.1A). Dilutions of the bacterial inoculum 

above this, (i.e. 1:100 - 1:1000) showed that OD570 had plateaued with no further increase 
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in absorbance (Figure 3.1A). This indicated that biofilm formation, as stained by Crystal 

Violet, was proportionate to the increase in dilution of BHI from Neat to 1:20 dilution. 

Dilutions of BHI at 1:100 and above did not yield any further increase in biofilm staining. 

Nutrient restriction (i.e. 1x PBS) proved to be unfavourable for NTHi biofilm formation 

(Figure 3.1B). At the initial inoculum of 100µl of bacterial suspension at 4 x 105 CFU/ml, 

strong biofilm formation was observed, evidenced by the high absorbance measured 

(1.30±0.05; Figure 3.1B). However, as the PBS dilutions were increased, biofilm 

formation affected. Specifically, dilutions of PBS between 1:2 and 1:100 were found to 

markedly reduce the ability of NTHi to form biofilm, however, this was not considered 

significant (p> 0.05). However, this became significant at 1:200 and 1:1000 dilutions 

(0.24±0.01 and 0.14±0.01 respectively: p<0.05: Figure 3.1B).  Although the biofilm 

induced by nutrient restriction (1.30±0.05) was greater than that of the nutrient rich 

(0.14±0.02), knowing that a longer time course was needed and that reduced bacterial 

densities did not sustain biofilm formation at reduced densities, all subsequent 

experiments were performed in the sBHI media. 
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Figure 3.1: Formation of Crimson-NTHi biofilm in diluted Brain-Heart Infusion 

broth or 1x PBS and quantification by crystal violet staining. NTHi at 2x104 CFU 

was diluted from 1:2 to 1:1000 with BHI broth (A) and grown for 24 hrs before being 

washed and a 1% crystal violet (CV) used to stain biofilms. Ethanol was used to dissolve 

CV crystals and the optical density (OD570) then read. (B) Biofilm formation was repeated 

at a higher concentration of 4x104 CFU and were inoculated into 1x PBS diluted with 

water, and for 24 hrs and further processed as earlier. (A) Diluted BHI was able to support 

the formation of biofilm until a dilution of 1:20 after which biofilm formation plateaued. 

(B)  In a media devoid of nutrients such as 1x PBS solution, formation of biofilm was 

adversely affected. Dilutions of 1:200 and 1:1000 in 1x PBS showed a significant 

decrease when compared to the neat control (p<0.05). NOTE: experiments were 

performed in duplicates with two replicates per experiment. Data represented as 

Mean±Std Dev, with all values shown. * p< 0.05. 
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3.4.2 Confirmation of biofilm formation by lectin staining 

To confirm biofilm establishment, experiments were repeated whereby NTHi was 

seeded at the same densities as described above in chamber slides and grown over four 

days in brain-heart infusion broth supplemented with hemin and β-NAD. Secreted matrix 

structures were then stained daily with both Wheat Germ Agglutinin (WGA) and 

Concanavalin A (ConA) and visualised via confocal microscopy (Figure 3.2). Twenty-

four-hours-post-seeding secreted matrix was visible and stained positively for WGA and 

ConA across the entire chamber surface illustrating a relatively shallow biofilm encased 

with the matrix EPS (Figure 3.2A & C, arrows; XY Stacks). NTHi was detected in a 

similar manner (Figure 3.2B & C, arrows; XY stacks). After four days, matrix EPS was 

more visually intense compared to day one, appearing complex in nature, thicker, and 

denser (Figure 3.2D & F, left panel, arrows; XY stacks). Detection of NTHi was similarly 

detected over then entire inert surface area (Figure 3.2E & F, arrows; XY stacks).  

 

3.4.3 Quantification of biofilm biophysical properties by COMSTAT analysis 

The bacteria strains of GFP-NTHi and Crimson-NTHi were then seeded into 

chambered slides and grown over four-days. Analysis by COMSTAT was then used to 

profile various biophysical properties over this period including biomass, surface area, 

thickness and biofilm surface:biovolume ratio (Figure 3.3). Results revealed that there 

was no significant change in NTHi biomass measured over the duration of the experiment 

in both strains (GFP: 114.1±35.29µm3/µm2 day 1 vs 139.7±25.37µm3/µm2 day 4; E2-

Crimson: 135.1±21.86µm3/µm2 day 1 vs 118.6±11.00µm3/µm2 day 4) (Figure 3.3A).  

GFP-NTHi surface area was found to increase over time becoming significant by day 3 

(86085611±26021615µm2 day 1 vs 126768105±19481581µm2 day 3: p<0.05: Figure 

3.3B) which was maintained for the duration of the experiment 

(126451694±23066638µm2 day 4: p<0.05: Figure 3.3B). Interestingly, no significant 

increase in the surface area for the E2-Crimson strain was found 

(97022465±14872944µm2 day 1 vs 1221897053±8022224µm2 day 4: Figure 3.3B). 

When COMSTAT was used to measure NTHi average thickness there was no change 

measured over the duration of the experiment in both strains (GFP: 113.0±34.56µm day 

1 vs 153.9±27.83µm day 4; E2-Crimson:  130.5±20.67µm day 1 vs 136.8±9.268µm day 

4: Figure 3.3C).  Finally, surface:biovolume ratio was found to significantly increase over 

the duration of the experiment in the GFP-NTHI strain (1.070±0.04605µm2 /µm3 day 1 vs 

1.283±0.09835µm2 /µm3 day 4; p<0.05: Figure 3.3D).  Similarly, E2-Crimson-NTHi 
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surface: biovolume ratio was found to increase over time, but only became significant on 

Day 3 (1.016±0.01050µm2 /µm3 day 1 vs 1.312±0.1828µm2 /µm3 day 3: p<0.05: Figure 

3.3D) and maintained for the remainder of the experiment (1.457±0.07981µm2 /µm3 day 

4: p<0.05: Figure 3.3D).
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Figure 3.2. Formation of biofilm and production of matrix extrapolymeric substance (EPS) (green) by NTHI biofilm (red) and on chamber slides 

over four days. Fluorescently tagged NTHi bacteria (conjugated with E2-Crimson) were initially seeded onto chamber slides at 2 x 105 CFU/ml in sBHI 

and grown over 4 days, with daily fixation of samples.  Fixed biofilms were stained by FITC- and Oregon Green Conjugated lectins of wheat germ 

agglutinin and concanavalin A and assessed via confocal laser scanning microscopy (CLSM). (A) EPS matrix was established by day 1, however this 

appeared sparse and thin over the chamber slide, (B) a similar staining pattern was observed when NTHi was visualised. (C) When overlayed, the slice 

view showed bacteria interspaced with matrix. (D) After four days, EPS matrix appeared denser and evenly visualised over the entire chamber slide, (E) 

this mirrored a similar expression pattern by NTHi. (F) When merged, the combined matrix and bacterial views showed even disbursement of bacteria 

with secreted matrix. Representative images of five fields of view taken for each day. Note: total magnification 200X.
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Figure 3.3: Biophysical properties of two NTHi biofilm GFP (light blue circles)- and 

E2-Crimson (dark blue squares) grown over four days. NTHi at 4x104 CFU/ml were 

inoculated into chamber slides and grown over four days with twice daily growth media 

(supplemented BHI broth) changes before being fixed in 10% NBF and subjected to 

confocal laser scanning microscopy (CLSM). Slices at 1µm were obtained and visualised 

with NIS Elements (Nikon). COMSTAT software was then used to generate biophysical 

dimensions including (A) Biomass, (B) Surface area, (C) Average thickness, and (D) 

Surface to Biovolume ratio.  There was a significant increase in biofilm surface area in 

GFP-NTHi between Day 1 and Days 3 and 4 (p<0.05). (D) Surface to biovolume ratio 

was also significantly increased between Day 1 and 4 in GFP-NTHi; Day 1 and 3 and 4 

in the E2-Crimson-NTHi (p<0.05). NOTE: experiments were performed in duplicates 

with at least two replicates per experiment. Data represented as Mean±Std Dev,with all 

values shown. * p< 0.05. 
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Next, in order to determine the sensitivity of COMSTAT, biofilms were inoculated onto 

chambered slides and grown over four days in neat BHI or a 1:10 diluted BHI broth and 

biophysical properties determined including biomass, surface area, thickness and biofilm 

surface:biovolume ratio (Figure 3.4). Results generated showed a significant increase in 

NTHi biofilm biomass by day 3 in both neat and diluted BHI (BHI: 55.91±22.37µm3/µm2 

day 1 vs 141.2±43.50µm3/µm2 day 3; diluted BHI: 67.44±5.102µm3/µm2 day 1 vs 

156.0±43.04µm3/µm2 day 3: p<0.05: Figure 3.4A). Interestingly, this remained steady 

day 4 for the neat BHI (118.6±60.65µm3/µm2 day) but decreased in the diluted BHI broth 

(70.24±24.36µm3/µm2 day). Similarly, biofilm surface area also significantly increased 

over time, becoming significant in both neat BHI and diluted broth on day 3 (neat BHI: 

49371802±21258744µm2 day 1 vs 130787857±38378473µm2 day 3; diluted BHI: 

57432699±4283214µm2 day 1 vs 138526623±38124699µm2 day 3: p<0.05: Figure 3.4B). 

Biofilm thickness also significantly increased in both neat and diluted BHI over time. As 

with the other biophysical properties measured previously, these became significant on 

day 3 (neat BHI: 60.22±9.268µm day 1 vs 143.6±42.32µm day 3; diluted BHI: 

63.30±4.867µm day 1 vs 150.1±41.38µm day 3: p<0.05: Figure 3.4C).  Finally, the 

surface to biovolume ratio significantly increased in BHI-grown biofilms at day 2 

(1.217±0.07395 µm2 /µm3 day 1 vs 1.830±0.08538µm2 /µm3 day 2: p< 0.05: Figure 3.3D) 

but remained unchanged for all other time points. When diluted, the surface to biovolume 

ratio was observed not to differ at any time during the experiment (Figure 3.4D).   
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Figure 3.4: Biophysical properties of NTHi biofilm formed over four-days in either 

neat supplemented brain-heart infusion (sBHI) broth (light blue circles) or a 1:10 

diluted sBHI in water (dark blue squares).  E2-Crimson-tagged NTHi at 4x104 CFU/ml 

was inoculated into chamber slides and grown over four days with twice daily growth 

media (supplemented BHI broth) changes. A second set of NTHi were inoculated into a 

1:10 dilution of sBHI before being fixed in 10% NBF and subjected to confocal laser 

scanning microscopy (CLSM). Slices at 1µm were obtained and visualised with NIS 

Elements (Nikon). COMSTAT software was then used to generate biophysical 

dimensions including (A) Biomass, (B) Surface area, (C) Average thickness, and (D) 

Surface to Biovolume ratio.  NOTE: experiments were performed in duplicates with at 

least two replicates per experiment. Data represented as Mean±Std Dev, with all values 

shown. * p< 0.05.  
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Having confirmed the sensitivity of COMSTAT, a final series of experiments were 

performed whereby NTHi biofilms were cultured and profiled by COMSTAT over 6 days 

to determine the feasibility and viability of long-term biofilm culture.  Bacteria were also 

stained with Wheat Germ Agglutinin (WGA) and Concanavalin A (Con A) to confirm 

biofilm formation which were also assessed via COMSTAT.  Twenty-four hours-post-

seeding secreted matrix was visible and stained positively for WGA and ConA across the 

entire chamber surface illustrating the formation of biofilm (Figure 3.5A & C, arrows; 

XY Stacks). NTHi was similarly observed over the entire chamber surface (Figure 3.5B 

& C, arrows; XY stacks). After 6 days of culture, matrix EPS staining was extremely 

intense compared to day one, appearing very dense, complex in nature, and overall thicker 

(Figure 3.5D & F, arrows; XY stacks). Detection of NTHi was similarly detected over 

the inert surface area (Figure 3.5E & F, arrows; XY stacks).  

 

When profiled using the COMSTAT software, NTHi biomass was observed to increase 

over time, becoming significant by day 3 (33.59±4.09µm3/µm2: p<0.05; Figure 3.6A).  

This remained significant for the duration of the experiment (day 4: 

35.98±1.290µm3/µm2, Day 5: 38.07±6.103µm3/µm2, day 6: 31.00±9.444µm3/µm2). 

When the matrix was analysed, a mirrored increase was observed however this was 

significant (p<0.05) (Figure 3.6B).  Biofilm surface area was also observed to increase 

over time but only became significant from day 5 (8662175±62575µm2 vs 

9896903±660168µm2 day 5; 8662175±62575µm2 vs 10126298 ±603985µm2 day 6: 

p<0.05: Figure 3.6C). A similar trend was found for the accompanied matrix staining 

(8662175±62575µm2 vs 9896903±660168µm2 day 5: 8662175±62575µm2 vs 

10126298±603985µm2 day 6: p<0.05: Figure 3.6D).  Although the average thickness of 

NTHi biofilm did increase over time, it was found not be significant over the duration of 

the experiment (p>0.05: Figure 3.6E). This was mirrored when the matric was assessed, 

where the average thickness was higher at all times point and only significant at day 6 

(32.61±6.515µm vs 52.96±7.266µm: p<0.05: Figure 3.6F).  The biofilm surface to 

biovolume ratio was found to change over time (Figure 3.6G).  Specifically, the ratio was 

significantly lower at day 2 and remained significantly lower for the duration of the 

experiment (2.484±0.08657µm2/µm3 day 2; 2.073±0.08657µm2/µm3 day 3: 

1.797±0.1747µm2 /µm3 day 4: 1.858±0.3104µm2 /µm3 day 5: 2.383±0.57µm2 /µm3 day 6: 

p<0.05: Figure 3.6G).  There was no significant change in the matrix surface to biovolume 

ratio observed (Figure 3.6H). 
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Figure 3.5. Formation of biofilm and production of extrapolymeric substance (EPS) 

matrix (green) by NTHI biofilm (red) and on chamber slides over six days. 

Fluorescently tagged NTHi bacteria (conjugated with E2-Crimson) were initially seeded 

onto chamber slides at 2 x 105 CFU/ml in sBHI and grown over six days with daily 

fixation of samples.  Fixed biofilms were stained by FITC- and Oregon Green Conjugated 

lectins of wheat germ agglutinin and concanavalin A and assessed confocal laser scanning 

microscopy (CLSM). (A) As with previous experiments, after day 1 the matrix appeared 

sparse and thin over the chamber slide, (B) a similar pattern was observed when NTHi 

was visualised.  (C) When overlayed, the slice view showed bacteria interspaced with 

matrix.  (D) After six days, EPS matrix was denser, thicker, and covered the entire 

chamber slide evenly (E) this mirrored the visualisation of NTHi. (F) When merged, 

combined matrix and bacteria showed even disbursement of bacteria with secreted matrix.  

Representative images of five fields of view taken for each day. Note: total magnification 

200X.  
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Figure 3.6: Biophysical properties of NTHi biofilm (light blue circles) and matrix 

(dark blue squares) developed when grown over six days. Fluorescently tagged NTHi 

(conjugated with E2-Crimson) at 4x104 CFU/ml was inoculated into chamber slides and 

grown over six days with twice daily growth media (supplemented BHI broth) changes 

before being fixed in 10% NBF. Accompanying slides were also stained with Wheat 

Germ Agglutinin (WGA) and Concanavalin A (Con A) and all samples subjected to 

confocal laser scanning microscopy (CLSM). Slices at 1µm were obtained and visualised 

with NIS Elements (Nikon). COMSTAT software was then used to generate biophysical 

dimensions including bacterial (A) and matrix (B) Biomass, bacterial (C) and matrix (D) 

Surface area, bacterial (E) and matrix (F) Average thickness, and bacterial (G) and matrix 

(H) Surface to Biovolume ratio.  NOTE: Experiments were performed in duplicates with 

at least two replicates per experiment. Data represented as Mean±Std Dev, with all values 

shown. * p< 0.05. 
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3.5 Discussion 

In this chapter, the use of crystal violet was initially used to successfully quantitate 

biofilm formation of NTHi in brain-heart infusion (BHI) broth. Although biofilm was 

observed in the neat inoculum of the nutrient restricted solution, increases in nutrient 

deprivation failed to support the formation of NTHi biofilms. In order to profile biofilm 

with more definition, confocal microscopy imaging was coupled with COMSTAT and 

successfully demonstrated biofilm formation. This was corroborated by the positive 

staining of the extrapolymeric substance of the matrix namely wheat-germ agglutinin and 

concanavalin A lectin.  The sensitivity of COMSTAT was also illustrated when it was 

able to profile biofilm at reduced bacterial density. Finally, a long-term model of NTHi 

biofilm was successful established and profiled using COMSTAT.  

 

The ability of bacteria to form microbial film or biofilms is not a new observation (Mack 

et al. 1975) with both gram-positive and gram-negative species capable of this ability  

(Abee et al. 2011). Although, it appears to be the natural mode of bacterial growth in 

nature (Hernandez-Jimenez et al. 2013), it enhances antibiotic resistance which 

encourages the establishment of chronic bacterial infections in the medical setting 

(Coenye et al. 2014). Reduced antibiotics susceptibility contributes to persistence of 

biofilm infections. In biofilms, poor antibiotic penetration, nutrient limitation and slow 

growth, adaptive stress responses, and formation of persister cells are thought to 

constitute a multi-layered defence (Stewart 2002). Relevant early work established that 

NTHi formed biofilms on the middle-ear mucosa of chinchillas in an experimental model 

of otitis media with effusion (Bakaletz 2007, Hong et al. 2007a, Hong et al. 2009, 

Bakaletz 2012), as well as from the presence of biofilms tympanostomy tubes in children 

with refractory post‐tympanostomy otorrhea (Idicula et al. 2016, Novotny et al. 2019). 

However, the use of animal models in these studies required harvesting the tympanic 

bullae and specialist expertise in specimen preparation and visualisation by electron 

microscopy. The use of animal models is ideal for biofilm studies since they possess 

predictable physiology, pharmacodynamics and pharmacokinetics which have been well 

researched (Hall-Stoodley et al. 2009, Williams et al. 2012, Bjarnsholt et al. 2013a, 

Davidoss et al. 2018). However, the use of animals is not without problems. These include 

the difficulty in creating the multifactorial environment of pathogenesis, difficulties in 

animal handling and manipulation of smaller sized tissues and in some cases the ease of 

developing sepsis.  
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An alternative methodology enables the growth of biofilms in vitro (Peterson et al. 2011a) 

and is typically established  either a continuous-flow culture (Beeftink et al. 1986) or 

growing static biofilms (Merritt et al. 2005). The latter, easier option, appears the method 

of choice for investigations that seek to investigate early stages of biofilm formation, 

including initial adherence to the surface and microcolony formation (Merritt et al. 2005). 

Static biofilm cultures require very little specialised equipment and are relatively simple 

to execute (Merritt et al. 2005). The primary advantage of this method is that it is 

relatively high-throughput, enabling screens for mutants defective in attachment or 

evaluation of the effects of different treatments or compounds on attachment or biofilm 

formation (Peterson et al. 2011b). Additionally, this method is useful for either small- or 

large-scale studies. In this chapter, the Nunc™ Lab-Tek™ Chamber Slide™ system was 

used. These chambers are made of Permanox™ plastic and has been used in prior biofilm 

studies, including those of the Haemophilus genus and NTHi species in particular 

(Armbruster et al. 2010, Szelestey et al. 2013, Pang et al. 2017, Ysebaert et al. 2019). The 

static model however does have limitations (Merritt et al. 2005). As the model is a closed 

system, biofilms are not continuously supplied with fresh medium nor aerated. With 

nutrient availability being limited, this may prevent mature biofilms from establishing. 

To counter this, experiments performed in this chapter incorporated frequent media 

changes, (i.e. Brain-Heart Infusion broth twice daily) and long term biofilm cultures (>6 

days) were able to be successfully established using the methodology described above. 

However, knowing that these structures are dynamic, accurate visualisation and detailed 

characterisation is necessary. Crystal violet is a triarylmethane dye which primarily binds 

to sugar type molecules such as the ribose in DNA (Zhang et al. 2001) and peptidoglycans 

in bacterial cell wall (Beveridge 1999, Budin et al. 2012). The staining method, originally 

described by O’Toole and Kolter to identify biofilm-deficient mutants, is currently 

considered the “gold standard” for quantifying biofilms in vitro (O'Toole et al. 1998b). 

This is due to its ease of use, inexpensive nature and adaptability for rapid high through 

put screening (Djordjevic et al. 2002, Romanova et al. 2007, O'Toole 2011). However, 

this staining method does not differentiate between (i) adherent biofilms or non-adherent 

bacterial cells, (ii) bacterial cells or any adhered materials such as the extrapolymeric 

substances of the matrix, or (iii) live and dead cells. As a result, crystal violet staining 

may overestimate the number of adherent bacteria without any more detail pertaining to 

the structure (Merritt et al. 2005). A number of indirect methods of biofilm measurement 

exist including the determination of dry mass, total organic carbon, ATP 

bioluminescence, total protein, and quartz crystal microbalance (Wilson et al. 2017).  
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Direct methodologies are still preferred and involve; direct counting, plate counts, 

microscopic cell counts, coulter cell counting, flow cytometry and fluorescent 

microscopy (Wilson et al. 2017).  

 

Viewing of biofilms also poses a number of challenges. While the use of electron 

microscopy (EM) is able to obtain high resolution images of biofilm, it requires extensive 

preparation prior to analysis including fixation, removal of all moisture, and coating the 

sample (Dohnalkova et al. 2011). Furthermore, as water forms a major component of 

biofilms, dehydration, that is necessary when viewing biofilms for EM imagining 

typically distorts the size and structure of samples (Asahi et al. 2015).  This chapter thus 

assessed the feasibility of using confocal laser scanning microscopy (CLSM) coupled 

with the biofilm analysis software COMSTAT (Heydorn et al. 2000b). Whilst CLSM is 

still costly, it provides high-resolution images of biofilms in three dimension (Bandara et 

al. 2010, Nwaneshiudu et al. 2012, Bjarnsholt et al. 2013b). Multiple fluorochromes can 

also be used to provide more detail about these structures.  Images generated in this 

chapter were then coupled with the COMSTAT software to quantify the biophysical 

properties of these structures including bio-volume, surface area coverage, biofilm 

thickness distribution, mean biofilm thickness, microcolony volume, fractal dimension, 

roughness coefficient, average and maximum distance, and surface-to-volume ratio 

(Heydorn et al. 2002). Although other software do exist (Imaris Fiji software), licencing 

costs remain a major hindrance for mainstream implementation in many laboratories.  

 

Studies involving the use of COMSTAT to enumerate NTHi biofilms properties have 

been accepted in mainstream biofilm research including to quantify biofilm thickness, 

surface coverage, total biomass and biofilm roughness in relation to phosphorycholine 

expression with maturation of biofilm communities in vitro and in vivo (Hong et al. 

2007b), promotion of biofilm maturation and persistence of NTHi by LuxS (Armbruster 

et al. 2009), use of integration host factor to mediate NTHi clearance (Brandstetter et al. 

2013) and effectiveness of selenium coating on tympanostomy tubes in inhibiting NTHi 

biofilm formation (Wang et al. 2013).  More recently, Mokrzan and colleagues studying 

NTHi biofilm biology at temperatures similar to the human nasopharynx and the function 

of the type IV pilus, inoculated 2 x 105 CFU/ml onto chambered coverglasses, which were 

then grown over four days. COMSTAT was then used to quantify metrics including 

biofilm biomass and thickness from CSLM images obtained (Mokrzan et al. 2016). At 

37°C, they discovered that biomass and mean thickness plateaued after two days of 
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culture. This is slightly earlier than what was obtained in this chapter, where biofilm 

metrics plateaued at three to four-days-post seeding and this may be due to slight 

variability of growth conditions and quality of BHI broth used at the difference 

laboratories. As NTHi is a well-known fastidious bacterial species, requiring hemin and 

β-NAD to thrive, the quality of brain-heart infusion broth may also affect the health of 

the bacteria.  Despite the time differences, CSLM and COMSTAT were successfully used 

in this chapter to enumerate several biophysical properties of these structures as they 

established and matured over time. 

 

Environmental stresses are known to affect biofilm development and take the form of 

environment, nutritional or immunological stresses. Nutritional stresses in the 

environment influence the development and final bacterial and chemical composition of 

biofilms (Bowden et al. 1997). The species of  H. influenzae is fastidious and has an 

obligate requirement for heme and β-NAD for aerobic growth (Coleman et al. 2003). The 

effects of glucose and nitrogen depletion on glass surface colonisation by P. fluorescens  

showed that depletion of either led to the active detachment of bacterial cells from the 

biofilm (Delaquis et al. 1989). An increase in the hydrophobicity of unattached cells was 

noted on depletion of carbon (Delaquis et al. 1989). This increase was found to be the 

result of bacterial cell emigration from the exterior of the biofilm structure to the biofilm’s 

interior. The interior of a biofilm structure is less well-fed as opposed to the exterior 

surface. The presence of water channels ensures the delivery of essential nutrients to the 

biofilm’s interior. In fact, it has been demonstrated that a transient heme-iron restriction 

promotes new and diverse phenotypes that can influence planktonic, biofilm, and 

intracellular lifestyles (Hardison et al. 2018b). Therefore, in this study we demonstrated 

that by diluting or severely limiting nutrients necessary for NTHI’s growth, biofilm 

formation was affected.  Future experiments should explore the use of microfluidic flow 

cells, as these have a better control over physiochemical variables such as nutrients 

delivery and transport of metabolic waste by-products (de Kievit 2009, Kim et al. 2010, 

Hong et al. 2012, Kim et al. 2012a, Kim et al. 2012b, Kim et al. 2013, Karimi et al. 2015, 

Pousti et al. 2018). In addition, lab-on chip studies investigating biofilms is likely to 

expanded greatly and be the mainstay of biofilm research moving forward (Feng et al. 

2015, Franklin et al. 2015, Srinivasan et al. 2017, Pousti et al. 2018).  
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3.6 Conclusion 

In conclusion, this chapter has demonstrated the formation of long term NTHi 

biofilm in vitro using plastic chambered slides. Resultant biofilm was successfully images 

using CSLM and enumeration of biofilm physical properties performed via COMSTAT.  

Biofilm was corroborated by staining extrapolymeric matrix components (lectins) which 

typically accompany biofilm formation. Knowing that NTHi is an opportunistic pathogen 

that is associated with respiratory disease progression (Marti-Lliteras et al. 2009, 

Clementi et al. 2011) via the formation of biofilm (Jurcisek et al. 2007a, Baddal 2020), 

there is a need to be able to model, grow and study such biofilms on a live airway 

epithelial cell model in order to understand the dynamic interactions between this 

particular pathogen and the innate host response.  



 

 

CHAPTER 4 

 

 

A polymicrobial NTHi colonisation and RSV infection in an airway epithelial model 

differentiated through Air–Liquid Interface.  
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4.1 Abstract 

Experiments performed were able to successfully establish both singular (NTHI 

and RSV alone), sequential (NTHi followed by RSV, RSV followed by NTHi) as well as 

concurrent coinfections (simultaneous NTHi and RSV infections). In addition, the model 

scenario was able to illustrate that fluorescent RSV specifically targeted ciliated airway 

epithelial cells. Furthermore, we were able to illustrate that NTHi bound to non-ciliated 

cells within the airway epithelium. In airway epithelial cells exposed to NTHi alone, 

subapical expression of the fluorescently tagged bacteria was observed.  This was 

corroborated with the inclusion of the beta tubulin staining which by staining cilia thus 

orientated the apical and basolateral surfaces. Finally, TEM was used to further confirm 

and identify intracellular NTHi within airway epithelial cells themselves. Intracellular 

Bacterial Community (IBCs) biomass of NTHi localised within the primary airway cells 

were then determined and significant differences were found between NTHi infection 

only and the sequential infection of RSV initially followed by NTHi. Specifically, initial 

RSV infection appeared to facilitate greater NTHi establishment.  Furthermore, NTHi 

was found to continue its infection of the epithelium towards the basolateral surface 

indicated by measurable bacterial load in the basolateral medium. Sequential RSV 

infection preceding or proceeding NTHi colonisation or concurrently in primary epithelial 

cells, facilitated a significant amount of NTHi to transversely migrate to the basolateral 

surface, evident by the drop in NTHi IBC biomass for these treatments compared to 

singular NTHi colonisation. Interestingly, biomass of these intracellular bacterial 

communities was unaffected by the co-infection of RSV. NTHi was also found to 

suppress RSV load but has no effect on RSV load when infected after viral infection. 

Sequential colonisation/infection resulted in equal bacterial loads at the apical and basal 

surfaces. There was a reduction in NTHi load in the sequential infections scenarios when 

compared to NTHI infection alone. RSV load also appeared to have an effect on NTHi 

colonisation. Concurrent NTHi colonisation and RSV infection resulted in only a slight 

reduction of NTHi load that recovered with increased infection length. Interestingly, 

using immunofluorescent staining and COMSTAT2, Muc5AC mucus secretion was 

found to significantly increase in singular RSV infection and in sequential NTHi 

colonisation; followed by RSV infection, when compared to a concurrent NTHi 

colonisation and RSV infection. When the apical and basolateral media were analysed for 

inflammatory cytokine production using a principal component plot, there appeared to be 

delineation between cytokines produced and secreted apically and basolaterally. 

Interestingly, biological replicate responses were evident and there also appeared to be 
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no stratification according to the five infection scenarios. However, by visualising the up- 

and down-regulated cytokines via a heatmap there was a predominantly upregulation of 

certain inflammatory cytokines including (IL-8, MCP-1, IL-1Ra, MIP-1a and -1b, TNF-

, RANTES, IL-4, IL-9, IL-2, IL-17) in the apical compartment compared to its 

basolateral counterpart. Interestingly, in addition to IL-8, TNF-α and RANTES, other 

proinflammatory cytokines such as IL-1β, IL-6, IP-10 (CXCL10) and G-CSF were 

secreted both apically and basolaterally in response to any form of infection.  

 

4.2 Introduction 

It is now accepted that the respiratory tract hosts many microbes, including 

bacteria, viruses, fungi and bacteriophages. Furthermore, opportunistic pathogens either 

singularly or in partnership with others result in infection, cause exacerbation events and 

often drive disease pathogenesis (Berry et al. 2020). However, the clinical impact of 

polymicrobial respiratory infections remains unclear (Chorazy et al. 2013). This 

understanding has been compounded further due to the lack of detailed studies into the 

interactions between the microbes during symptomatic infection episodes (Chorazy et al. 

2013, Purcell et al. 2014, Cilloniz et al. 2016).  

 

A combination of viruses, bacteria, fungi and parasites are now recognised to cause 

polymicrobial infections in humans (Brogden et al. 2005). These can be broadly divided 

into four categories, (i) synergistic polymicrobial infections, where one microbe (e.g. 

respiratory syncytial virus) generates a niche favourable for the infection and colonisation 

of other pathogenic microbes (Cuevas et al. 2003, Greensill et al. 2003), (ii) infections 

(e.g. influenza virus) predisposing a host to colonisation by other microorganisms such 

as S. pneumoniae, S. pyogenes, and H. influenzae (Peltola et al. 2004), (iii) accumulation 

of two or more non-pathogenic microorganisms (e.g. Escherichia coli), thereby tipping 

the equilibrium, and leading to a disease state (Stromberg et al. 2018), and  (iv) microbial 

interference where pathogens) generate niches in hosts that eventually suppresses the 

colonisation of other microbes (e.g.  pneumococcal conjugate vaccination may bring 

about epidemiologic changes in upper respiratory tract flora of children where carriage 

of S. pneumoniae is negatively associated with S. aureus carriage in children. 

Competition between colonisation with vaccine-type pneumococci and S. aureus, may 

lead to an increase in S. aureus-related otitis media after vaccination)  (Bogaert et al. 

2004, Regev-Yochay et al. 2004).  For this chapter, two significant respiratory pathogens 

representing a ‘bacterial-viral’ scenario was investigated, namely Respiratory Syncytial 
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Virus (RSV) and non-typeable H. influenzae (NTHi). Respiratory syncytial virus RSV is 

a common virus that infects the airways where it often predisposes the host to secondary 

respiratory disease caused by pathobionts, such as S. pneumoniae, H. influenzae and S. 

aureus (Sande et al. 2019). Non-typeable H. influenzae is known to be part of the human 

airway microbiome yet is responsible for the many acute and chronic respiratory tract 

infections (King et al. 2015a, Amatngalim et al. 2017, Wilkinson et al. 2017). It is 

suggested that this bacteria coexists in a delicate state of balanced pathogenesis (Foxwell 

et al. 1998c) where the bacteria interacts with the host through its cell surface structures 

to pave its way for colonisation and invasion. This bacterium also forms multicellular 

biofilm communities both in vitro and in various infection models, which render it more 

hardy to typically prescribed broad spectrum antibiotics (Swords 2012).  

 

To elucidate further the understanding of respiratory infection mechanisms, various 

models have been developed and used, so that a better understanding of the mechanisms 

of respiratory infections can be elucidated. The human model is the best since it is ‘real-

life’. However, the availability of these types of models is severely limited due to safety 

and ethical considerations (Saturni et al. 2015). As a result, animal models are typically 

used, however although similar, are not exact models of humans or human disease 

(Shanks et al. 2009). Mathematical models have also been employed and have given 

insight into viral infection dynamics, including infection, cell death, production of 

immune responses as well as resistance development (Keeling et al. 2009).  However, in 

vitro models are commonly used since they are inexpensive, easily controlled and well 

standardised (Mohtasham et al. 2004, Coenye et al. 2010, Duell et al. 2011, Saturni et al. 

2015, Barron et al. 2021). Specifically, the air-liquid interface (ALI) model is well 

regarded to produce a close representation that recapitulates the respiratory airway 

epithelium (Tchao 1989, Gruenert et al. 1995, Jayaraman et al. 2001) and its multiple cell 

types including ciliated columnar, stratified squamous, and goblet cells. The use and 

acceptance of the ALI model as a forefront in basic and translational respiratory research 

is well-regarded due to the model’s ability to mimic the complexity of the 

pseudostratisfied nature of the respiratory epithelium (Pezzulo et al. 2011, Hill et al. 2012, 

Xu et al. 2014b, Lacroix et al. 2018, Looi et al. 2018, Upadhyay et al. 2018, Michi et al. 

2021, Agraval et al. 2022). 

 

This chapter hypothesised that there is a three-way interaction (virus-bacteria-host) that 

occurs in polymicrobial infection that ultimately impacts on the host innate immune 
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response to pathogen exposure. Specifically, pathogen-pathogen interactions will be 

observed that will then drive the host-pathogen response. Experiments were conducted 

whereby singular, sequential and concurrent infections involving NTHi and/or RSV were 

introduced onto a fully differentiated primary airway epithelial cell model.   At designated 

time points post-infection, inserts were collected and fixed and analysed via confocal 

microscopy, apical washes and basolateral medium collected for mucus production as 

well as inflammatory cytokine production, and RNA and DNA collected to determine 

viral and bacterial pathogen load respectively.  

 

4.3 Materials and Methods 

4.3.1 Materials 

All reagents and chemicals specifically utilised in this chapter are listed in Chapter 2.  

 

4.3.2 General Methods 

4.3.2.1 Study population 

This study was approved by the relevant institutional Human Ethics Committees 

with written informed consent obtained from parents or guardians (refer to 2.6). This 

study included primary AEC samples from five clinically stable infants and children; 

mean 2.9±0.2 years of age) participating in the WAERP program and recruited upon 

admission to hospital for elective non-respiratory related surgery. 

 

4.3.2.2 Cell culture 

Samples were attained by brushing of the tracheal mucosa of children with a 

single-sheathed nylon bronchial cytology brush as previously described (Lane et al. 2005; 

Kicic et al. 2006) (refer to 2.6.1.3). Primary airway epithelial cell cultures were 

established and expanded as routinely performed (Martinovich et al. 2017) (refer to 

2.6.1.3.1), then seeded for outlined experiments (refer to 2.6.1.3.2). 

 

4.3.2.3 NTHi colonisation on ALI cell culture models  

NTHi 86-028 NP + pP2-mCherry or + pRSM 2211 strains were first propagated 

from a frozen glycerol stock (refer to 2.5.2.3) and grown on chocolate agar plates and 

inoculated into supplemented brain heart infusion broth. Before inoculation on primary 

AECs, a total bacterial count was performed and 2.5x107 CFU were aliquoted into a 

separate microcentrifuge tube. This was topped up with sterile 1x PBS and then 

centrifuged at 500 x g for 5 mins at RT. Afterwards, the supernatant was carefully 
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removed and 1ml of fresh 1x PBS added and the bacterial cell pellet resuspended. Two 

more washes were conducted as described with the final cell pellet resuspended in a 50µl 

volume of 1x PBS.  Bacterial inoculation was performed by adding 50µl (at 4 x 104 CFU: 

MOI 0.04) dropwise onto the apical surface of AEC. Primary cell cultures were then 

incubated on an orbital shaker (medium setting) at 37°C + 5% CO2 for one hour. After 

this period, the inoculum was removed carefully using a pipette and the cells incubated 

further under the same conditions until various timepoints were achieved.  

 

4.3.2.4 Propagation of RSV 

Propagation of RSV was performed as previously described (refer to 2.5.3.2).  

Briefly, HeLa cells were grown to 60% confluence and red-tagged RSV (rr-RSV) added. 

Infectivity was then monitored at Day 3 and if less than 80%, 10mls of media added and 

left till day 5. Cells were then collected, disrupted via freeze-thawing, centrifuged and the 

supernatant containing the virus frozen at -80°C.  

 

4.3.2.5 Purification of RSV 

RSV was purified as previously described (refer to 2.5.3.3).  Briefly, RSV stocks 

were spun through Vivaspin tubes at 2500g for 40 mins at 4°C and the retentate containing 

the RSV stored at -80°C in multiple aliquots.  

 

4.3.2.6 RSV Plaque Assay 

The RSV plaque assay was performed as previously described (refer to 2.5.3.4.1 

and 2.5.3.4.2). Specifically, HeLa cells were seeded into 96- well culture plates and grown 

for 24 hrs. The following day, the media was serum starved and viral titrations added to 

well. Plates were left to incubate for another 48 hrs before the plate was fixed in ice cold 

PBS:Acetone and washed in wash buffer. A 1:5000 dilution of RSV antibody was added 

to each well and incubated at 1h RT and washed again. A 1:500 rabbit anti-goat 

peroxidase conjugated secondary antibody was then added to each well and incubated 

further for 1h RT. A substrate solution consisting of 30mg 4-chloro-1-naphthol was made 

up in 10ml methanol. A volume of 1ml was then added to 10ml of 1x TE Buffer with 

12µl 30% H2O2. With the addition of 50µl of solution to each well, the development of 

the resulting signal was allowed to proceed in the dark for 10 to 20 mins, until black 

colonies were visible. The reaction was halted by the addition of water and the plate 

allowed to air dry. Plaque forming units (pfu)/ml, were determined by counting the 



 

109 

number of black colonies at each dilution in triplicates and the mean number calculated, 

followed by the multiplication by 10 to calculate to obtain the concentration of pfu/ml. 

 

4.3.2.7 Infection strategy 

Primary AEC were seeded into semi permeable membranes at 1.5x105 

cells/Transwell® insert and fully differentiated using the Air-Liquid Interface (ALI) 

culture system over a 28-day period.  Singular infection scenarios of NTHi (2.5 x 107 

CFU; MOI 25) and RSV (1 x 106 pfu RSV: MOI 1, Everard personal communication), 

were established whereby the pathogen was added by dropwise installation in 50 µl 

volumes into the upper compartment of Transwell® inserts where epithelia apical 

surfaces were orientated to. Cultures were incubated for 1 hour at 37°C + 5% CO2, 

after which, the inoculum was removed, and cultures maintained for a further 7 days. 

In addition, sequential polymicrobial infections of NTHi followed by RSV, and vice 

versa (RSV, followed by NTHi) were also performed. Here, either NTHi (2.5 x 107 

CFU; MOI 25) or RSV (1 x 106 pfu RSV: MOI 1) was added to the apical surface of 

the epithelia, cultures incubated for 1 hour at 37°C + 5% CO2, the inoculum removed, 

and cultures maintained for 4 days. The reciprocal pathogen was added at the 

indicated titres, incubated for 1 hour at 37°C + 5% CO2, the inoculum removed, and 

cultures maintained for further 3 days. The final polymicrobial infection scenario 

involved the concurrent addition of both pathogens (NTHi at 2.5 x 107 CFU: MOI 25, 

and RSV at 1 x 106 pfu RSV: MOI 1) to the apical side of epithelia. Here, cultures 

were incubated for 1 hour at 37°C + 5% CO2, the pathogenic inoculum removed, and 

cultures maintained for 7 days. A control group which involved the addition of a 50µl 

volume of 1x PBS was also included. At the conclusion of the experiment, mucus, 

RNA, protein, apical and basal supernatant were all collected and stored at -80°C for 

downstream analysis. Cell inserts were also appropriately fixed in 10% (v/v) NBF for 

confocal imaging. For a summary schematic diagram, refer to Appendix Figure 8.2 

and 8.3 for infection strategy and downstream analysis 

 

4.3.2.8 EPS staining and visualisation 

Basal and apical surfaces of AEC ALIs were concurrently stained with 10µl 

and 30µl, respectively of Wheat Germ Agglutinin-Oregon Green (5µg/ml) for 10 

mins at RT in the dark. Inserts were then washed twice with 300µl of 1x PBS, before 

concurrent staining with 10µl and 30µl, respectively of ConA-FITC (50µg/ml) for 30 

mins at RT in the dark before washing twice in 1x PBS. Fifty microlitres of 
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Hoechst33342 (5µg/ml) was then used to concurrently stain the apical and basal 

surfaces of the inserts for 10 mins at RT in the dark, before two washes were 

performed. Stained membranes were removed from their plastic holders and 

ProLong™ Glass antifade mountant added ensuring the entire surface area was 

covered before a coverslip placed on top. Slides were cured overnight in the dark at 

RT.  Staining was visualised using confocal microscopy which was performed using 

the 561nm-laser to detect for the mCherry-NTHi, and 488nm-laser to detect for the 

various sugar moieties within the extra polymeric substances. 

 

4.3.2.9 Pathogen load 

Quantitation of NTHi and RSV was performed using Genesig® kits designed to 

separately detect NTHi and RSV (refer to 2.5.6.3 and 2.5.6.4). All MIQE-related 

information are available within the kit manual.  Briefly, at the conclusion of the 7-day 

infection experiment, apical surfaces of ALI cultures were washed three times in 1x PBS 

and pooled. Together with the basolateral media, the apical washes were stored at -80°C 

until needed. Bacterial and viral nucleic acid were then extracted from collected apical 

washes and basolateral media according to the manufacturer’s instructions. Quantitative 

PCR was then performed using a QuantStudio7 Flex thermocycler, where Ct values from 

each infection scenario (Ct infected) plus its housekeeping gene Ct (Ct Hkg) was 

determined. Fold change differences in gene expression relative to control (2-∆∆Ct) was 

then calculated using the ∆∆Ct value. 

 

4.3.2.10 Immunofluorescence staining, membrane excision and mounting 

Inserts were first blocked in blocking buffer (comprising of 10% (v/v) FBS, 10% (v/v) 

Normal Goat Serum [NGS] 1% (v/v) Bovine Serum Albumin [BSA] in 1x Tris-Buffered 

Saline [TBS] for 30 mins at RT by instilling 150µl to the apical chamber and gently 

inverting the insert, and then instilling another 50µl to the basolateral surface.  Inserts 

were then stained with TUB2.1 (1:500; Sigma-Aldrich, T5201) or Muc5AC (1:200; 

Thermo-Fisher Scientific, A21235) for 1 hour at RT in the dark in a humified 

environment. After this period, inserts were then washed three times with same volumes 

of 1x TBS for 20 mins each at RT.  Goat anti-mouse IgG (H+L) conjugated with Alexa 

Fluor 647 A was then added as the secondary antibody (1:250) and left to incubate for 1 

hour at RT as described for the primary antibody. Inserts were then washed two times 

with same volumes of 1x TBS for 20 mins each at RT and Hoechst 33342 added (at 

2.5µg/ml) to stain the nuclei. After a final wash, inserts were inverted, and membranes 
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excised using a scalpel. Membranes were then placed on glass slides with the apical 

surface face side up. Approximately 50-80µl ProLong Glass (ThermoFisher Scientific, 

USA) antifade fluorescence mounting media was then added to the membrane before a 

coverslip gently placed on top. Gentle and slight pressure was then applied to the 

coverslip to ensure the mountant spread evenly across the entire area covered by the 

coverslip. Slides were left in the dark overnight at RT to cure before being viewed via 

confocal microscopy. 

 

4.3.2.11 Multiplexing immunoassay (BioPlex)  

Cytokine production was determined in both apical and basolateral media collections 

using the Bio-Plex Pro™ Human Cytokine 27-plex assay kit (#M500KCAF0Y, Bio-Rad, 

California, United States). The protocols used were as described in the instruction manual 

“Bio-Plex Pro™ Cytokine, chemokine, and Growth Factor Assays”, and adapted for the 

use with a magnetic plate holder instead of the automatic washer. 

 

4.3.2.12 Principal component analysis (PCA) plots and Heatmap of cytokine 

expression in apical and basolateral surfaces 

The quantification of the 27-plex cytokines obtained from the four biological 

replicates collected from the apical surface and basolateral media of the two singular 

infections (NTHi colonisation or RSV infection), two sequential infections (NTHi 

colonisation, followed by RSV infection, and vice versa) and one concurrent infection 

(NTHi colonisation and RSV infection) groups were normalised against its own negative 

control (PBS mock infected). To visualize the variance between samples, a principal 

component analysis (PCA) plot was generated using the prcomp function in R and 

visualized using ggplot2 (v3.1.0), based on the four biological replicates infected with the 

five infection scenarios as well as the cytokine responses collected from the apical (AP) 

and basolateral (BSL) surfaces. The first principal component (PC1, 21.17% of the 

variance) roughly separated the collected apical and basolateral samples of the five 

infection scenarios, as observed on PC2 (9.48% variance) (Appendix 4, Figure 4.3). 

However certain samples within the collected apical and basolateral groups were outliers. 

The PCA indicated that some of the biological replicates within the analysed apical and 

basolateral cytokines were the largest variation source.  In order to generate the cytokine 

heatmap, a log2-fold change of the cytokine data was obtained (from four biological 

replicates, in five infection scenarios, from the apical and basolateral surfaces versus its 
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own negative control (mock PBS infected). These were used to plot on GraphPad Prism 

using the heatmap function (Figure 4.10).  

 

4.3.2.13 Confocal Microscopy 

At least five field of views were taken from each participants’ ALI to obtain the 

appropriate ‘overall’ fluorescent signal from either NTHi, RSV, β-tubulin or Muc5AC. 

This totalled to at least 20 field of views obtained at 1µm slices at 20x objective 

magnification obtained on a Nikon Si confocal microscopy unit (CMCA, UWA) from all 

treatment and control groups. 

 

4.3.2.13 Statistics 

Experiments were performed as described with data obtained from four biological 

replicates. Data was resultingly presented as mean ± std dev.  Statistical analyses were 

conducted using GraphPad Prism v8.04 (GraphPad Software, La Jolla, CA, USA). An 

ordinary one-way ANOVA was conducted followed by Tukey’s multiple comparisons 

test for Figures 4.1 and 4.2. A Kruskal-Wallis test was conducted, after which Dunn’s 

multiple comparisons test was carried out for Figure 4.5. Log2-transformed data were 

analysed using unpaired T-test with Welch’s correction (Figure 4.7). In determining the 

significance of mucus production and secretion post pathogen exposure, a Kruskal-Wallis 

test was conducted followed by a Dunn’s multiple comparisons (Figure 4.9). Statistical 

significance was accepted at p<0.05. 

 

4.4 Results 

4.4.1 NTHi colonisation optimisation:  Formation of Crimson-NTHi Biofilm 

and EPS matrix on airway epithelium over six days 

Initial optimisation experiments were performed involving the colonisation of 

mCherry-NTHi on the airway epithelium to determine the suitability of the epithelium 

for long term NTHi colonisation. Colonisation by NTHi bacteria was apparent by Day1 

(Figure 4.1A & D), well established after four days (Figure 4.1E & H), however, less 

apparent by Day 6 (Figure 4.1I & L).  Similarly, matrix EPS was evident by Day1 (Figure 

4.1B & D) and Day 4 (Figure 4.1F & H) but staining appeared less intense by Day 6 

(Figure 4.1J & L). When counterstained with Hoechst 33342, AECs appeared unaffected 

by NTHi colonisation without adverse effect (Figure 4.1C, G and K).  
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When both the biofilm and EPS were quantified using COMSTAT, results echoed that 

observed via confocal microscopy (Figure 4.2).  Biomass was successfully formed by 

Day 1 (biofilm: 45.26±2.26 µm3/µm2, EPS: 45.26±2.26 µm3/µm2; biofilm) and remained 

consistent till Day 5 (Figure 4.2A & B). Interestingly, biomass significantly reduced by 

Day 6 (biofilm: 19.77±0.66 µm3/µm2 EPS: 19.77±0.66 µm3/µm2; p<0.05). Biofilm and 

EPS Surface Area was also evident by Day 1 (biofilm: 9.20x106±6.66x104 µm2, EPS: 

9.17x106±7.15x104 µm2) and constant till day 5 (Figure 4.2C & D), however significantly 

decreased by Day 6 (biofilm: 9.20x106±6.66x104 µm2, EPS: 8.67x106±3.16x105 µm2; 

p<0.05). A similar trend was also observed when the average thickness of the biofilm and 

EPS were determined (biofilm: Day 1: 44.19±2.25 µm vs Day 6: 18.52±0.65 µm; EPS: 

Day 1: 44.19±2.25 µm vs Day 6: 18.52±0.65 µm; p<0.05; Figure 4.2E & F).  

Interestingly, the Surface to Biomass Ratio of the biofilm was found to significantly 

increase by the end of the experiment duration (biofilm: Day 1: 1.1±0.10 µm2/µm3 vs Day 

6: 2.44±0.003 µm2/µm3; EPS: Day 1: 1.09±0.100 µm2/µm3 vs Day 6: 2.43±0.004 

µm2/µm3; p<0.05; Figure 4.2G & H).  
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Figure 4.1: Representative confocal laser scanning microscopy (CLSM) images of NTHi inoculated and grown on apical surface of 

differentiated airway epithelium generated through Air-Liquid Interface (ALI) for over six days. A 50µl inoculum of mCherry-NTHi 

at 4 x 104 CFU (MOI 0.04) were applied onto the apical surface of the epithelium and allowed to colonise for a period of two hours to six 

days. Transwell membranes were then stained with FITC- and Oregon Green Conjugated lectins of wheat germ agglutinin and concanavalin 

A, before counterstaining with Hoechst33342 and assessed confocal laser scanning microscopy (CLSM). Shown here are representative 

confocal microscopy images of NTHi colonisation over one day (Figure 4.1 A to D), four-days (Figure 4.1E to H) and six-days (Figure 4.1I 

to L). (A), (E) and (I) mCherry-NTHi bacteria, cultured over one-, four- and six-days, respectively, (B), (F), (J) Extrapolymeric matrix 

substance stained by WGA and ConA appeared consistent, over one-, four- and six-days, respectively, indicating possible cross staining of 

bacterial matrix with secreted mucus on apical epithelium; (C), (G), (K) Nuclei of epithelial cells stained with Hoechst 33342. Evenly spaced-

out cells indicate that the epithelium was able to tolerate NTHi colonisation without adverse effect over six days; (D), (H), (L) Merged 

confocal slice view of all three channels displayed the increasing NTHi concentrations juxtaposed by the matrix and mucus sections by the 

epithelium.    
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Figure 4.2: Formation of mCherry-NTHi Biofilm (A, C, E, G, ●) and EPS matrix 

(B, D, F, H, ■) on airway epithelium over six days. mCherry-NTHi were inoculated at 

4 x 104 CFU (MOI 0.04) in 50µl 1x PBS onto the apical surfaces of epithelium for one 

hour at 37°C before aspiration of the inoculum. NTHi-inoculated ALIs were then further 

incubated for two hours up to six days before being fixed in 10% NBF for one hour at 

RT. Transwell membranes were then stained with FITC- and Oregon Green Conjugated 

lectins of wheat germ agglutinin and concanavalin A, before counterstaining with 

Hoechst33342 and assessed confocal laser scanning microscopy (CLSM). Membranes 

were then excised and mounted on glass slides, coverslipped with ProLong Glass 

mountant and CLSM performed. There was a decrease in the (A) biofilm’s and (B) EPS 

matrix’s biomass. (C) The biofilm’s and (D) EPS matrix’s surface area remained largely 

unchanged for early time points but dropped at Day 6 post-inoculation. (E) and (F) The 

average biomass thickness ultimately reduced as the biofilm and matrix formed over the 

six days. (G) and (H) The surface to biomass ratio of the biofilm and EPS matrix 

increased over the six days. 
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4.4.2 Bacterial titre colonisation optimisation on primary AEC  

Following outcomes from the first optimisation experiment where NTHi biofilm 

could be established over an extended period (6-days), a second optimisation experiment 

was performed whereby various NTHi MOIs (ranging from 0.01 to 25) were used to 

inoculate fully differentiated epithelium and cultured over 7-days. When assessed via 

confocal microscopy, results showed increasing intensity of staining that correlated with 

the concentrations of mCherry-NTHi used (MOI 0.01 to 25) (Figure 4.3A & D; Appendix 

3 Fig. 4.1). Interestingly, EPS staining intensity appeared consistent irrespective of 

mCherry-NTHi MOI used and was uniform over the entire surface of the AEC (Figure 

4.3B; Appendix 3 Fig.4.1). Similar to the first optimisation experiment, staining of AEC 

nuclei with Hoechst 33342, showed that the primary cells tolerated bacterial inoculation 

over all MOIs without adverse effect (Figure 4.3C; Appendix 3 Fig. 4.2). 

 

When both biofilm and EPS were quantified using COMSTAT, results corroborated what 

was observed via confocal microscopy (Figure 4.4).  Biomass of both NTHi biofilm and 

matrix was consistent between MOI 0.01 and MOI 10 tested (biofilm: MOI 0.01: 

31.12±3.36 µm3/µm2 vs MOI 10: 26.16±1.223µm3/µm2; EPS: MOI 0.01 31.14±3.33 

µm3/µm2 vs MOI 10 26.15±1.203 µm3/µm2; Figure 4.4A & B). However, NTHi and EPS 

biomass was found to be significantly lower when an MOI 25 was used (biofilm: 

20.18±8.27 µm3/µm2, EPS: 20.16±8.40 µm3/µm2; p<0.05, Figure 4.4A & B). Biofilm and 

EPS surface area were also consistent over MOI 0.01-10 (biofilm: MOI 0.01: 

9.17x106±52.06 µm2 vs MOI 10: 9.10x106±1.62x104 µm2; EPS: MOI 0.01: 9.17x 106 

±6.44x104 µm2 vs MOI 10: 9.08x106±1.18x104 µm2; p<0.05; Figure 4.4C & D), however, 

was significantly lower at MOI 25 (biofilm: 7.56x106±1.51x106 µm2, EPS: 

7.54x106±1.47x106 µm2). A similar trend was observed when the average thickness of 

NTHi biofilm and EPS was determined (biofilm: MOI 0.01: 30.14±3.38 µm vs MOI 25: 

19.06±8.33 µm; EPS: MOI 0.01: 30.14±3.38 µm vs MOI 25: 19.06±8.33 µm; p<0.05; 

Figure 4.4E & F). Interestingly, the Surface to Biovolume Ratio was found to 

significantly increase with NTHi MOI (biofilm: MOI 0.01: 1.62±0.27 µm2/µm3 vs MOI 

25: 2.38±0.16 µm2/µm3; EPS: MOI 0.01: 1.61±0.26 µm2/µm3 vs MOI 25: 2.39±0.18 

µm2/µm3; p<0.05, Figure 4.4G & H). 
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 Figure 4.3: Representative confocal laser scanning microscopy (CLSM) images of apical surface of primary tracheal airway epithelial cell 

(AEC) generated through Air-Liquid Interface (ALI) and inoculated with NTHi at a concentration of 2.5x107 CFU (MOI 25). A 50µl inoculum 

of mCherry-NTHi at 2.5x107 CFU (MOI 25) were applied on the apical surface of AEC ALIs and allowed to colonise for a period of six days. Transwell 

membranes were then stained with FITC- and Oregon Green Conjugated lectins of wheat germ agglutinin (WGA) and concanavalin A (Con A), before 

counterstaining with Hoechst33342 and assessed confocal laser scanning microscopy (CLSM). (A) mCherry-NTHi, (B) Matrix extrapolymeric substance 

stained by WGA and ConA, (C) Hoechst 33342-stained nuclei of airway epithelial cells and (D) Merged. 
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Figure 4.4: Effect of mCherry-NTHi inoculation titre on Biofilm (A, C, E, G, ●) and 

EPS matrix (B, D, F, H, ■) formation on airway epithelium after 7 days. mCherry-

NTHi were inoculated at various CFU of 1x104 1x105, 1x106, 1x107 and 2.5x107 CFU 

(MOIs of 0.01, 0.1, 1, 10 and 25) in 50µl 1x PBS onto the apical surfaces of ALIs for 1 

hour at 37°C before aspiration of the inoculum. NTHi-inoculated ALIs were then further 

incubated for 7-days, before being fixed in 10% NBF for 1 hour at RT. Membranes were 

then excised and mounted on glass slides, coverslipped with ProLong Glass mountant and 

CLSM performed. There is a downward trend of the (A) biofilm’s and (B) EPS matrix’s 

biomass as the MOI increased. The surface area remained constant for the first six MOIs 

used for (C) biofilm and (D) EPS matrix and dropped at the highest MOI. The average 

thickness reduced as the MOI increased for (E) biofilm and (F) EPS matrix. The 

surface:biovolume increased proportionally as the MOI was increased in  (G) biofilm and 

(H) EPS matrix. 
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4.4.3 Co-localisation of NTHi and RSV in fully differentiated airway 

epithelium 

To demonstrate the specificity of the NTHi and RSV polymicrobial infection 

model, primary cells were also stained with β-tubulin since it is known that RSV infection 

of ciliated cells occurs at apical membrane (Zhang et al. 2002). Results showed no 

pathogenic infection in AEC with only specifical ciliated apical cells staining positive for 

β-tubulin (Figure 4.5A; artificially coloured in orange). In the singular NTHi infection 

scenario, NTHi was observed to bind to non-ciliated AEC (Figure 4.5B; in green). When 

primary cells were infected with RSV, either singularly, sequentially or concurrently, 

there was co-localised expression of fluorescently tagged RSV with apically located 

ciliated AEC identified by positive β-tubulin expression (Figure 4.5C-F; in red).   
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Figure 4.5: Co-localisation of NTHi and RSV with ciliary airway epithelial cells. Representative of singular, sequential or concurrent NTHI 

colonisation and RSV infection groups slice-views in the XY-, XZ- and YZ-direction of airway epithelial cells (AEC) generated through Air-Liquid 

Interface. 86-028NP NTHi strain contained the green fluorescent reporter protein under the outer membrane protein promoter, OMP P2, used at MOI 25 

(2.5 x 107 CFU). A2 RSV-strain used contained the red fluorescent gene in its genome, resulting in emitted fluorescence when the virus is actively 

replicated in cytoplasm of susceptible cells, used at MOI 1 (1 x 106 PFU). AECs were fixed in 10% NBF following completion of colonisation/infection 

and stained with β-Tubulin Tub2.1 monoclonal antibody, later conjugated with Alexa Fluor 647 (shown here, artificially coloured in orange) and 

Hoechst33342 nuclei stain (2.5µg/ml). The developed polymicrobial model was able to demonstrate the specificity of NTHi to attach to non-ciliated 

cells and RSV to ciliated cells.  (A) PBS mock-infected Control, (B) Singular NTHi colonisation; (C) singular RSV infection; (D) sequential NTHi 

colonisation, followed by RSV infection; (E) sequential RSV infection, followed by NTHi colonisation; and (F) concurrent NTHi colonisation and RSV 

infection confocal microscopy slice-view images of airway epithelial cells (AEC) generated through Air-Liquid Interface.  The generated airway 

epithelial model appeared robust to tolerate colonisation of NTHi and RSV infection for a total of 7 days, with each pathogen localised within its own 

specific niche. 
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4.4.4 Intracellular bacterial communities of NTHi within subapical AEC 

When AECs were inoculated with NTHi for a 7-day period, bacteria were found 

to be localised to the sub-apical region of the epithelium, specifically the intra/peri-

cellular spaces (Figure 4.6A). Quantification via COMSTAT showed that singular 

infection of AEC with NTHi has a Biomass of 78.9±29µm3/µm2 (Figure 4.6B). Although 

the biomass of NTHi was reduced when a sequential infection scenario was performed 

(NTHi followed by RSV) this was found not to be significant (58.7±11.1µm3/µm2; 

p>0.05; Figure 4.6B). Interestingly, when the reverse sequential infection scenario was 

performed (RSV; followed by NTHi) biomass was found to be significantly reduced 

(52.1±12.0µm3/µm2; p>0.05; Figure 4.6B). Finally, concurrent infection of AEC (NTHi 

and RSV) produced a bacterial biomass that was lower but not significant different from 

the NTHi singular infection scenario (58.5±14.8µm3/µm2; p>0.05; Figure 4.6B). 

Following the observation that instead of NTHi biofilm formation on the apical surface 

of AEC. Transmission Electron Microscopy (TEM) was performed on paraffin-embedded 

transverse sections to confirm sub-apical localisation. TEM showed that the NTHi 

bacteria were localised intracellularly within the epithelial cells. Specifically, bacterial 

structures were observed within the cytoplasm of epithelial cells colonised by the bacteria 

(Figure 4.6C; green arrows). Higher magnification corroborated intracellular bacterial 

communities within primary airway epithelial cells and also identified bacterial division 

occurring in the intracellular spaces (Figure 4.6D green arrowheads). 
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Figure 4.6: Evidence of intra-cellular NTHi in the respiratory epithelium. (A) Confocal laser scanning microscopy at 60x objective magnification 

of GFP-NTHi at 7 Days-Post-Inoculation on airway respiratory epithelium, counterstained with Hoechst33342 nuclei stain (2.5µg/ml). Representative 

slice view shows GFP-NTHi to be localised sub-apically.  (B)  NTHi Intracellular Bacterial Community (IBCs) biomass localised within primary 

epithelial cells. A significant difference was observed between the NTHi only group and sequential RSV; NTHi infection group. The sequential RSV 

infection of the epithelium preceding or proceeding NTHi colonisation or concurrently, allowed for a significant NTHi amount to transversely migrate 

to the basolateral surface, evident by the drop in NTHi IBC biomass for groups of the sequential colonisation of NTHi then RSV infection, vice versa 

sequential RSV infection followed by NTHi colonisation, concurrent infection of both NTHi and RSV when compared to singular NTHi colonisation.   

A primary RSV infection appears to have a negative impact on NTHi entry intracellularly and the formation of IBCs. (C)  and (D) Representative 

Transmission Electron Microscopy (TEM) micrographs demonstrating the presence of intracellular NTHi localisation within epithelial cells. NTHi-

colonised epithelium were initially fixed in 10% NBF and wax-embedded for transverse sectioning, processed for electron microscopy and subjected to 

TEM at the Centre for Electron Microscopy and Microstructure Analysis, University of Adelaide Microscopy. (C) Circular structures (bacteria) (green 

arrowhead) can be observed in the cytosol of colonised epithelial cells with cell nucleus located at the top left (black arrowhead).  (D) Pleomorphic nature 

of NTHi captured where bacteria existed as coccobacillus or rods (arrowhead) either in vesicles or in the cell cytoplasm.   Scale bar demonstrating length 

in various micrographs. 
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4.4.5 Apical and Basolateral pathogen loads 

Presence of the bacteria and virus was successfully detected in both apical and basolateral 

compartments and varied depending on infection scenario (Figure 4.7A to D). Detected 

concentrations of NTHi in CFU and RSV in PFU were Log2-transformed and displayed 

for the apical surface (Figure 4.7A and B, respectively) and for the basolateral component 

(Figure 4.7C and D, respectively). Singular colonisation of AEC with NTHi resulted in 

bacterial load being detected in both the apical and basolateral compartments, however, 

was significantly higher in the apical compartment (apical: 14.19±2.28 CFU, p<0.05; 

basolateral: 5.12±4.80 CFU, p <0.05; Figure 4.7A and C).  No bacterial load was 

detectable in AEC infected with RSV only (Figure 4.7A and C). When primary cells were 

sequentially infected with NTHi followed by RSV, a similar pattern of bacterial pathogen 

load was observed in the apical and basolateral compartments (apical: 13.73±1.81 CFU, 

p<0.05; basolateral: 6.10±8.94 CFU; Figure 4.7A and C). A similar observation was made 

with the reverse infection scenario (RSV followed by NTHi) whereby bacterial load was 

found in both compartments, albeit higher in the apical component (apical: 15.06±1.61 

CFU; basolateral: 11.57±1.77 CFU, p<0.05; Figure 4.7A and C). Similarly, bacterial 

pathogen load was also strongly detected in both compartments with concurrent infection 

of NTHi and RSV (apical: 15.06±1.92 CFU; basolateral: 7.59±2.94 CFU; Figure 4.7A 

and C).  

 

Viral pathogen load also was successfully detected from collected samples. No virus was 

detected in either apical or basolateral compartments when AEC were singularly infected 

with NTHi (Figure 4.7B and D). RSV was solely detected in the apical compartment when 

cells were infected solely with RSV (apical: 0.43±1.36 PFU, p<0.05; basolateral: not 

detectable Figure 4.7B and D). When AEC were sequentially infected with NTHi 

followed by RSV, there was very low levels of RSV detected in the apical compartment 

and none the basolateral compartment (apical: -2.04±2.36 PFU; basolateral: not 

detectable; Figure 4.7B and D). When the reverse infection scenario was conducted (RSV 

followed by NTHi), strong viral pathogen load was again detected predominantly in the 

apical compartment (apical: 5.77±3.38 PFU; basolateral not detectable). Finally, 

concurrent infection of both NTHi and RSV resulted in the exclusive expression of RSV 

in the apical component of AEC (apical: 3.46±4.48 PFU; basolateral: not detectable; 

Figure 4.7B).  
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Figure 4.7: NTHi and RSV load in apical washes and basolateral media collected 

from post 7-day singular, sequential and concurrent colonisation/infection. 

Following the completion of the 7-day singular, sequential and concurrent NTHi 

colonisation and RSV infections, apical washes and basolateral media were collected. 

Bacterial and viral nucleic acid were extracted, where the latter was subjected to a reverse 

transcription reaction. qPCR reactions were set up and ran as described in the Genesig® 

H. influenzae and RSV advanced kit manuals. Also included were the standard curves 

which were constructed from the neat and five serially-diluted positive controls of NTHi 

and RSV. Bacterial and viral load of each unknown samples were then calculated using 

the inverse of the log10 for each of the copy number. NTHi (A and C) and RSV (B and D) 

load were present in both apical (A and B) and basolateral samples (C and D). (A) and 

(C) Inoculation of NTHi onto the apical surface, generally lead to an increase of NTHi 

load in both the apical and basolateral compartments. While there was an increased NTHi 

load compared the PBS control group, no statistical differences were observed with the 

addition of sequential and concurrent co-infection with RSV.  (*, p<0.05) (B) and (D) 

RSV infection in the apical surface was found to be locally confined.  A secondary NTHi 

colonisation resulted in a significant increase in RSV load within the apical surface, as 

compared to a single apical RSV infection (*, p<0.05) (B). Interestingly, a primary and 

prior NTHi colonisation resulted in a significant decrease in RSV loads, when compared 

to the situation where a primary RSV, followed by a secondary NTHi colonisation 

occurred (*, p<0.05).  No RSV was detected within the basolateral compartment (D). 
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4.4.6 Mucus production in response to singular, sequential and concurrent 

polymicrobial infection  

In order to determine mucus production by ALIs in response to the singular, 

sequential and concurrent NTHi colonisation and RSV infection, a monoclonal antibody 

reactive against human Muc5AC was used to stain for the protein. Muc5AC was selected 

as a representative mucin produced by the surface epithelium and by the airway epithelial 

cells. Staining of ALIs from participants of the various infection groups with the Muc5AC 

antibody revealed the protein to be present mostly on the apical surface in its secreted 

form, and as well as being present subapically, stored within goblet cells (Figure 4.8A to 

F). 

 

When quantified Muc5AC expression using COMSTAT, similar biophysical properties 

of mucus were produced in response to any infection scenario (Figure 4.9). Calculated 

mucus biomass of controls was found to be 53.53±16.85 µm3/µm2 and did not differ when 

AECs were colonised with NTHi alone (53.68±12.76 µm3/µm2; p>0,05; Figure 4.9A). 

However, mucus biomass was significantly elevated when cells were infected with RSV 

alone (71.49±21.45 µm3/µm2; p< 0.05; Figure 4.9A). There was no change to the mucus 

biomass produced when AECs were sequentially infected (NTHi followed by RSV: 

66.16±15.46 µm3/µm2; RSV followed by NTHi: 55.86±23.23 µm3/µm2; Figure 4.9A), 

nor when primary cells were concurrently infected with NTHi and RSV (47.20±12.32 

µm3/µm2; p> 0.05, Figure 4.9A).  

 

Next, the Surface Area of mucus was determined. Here, control AECs were found to have 

a mean surface area of 1.67x107±4.14x106 µm2 which did not differ when cells were 

singularly (NTHi: 1.73x107±3.36x106 µm2, RSV: 1.94x107±2.91x106 µm2), sequentially 

(NTHi;RSV: 1.95x107±2.56x106 µm2, RSV;NTHi: 1.68x107±4.05x106 µm2) or 

concurrently infected (NTHi + RSV: 1.54x107±3.77x106 µm2) (Figure 4.9B).  

 

When the volume of mucus was calculated, control cells were found to produce 

(9.57x108±4.91x108 µm3; Figure 4.9C) and this was found not to significantly change 

when singularly (NTHi: 9.70x108±3.86x108 µm3, RSV: 1.43x109±5.66x108 µm3), 

sequentially (NTHi;RSV: 1.30x109±3.82x108 µm3, RSV;NTHi: 1.01x109±6.09x108 µm3) 

or concurrently infected (NTHi + RSV: 7.72x108±3.72x108 µm3). However, Muc5AC 

secretion were significantly higher in singular RSV infection (1.43x109±5.66x108 µm3) 

and sequential NTHi colonisation, followed by RSV infection (1.30x109±3.82x108 µm3) 
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compared to those concurrently colonised/infected (NTHi + RSV: 7.72x108±3.72x108 

µm3). To express the volume results in a more appreciable unit, volumes in µm3 were 

converted to µL by the division with 10-9, resulting in Muc5AC in volume (µl). Therefore, 

singular RSV infection of the epithelium resulted in a significantly higher production of 

Muc5AC (RSV: 1.43±0.57 µL), as well as, the sequential primary NTHi colonisation, 

followed by a secondary RSV infection of the epithelium (NTHi; RSV: 1.30±0.38 µL) 

when compared against those concurrently NTHi-colonised and RSV-infected 

(NTHi+RSV: 0.77±0.37 µL) (* p<0.05) (Figure 4.9C). The Muc5AC production in this 

concurrent NTHi-colonisation and RSV-infection group was also found to be not 

significantly higher compared those of control (0.96±0.49 µL), the singular NTHi-

colonised epithelium (NTHi: 0.97±0.39 µL), or sequential primary RSV infection, 

followed by a secondary NTHi colonisation (RSV; NTHi: 1.01 ±0.61µL) (Figure 4.9C), 

indicating that RSV infection resulted in a higher Muc5AC production by the epithelium. 

A secondary RSV infection after an initial NTHi colonisation of the epithelium, also had 

the same effect of raising Muc5AC production.   However, the data indicated that NTHi 

colonisation of the epithelium had a negative effect on Muc5AC production by the 

epithelium. In the sequential RSV infection, followed by the secondary NTHi-

colonisation, the latter had the same negative effect on the Muc5AC production. This was 

also observed in the concurrent NTHi-colonisation and RSV-infection group.     
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Figure 4.8: The impact of polymicrobial infection on MUC5AC secretion as measured using confocal microscopy markers. Representative slice 

views of confocal laser scanning microscopy representative images Muc5AC mucin present on primary airway epithelium. GFP-tagged 86-028NP NTHi 

strain at MOI 25 and RFP-tagged A2 RSV strain at MOI 1, were used to colonise and infect primary AEC. Following 7 days of colonisation and infection, 

ALIs were fixed and stained with Muc5AC 1-13M1 monoclonal antibody, later conjugated with Alexa Fluor 647 (shown here, artificially coloured in 

purple) and Hoechst33342 nuclei stain (2.5µg/ml). (A) PBS mock infected; (B) 7 days-NTHi colonisation; (C) 7 days-RSV infection; (D) 4 days-NTHi 

colonisation, followed by 3 days-RSV infection; (E) 4 days-RSV infection, followed by 3 days-NTHi colonisation; (F); Concurrent 7 day-NTHi 

colonisation and RSV-infection; showed Muc5AC staining on both apical surfaces as well as subapical staining.  



 

136 

Ctrl NTHi RSV NTHi;RSV RSV;NTHi NTHi+RSV
0

50

100

150

B
io

m
a
s
s
 (

µ
m

3
/µ

m
2
)

✱

✱✱✱

✱✱✱

Ctrl NTHi RSV NTHi;RSV RSV;NTHi NTHi+RSV

0

5×106

1×107

1.5×107

2×107

2.5×107

S
u
rf

A
re

a
 (

µ
m

^2
)

✱✱

✱✱

Ctrl NTHi RSV NTHi;RSV RSV;NTHi NTHi+RSV

0.0

0.5

1.0

1.5

2.0

2.5

V
o

lu
m

e
 (


l)

✱✱✱

✱✱

A.

B.

C.

 

Figure 4.9: Estimation of mucus secretion on primary airway epithelium in response 

to NTHi-colonisation and/or RSV-infection. Following colonisation by a GFP-tagged 

86-028NP NTHi strain at MOI 25 and a RFP-tagged A2 RSV strain for a total of 7 days, 

ALIs were fixed stained with Muc5AC 1-13M1 monoclonal antibody, then with Alexa 

Fluor 647 (artificially coloured in purple) and Hoechst33342 nuclei stain (2.5µg/ml) and 

visualised using confocal laser scanning microscopy. Data from the far-red channel was 

examined using COMSTAT 2.1 where Muc5AC volumes (µL) were determined from the 

other biophysical properties: (A) Biomass and (B) Surface area. Muc5AC volumes were 

determined by the division of (A) Biomass and (B) Surface Area resulting in volumes 

(µm3). Volumes in µm3 were converted to µL by the division with 10-9, resulting in (C) 

Muc5AC in volume (µl). 
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4.4.7 Cytokine responses of the airway epithelium to singular and 

polymicrobial infection  

In order to quantify the cytokine secretion of the epithelium towards the apical 

airway surface and basal lumen side, a Bio-Plex Pro™ Human Cytokine 27-plex Assay 

was utilised (Figure 4.10). The small sample size effected the statistical significance of 

the detected cytokine levels. Despite the data being non-statistically significant, the data 

was still helpful and efforts were made to present the data in other manner. 

 

Using a principal component analysis (PCA) plot, there appeared to be delineation 

between the cytokines analysed between the apical and basolateral samples for the various 

individuals (Appendix 2, Figure 4.3).  There also appeared to be no stratification 

according to the five infection groups. Additionally, fold changes of detected cytokine 

levels from the apical washes and basolateral samples, over its mock-infected controls 

were determined and Log2-transformed. Heatmaps of the Log2-tranformed fold changes 

of detected cytokines and chemokines of the apical washes (Figure 4.10A) and basolateral 

media (Figure 4.10B) of the five infection groups. The heatmaps displayed the 

upregulation (towards red) and downregulation (towards blue) of the apical and 

basolateral surface of the primary epithelium. The cytokines were also grouped according 

to their characteristic function in innate immunity, adaptive immunity, immune-

regulatory functions and growth factor chemokines (bordered in black boxes, Figure 

4.10A and B).  

 

The cytokine/chemokines heatmaps of the four participants (Participants 1-4) in the study 

showed the biological variability of the responses mounted by all four participants’ 

immune responses towards the five different infection scenario of singular, sequential and 

concurrent bacterial colonisation-viral infection. This is evident from the various levels 

of up/down regulation of the cytokines when the heatmaps are compared between 

participants. There appeared to be a predominant upregulation of innate immunity 

cytokines, which are also pro-inflammatory in the apical washes compared to basolateral 

side. The upregulated cytokines involved in the innate immunity such as IL-1b, IL-6, IL-

12, TNF-α, IFN-ɤ, indicates that a pro-inflammatory response was mounted by the 

bacterial-colonised and virally-infected epithelium in the first instance of the infection. 

In the basolateral samples, pro-inflammatory cytokines were also upregulated. The pro-

inflammatory cytokines secreted would have function in the recruitment of other immune 

cells involved in the clearance of the infection. The observation also reflects a luminal-
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localised inflammatory response. A number of cytokines involved in adaptive immunity 

(IL-4, -5, -10, -13 and IFN- γ) were markedly upregulated in the apical sample, compared 

to the basolateral side. As sample collection was performed on Day7-post NTHi 

colonisation and RSV infection, this indicated a shift and commencement of the adaptive 

immune arm in arresting in infection present in the epithelium. Cytokines responsible for 

Th7-regulation (IL-2, -9, -15, -17) were upregulated in the apical surface, and to a lesser 

degree in the basolateral side. While growth factors such as FGF-basic were consistently 

low in both apical and basal sides, other factors (PDGF and VEGF) were upregulated in 

both samples. 
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Figure 4.10: Heatmap of detected cytokines in apical washes (Left) and basolateral media (Right) of primary airway epithelium colonised by 

NTHi and/or infected by RSV.  Following a total of 7-day GFP-tagged 86-028NP NTHI strain colonisation and RFP-tagged RSV A2 strain infection 

of ALIs, pooled apical washes and basolateral medium were analysed for cytokines using 27-plex Bio-Plex® Multiplex Immunoassay kit. A heatmap 

detailing the Log2-transformed data of fold changes in cytokine levels over its mock-infected controls, was generated displaying the upregulation 

(Towards red) and downregulation (towards blue) of the apical and basolateral surface of the primary epithelium. The cytokines were also grouped 

according to is function in innate, adaptive and T-regulatory immunity as well as growth factors. There appears a predominant upregulation of 

inflammatory cytokines in the (AP) apical side as compared to (BL) basolateral side. Many of the innate immune cytokines upregulated in the apical 

washes were also pro-inflammatory (eg. IL-1β, IL-6, and TNF-α). In the basolateral samples, pro-inflammatory cytokines were also upregulated. This 

reflects as a luminal-localised inflammatory response. A marked number of cytokines involved in adaptive immunity (IL-4, -5, -10, -13 and IFN- γ) and 

Th7-regulation (IL-2, -9, -15, -17) were upregulated in the apical surface, and to a lesser degree in the basolateral side. While growth factors such as 

FGF-basic were consistently low in both apical and basal sides, other factors (PDGF and VEGF) were upregulated in both samples. Also evident in the 

heatmap was the biological variability present within cytokine levels obtained from epithelial cells of all four participants having responded to the 

singular, sequential and concurrent bacterial colonisation-viral infection.
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4.5 Discussion 

This chapter attempted to investigate the unexplored and poorly understood 

polymicrobial infection of the airway epithelium using non-typeable H. influenzae 

(NTHi) and respiratory syncytial virus (RSV), as representative bacteria and viral 

pathogens, respectively, using a fully differentiated primary epithelial cell model 

generated through ALI, obtained from a cohort of healthy paediatric tracheal brushings. 

Once colonisation on primary cells was optimised, singular, sequential or concurrent 

infections of NTHi and or RSV were then accomplished and co-localisation of NTHi and 

RSV of the epithelium was shown. Instead of forming biofilms on the apical surfaces, 

NTHi bacteria was visualised to form IBCs. These IBCs were then measured and it 

determined that the RSV had a negative effect on the resulting IBCs. Bacterial and viral 

load of both the apical and basolateral samples indicated that NTHi inoculation on the 

apical surface, lead to an increase in NTHi loads in both the apical and basolateral 

compartments. However, RSV infection in the apical surface was found to be locally 

confined.  A secondary NTHi colonisation resulted in a significant increase in RSV load 

within the apical surface. Of interest, a primary and prior NTHi colonisation resulted in a 

significant decrease in RSV loads. However, mucus secretion was found to not 

significantly increase in a singular, sequential nor concurrent polymicrobial NTHi 

colonisation and RSV infection. Cytokine responses displayed were predominant pro-

inflammatory and apically secreted. Collectively data from this chapter supported the 

hypothesis that there was a three-way interaction between bacteria-virus and host 

epithelium which is necessary for the establishment of a pathogen and subsequent 

infection on its host. 

 

Intial experiments were performed where NTHi were applied onto the apical surface of 

ALIs to determine the limits of bacterial titres on host viability, as well as if there were 

any side effects of long term culture in the presence of the bacteria on the host cells.  

Following from the preceeding chapter, NTHi were first applied onto the apical surface 

of the epithelium to determine how well the bacteria were tolerated by the ALI model 

was determined that bacterial MOIs in excess of 25, did not result in death of the 

epithelium. Instead NTHi were found to colonise the epithelium without much negative 

effects to the epithelium.  Wheat Germ Agglutinin (WGA) and Concanavalin A (ConA) 

lectins stains were applied on the bacteria-colonised epithelium to determine the 

feasibility of such stains as readout for the resulting bactrerial biofilm characterisation. 
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However, it was found that the lectin stains interacted with the secreted mucuos as well 

as the various sugar moeities of the extra-polymerric substance of the bacterial biofilm, 

making the use of lectin stains non-feasible.  

 

Using NTHi colonisation or RSV infection of the apical surface of the epithelium,  

singular, sequential or concurrent infections of NTHi and or RSV were then performed 

to investigate the effect of polymicrobial infection on the epithelium. Extracellular β-

tubulin staining was performed to demontrate the specificity of the ALI model in terms 

of the pathogens’ characteristics. Results generated showed that the green flourescence 

of NTHi was in close proximity to the extracellular portion of cilia present on epithelial 

cells. Others have shown that NTHi preferentially targets ciliated cells of the epithelium 

(Baddal et al. 2015) and in fact, the bacteria is known to also adhere and cause epithelial 

damage to the underlying basement membrane and extracellular matrix of the epithelium 

(Jalalvand et al. 2013).  When primary cells were infected with RSV, infection of the 

apical surface demonstrated the virus’ specificity towards ciliated cells, as demonstrated 

by CLSM data (Zhang et al. 2002). However, CLSM images did not detect the presence 

of RSV in the basement membrane but rather near to the apical surface of the epithelium. 

As the infection duration only lasted from four to seven-days, a longer infection duration 

may result in the RSV infection to proceed basolaterally to the basement membrane.  

 

One unexpected observation was that upon NTHi inoculation of the apical surface of 

AECs, NTHi colocalised sub-apically. Further investigations using immunofluorescence 

staining of the extracellular portion of cilia to oriented the apical surface, confirmed the 

earlier observation that bacteria were indeed present paracellularly, rather than existing 

as biofilms on the apical surface of the epithelium. Evidence that NTHi are capable of 

forming biofilms has been previously reported (Starner et al. 2006). Here, the authors 

using polarised Calu-3 cells successfully formed different biofilms using ten clinical 

NTHi isolates from CF patients. Furthermore, Thornton et al. (2013) demonstrated the 

presence of H. influenzae within biofilms isolated from the middle ear effusion of children 

with recurrent acute otitis media (Thornton et al. 2013). However, NTHi has also been 

traditionally regarded as an intracellular bacteria, having been observed to localised with 

cytoskeletal fibers of the eukaryaotic cytoplasm (Holmes et al. 1997) in human or 

chinchilla epitheliall cells in vitro, or non-oponised bacteria in human monocytic and 

eptihelial cells (Ahren et al. 2001). The colonisation and intracellular localisation of  

NTHi in the lower respiratory tract has also been shown in healthy adults and in clinically 
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stable and acutely ill chronic bronchitis patients (Bandi et al. 2001). Morey et al. (2011) 

was able to provide evidence that NTHi can indeed survive inside airway epithelial cells 

(Morey et al. 2011a) and this might contribute to persistence of the disease (Clementi et 

al. 2011, Salcedo et al. 2011). In fact, the ability for intracellular infection by NTHi has 

been postulated as  a major cause of exacerbations in chronic obstructive pulmonary 

disease (COPD) (Ikeda et al. 2015, Poh et al. 2020).  

 

The ability of NTHi to mediate pathogenic effects both inside and outside the cell 

suggests it is able to function as an opportunistic intracellular pathogen. Via this feature, 

it can survive and prosper externally and then facilitate internalisation into host cells when 

the extracellular conditions become unfavourable. NTHi has long been evidenced as 

capable of entering Chang human epithelial cell cultures (St Geme et al. 1990), as well as 

invade non-cilialted epithelial cells by macropinocytosis (Ketterer et al. 1999). However, 

whether NTHi has a defined circuitous intracellular life cycle in vivo is not fully 

established and can be questioned. Additionally, it is possible that NTHi disrupts cellular 

DNA to help form intracellular biofilm similarly in the same way NTHi are found to 

initiate the formation of neutrophil extracellular traps (NETS), so as to survive within 

such structures (Juneau et al. 2011), or DNA (Jurcisek et al. 2017).  

 

Results also showed the presence of RSV infection whether prior, concurrent or 

secondary appeared to have an effect on the amount of NTHi measured compared to the 

single NTHi colonisation of the epithelium. There currently exists paucity of information 

around the mechanisms of NTHi colocalisation. Research shows the internalisaton of 

NTHi into cells through the use of vacuoles (Ahren et al. 2001, Goyal et al. 2015, 

Espinoza-Mellado Mdel et al. 2016), however, RSV is known to affect the tubulins and 

microtubules of infected cells (Garcia-Barreno et al. 1988, Kallewaard et al. 2005, 

Shahriari et al. 2016). Thus, infection of the primary epithelium with RSV may have 

affected such structures. These in turn may have created an unfavourable condition for 

the congregation of intracellular bacteria communities intracellularly. Others have 

speculated that NTHi may survive intracellularly because it is frequently observed intra 

and paracellularly in samples from the airways and in cell line studies (Clementi et al. 

2011, Morey et al. 2011a).  In landmark work, Clementi  et al.  (2014), hypothesised 

intracellular NTHI avoids, escapes, or neutralises the endolysosomal pathway and persists 

within human respiratory epithelial cells, despite antibiotic therapy and use of bactericidal 

antibodies. They were able to demonstrate that NTHI invades human bronchial epithelial 
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cells in vitro in a lipid raft-independent manner, is subsequently trafficked via the 

endolysosomal pathway, and is killed in lysosomes after variable durations of persistence 

(Clementi et al. 2014). 

 

Ren et al (2012), infected primary respiratory epithelial cells grown at ALI with various 

NTHi strains over a range of 1–10 days to characterise the effect of long-term co-culture. 

Using electron microscopy, intact NTHi were found to persist paracellularly, while those 

observed in intracellular vacuoles appeared degraded.  Results generated from this 

chapter, illustrated that long-term co-culture of NTHi with primary AEC did not result in 

significant damage to the apical cell layer. These observations mirrored what was 

observed by Ren and colleagues, where NTHi strains survived within ALI tissues for 

extended periods of time and long-term co-culture did not result in significant damage to 

the apical cell layer (Ren et al. 2012).  

 

Generally, IBCs were first described in uropathogenic Escherichia coli and responsible 

for urinary tract pathogenesis (Justice et al. 2006, Garofalo et al. 2007, Berry et al. 2009, 

Robino et al. 2014). It has been accepted that the bacteria undergo a complex development 

program with the superficial epithelial cells in the formation of such IBCs, which have 

many biofilm-like properties (Anderson et al. 2004a, Anderson et al. 2004b, Mirzaei et 

al. 2020). Accordingly, these intracellular infections allow the bacteria to remain 

unscathed from the immune responses and to establish a dormant reservoir of bacteria 

inside bladder cells. It is speculated that the re-emergence of bacteria from this reservoir 

might be a source of recurrent infection (Schilling et al. 2002, Anderson et al. 2004a, 

Suman et al. 2007). While the area of IBCs was never an original intention of this thesis,  

it has now become extremely relevant in explaining the NTHi’s mechanism of sub-apical 

infection, specifically in  a clinical sense. Juxtaposing the same speculation on NTHi, the 

presence of intracellular NTHi allows for a recurrent respiratory infection. However, little 

is known of the preference of NTHi forming biofilms over intracellularly infection of 

susceptible cells to form IBC.  

 

Interestingly, the work by Hardison et al. (2018), suggests that the development and 

persistence of these bacteria in the form of intracellular bacterial communities are caused 

by transient heme-iron nutrient deprivation (Hardison et al. 2018a, Hardison et al. 2018b). 

Hendricks et al. (2016), used a coculture model to study bacterial biofilm formation 

associated with the airway epithelium whereby respiratory viral infections such as RSV 
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and the induction of antiviral interferons were found to promote robust secondary P. 

aeruginosa biofilm formation. The induction of antiviral IFN signaling in response to 

RSV infection was found to induce bacterial biofilm formation through a mechanism of 

dysregulated iron homeostasis of the airway epithelium (Hendricks et al. 2016). The 

authors argue that increased apical release of the host iron-binding protein transferrin 

during RSV infection, promotes P. aeruginosa biofilm development (Hendricks et al. 

2016). Thus, nutritional immunity pathways that are disrupted during respiratory viral 

infection create an environment that favors secondary bacterial infection and may provide 

previously unidentified targets to combat bacterial biofilm formation. In fact, this 

phenomena is also well observed in other RSV co-infections where P. aeruginosa biofilm 

growth is enhanced during such viral infection (Kiedrowski et al. 2018b). Furthermore, 

RSV is known to mediate P. aeruginosa binding to epithelial cells (Van Ewijk et al. 

2007). It is thought that RSV possibly acts as a coupling agent between P. aeruginosa 

and epithelial cells where the virus enhances bacterial infection of respiratory epithelial 

cells. 

 

The application of NTHi and RSV on the apical surfaces of the AEC yield several 

interesting observations. The colonisation of apical AEC by NTHi resulted in the bacteria 

proceeding transversely to the basolaterael side of the ALI inserts, as observed in the 

detection of bacteria in the basolateral samples. This is consistent will other studies which 

employed the use of AEC ALIs for the study of NTHi infection of the respiratory airway 

(Ren et al. 2012, Marrazzo et al. 2016). In fact, most of the 86-028NP NTHi were 

discovered to be paracellularly localised within in epthelium.  The data appeared to 

demonstrate a negative effect on the formation of intracellular bacterial communities in 

the presence of RSV infection. While NTHi is considered to be an extracellular pathogen, 

it has been observed within and between human respiratory epithelial cells and 

macrophages, in vitro and ex vivo (Clementi et al. 2011). However, the internalisation, 

trafficking, and fate of NTHi in host cells is mostly unclear. The colonisation and 

persistence mechanisms of the bacteria has been reviewed by Clementi and Murphy 

(2011) and they suggest that the process of colonisation depends on a variety of host and 

bacterial factors. NTHi adheres to respiratory mucus and to unidentified non-ciliated cell 

types of the respiratory epithelium (Ketterer et al. 1999), whereas adherence is mediated 

by specific binding of NTHi adhesins to mucin, extracellular matrix proteins, and plasma 

membrane receptors (Swords et al. 2000). 
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A study by Krzyzaniak et al. (2013), investigated mechanisms of RSV infection where 

they used fluorescence microscopy and developed quantitative, FACS-based assays to 

follow virus binding to cells, endocytosis, intracellular trafficking, membrane fusion, and 

infection. They discovered that upon infection, RSV was rapidly and efficiently 

internalised by an actin-dependent process which appeared to be macropinocytosis 

(Krzyzaniak et al. 2013).  Further to this, replication of RSV also appears to require 

cytoskeletal components to be available in its life cycle. Kallewaard et al. (2005), 

attempted to elucidate the role of cytoskeletal function and rearrangement in RSV life 

cycle. They investigated efficiency of virus entry, transcription, replication, and budding 

and discovered that changes in microtubule or actin function resulted in blocks at entry, 

formation of cell-associated virus, virus release, local cell-to-cell spread, and syncytium 

formation (Kallewaard et al. 2005).  The authors concluded that actin and microtubules 

act in cooperation to facilitate replication of RSV, with microtubules playing a dominant 

role in the formation of cell-associated virus while actin being more prominent in virus 

release. If extrapolated back to the findings made in this chapter, it suggests that both 

NTHi and RSV may use the same mechanisms for cell entry and have a subsequent affect 

on IBC formation.  

 

Another finding saw that initial RSV infection of AEC also allowed for an increased in 

secondary NTHi colonisation. This is in line with the current opinion of a primary viral 

infection may result in a greater secondary bacterial infection (Hall et al. 1988, Korppi et 

al. 1989, Beadling et al. 2004, Stark et al. 2006, Hendaus et al. 2015). Primary RSV 

infection has also been shown to result in some form of damage to the AEC (Zhang et al. 

2002, Lay et al. 2013, Deng et al. 2020), which could facilitate NTHi colonisation of the 

basolateral side. Finally, we observed that primary colonisation by NTHi resulted in a 

suppresed secondary RSV infection of AEC. This phenomenon has been observed in a 

study conducted by Hartwig et al. (2016). In their study, the authors examined the impact 

of NTHi exposure on a subsequent RSV infection using a human bronchial epithelial cell 

line (16HBE14o-). They managed to show that a prior exposure to NTHi can elicit 

protection against a subsequent RSV infection (Hartwig et al. 2016). In a study 

investigating the association of RSV infection with secondary bacterial infection, Sande 

et al. (2019) suggested that local airway immune responses  to RSV has incidental 

antibacterial effects. Using coordinated proteomics and metagenomics analyses, the 

authors analysed airway secretions of RSV-infected children and investigated the 

microbiota and proteomes of the upper airway to determine any direct antibacterial 
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activity. They discovered that the the airway was colonised by Streptococcus at a higher 

concentration during active RSV infection than a month post- RSV infection. It was also 

found that RSV infection was associated with neutrophil influx into the airway and 

degranulation and accompanied by overexpression of anti-bacterial proteins. They 

concluded that this neutrophil-mediated antibacterial response appears to act as a 

regulatory mechanism that modulates bacterial growth in the airways of RSV-infected 

children (Sande et al. 2019). 

 

The secretion of mucus was determined in this chapter from the use of a Muc5AC 

antibody staining and resulting confocal laser scanning microscopy (CLSM) images. Due 

to time limitations, more tranditional methods such as western immunoblotting and other 

protein methods were not used. However, the use of CLSM images to determine mucus 

volumes has become a standard approach (Roomans et al. 2004, Choi et al. 2015, 

Atanasova et al. 2019). Not much is known of the effect NTHi colonisation or RSV 

infection on mucus secretion of respiratory epithelium. Prior work utilising a culture 

model of the human middle ear epithelium (HMEEC), whole cell lysate of NTHi 86-

028NP were able to elicit a significant increase of MUC2, MUC5AC and MUC5B 

(Kerschner et al. 2014). A similar observation was made in this chapter (Figure 4.9). 

Evidence for the advantageous effect of mucus on NTHi colonisation comes from a study 

performed by Miyamoto and Bakaletz (1996) where bacteria were noted to adhere to 

"roof" vs "floor" regions of the Eustachian tube, specifically  mucus or epithelial cells. 

NTHi strains adhered significantly greater to mucus in the ET lumen (Miyamoto et al. 

1996). The authors hinted that NTHi may mediate ascension of the ET from the 

nasopharynx primarily via adherence to and growth in mucus overlying the floor region 

of the tubal lumen. Another case report detailing an RSV-infected child showed airway 

obstruction was a prominent feature attributed to epithelial and inflammatory cell debris 

mixed with fibrin, mucus, and edema, compounded by compression from hyperplastic 

lymphoid follicles (Johnson et al. 2007). In yet another study, using a RSV infection 

model based on well-differentiated primary pediatric bronchial epithelial cells, it was 

found that the model showed hallmarks of RSV infection including restriction of infection 

to noncontiguous or small clumps of apical ciliated and occasional nonciliated epithelial 

cells, apoptosis and sloughing of apical epithelial cells, occasional syncytium formation, 

goblet cell hyperplasia/metaplasia, and mucus hypersecretion (Villenave et al. 2012).  
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Cytokines responses as a result of singular, sequential and concurrent bacterial 

colonisation and viral infection indicated a more generalised upregulation of cytokines 

within the apical surface (Figure 4.10). Grouping the cytokines according to their 

functional characteristics indicated a majority of regulated cytokines were responsible for 

innate immune responses, specifically those with pro-inflammatory function such as IL-

1β, IL-6, RANTES and TNF-α.  However this does not discount that a lower number of 

cytokines within innate immunity were also upregulated basolaterally. Other cytokines 

upregulated within the apical compartment were also determined to be associated with 

adaptive as well as the T-regulatory immunity. Due to biological variability and small 

sample number, cytokine amplification was not observed (Das et al. 2005). 

 

Little has been done in the area of NTHi colonisation on the respiratory airway in terms 

of cytokine release. However, some deductions can be inferred. Foxwell and Cripps 

(1998) measured pro-inflammatory cytokines clearance times caused by NTHi infection 

in the lungs of immune and non-immune rats (Foxwell et al. 1998b, Foxwell et al. 1998a). 

They found that in non-immunised animals TNF-α increased at a slower rate, peaked at a 

lower concentration and were slower to decline as compared to those mucosal immunised 

rats, where significant levels of TNF-α as early as 30 mins post-pulmonary challenge with 

NTHi in immune animals. Following the peak at two hours, rapid decline of TNF-α levels 

occurred from the alveolar spaces. Study of the kinetics of TNF-𝛼 release demonstrates 

that immunised animals control the release of pro-inflammatory cytokines more 

effectively than non-immunised animals for enhanced clearance of bacterial infection 

from the lungs. Another interesting study by Pizzutto et al. (2014) where pro-

inflammatory cytokines were measured in the PBMC extracted from children with 

chronic suppurative lung disease, IFN-γ, IL-13, IL-5, IL-10 at detected 72 hrs post-live 

NTHi challenge and TNFα, IL-6, IL-10 at 24 hrs post-challenge (Pizzutto et al. 2014). In 

contrast, in studying H. haemolyticus as a potential competitor to NTHi in the 

nasopharyngeal epithelium environment, Pickering et al. (2016), found that NTHi did not 

elicit an inflammatory response of IL-6 and IL-8 mediators, despite having higher levels 

of cell association and invasion (Pickering et al. 2016).  

 

It is known that NTHi is one of the most frequently involved pathogens in bacterial 

exacerbations of COPD. In the respiratory tract, the main tissue target of NTHi is the 

bronchial epithelium, where the bacteria further amplify the inflammatory and structural 

changes induced by pro-inflammatory cytokines such as TNF-α. Gallelli et al.  (2010) 
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studied the effect of TNF-α’s activation by NTHi. NTHi was able to potentiate the 

stimulatory actions of TNF-αon caspase-3 expression and, to a lesser extent, on IL-8 

secretion. These results suggest that TNF-α is able to stimulate, via activation of p38 

MAPK signalling pathway, IL-8 release and airway epithelial cell apoptosis; the latter 

effect can be markedly potentiated by NTHi. The data appears to support the observation 

made in this chapter that both TNF-α and IL-8 were upregulated even at Day 7 post-NTHi 

colonisation (Gallelli et al. 2010).  

 

As opposed to NTHi, there is a wealth of knowledge around the immune responses and 

cytokine profiles produced by RSV infection of the airways. RSV uses various virulence 

mechanisms to disrupts the establishment of protective immune responses to re-infection 

(Gonzalez et al. 2012). RSV infection produces an induction of an inadequate cellular 

imune response at the infection site which results in an exacerbated respiratory tract 

inflammation (Newton et al. 2016), as well as results in an inefficient immunological 

memory (Bueno et al. 2008). The resulting inflammatory process is useless and inefficient 

in viral clearance. In a double-edged sword manner, the virus induces the secretion of 

pro-inflammatory cytokines which modulate the immune response as well as impair virus 

clearance by reducing IFN-γ production (Bartz et al. 2003). RSV infects small foci of 

respiratory epithelial cells via infected droplets. Infection induces expression of type I 

and III interferons (IFNs) and proinflammatory cytokines, the balance of which may 

restrict viral replication and affect disease severity (Hillyer et al. 2018). While the airway 

epithelium is the primary target of RSV infection, it is also an an important component 

of the antiviral immune response where it drives to the recruitment and activation of 

innate immune cells from the periphery through the secretion of cytokines and 

chemokines (Glaser et al. 2019). Most cytokines including IL-1β, IL-1RA, IL-10, G-CSF, 

GM-CSF, TNF-α, MCP-1, CCL2 and CCL4 have an early secretion time point ranging 

from 24 to 72 hrs. However, true to its chemoattractant role, certain cytokines such as IL-

6, IL-8 MIP-1α, RANTES and IP-10 are known to stretch its secretion times to Day six 

post-infection. This is noticeable in the heatmap of the cytokines studied in this chapter. 

However, there are exceptions including eotaxin which was still upregulated even when 

the investigation was concluded at Day 7 Post-infection.  

 

Furthermore, the contribution of TLR4 cannot be excluded and may well play an 

important role in the innate immune response witnessed.. NTHi expresses both TLR4 

(LPS and lipooligosaccharide) and TLR2 (lipoproteins) ligands. A number of studies have 
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assessed the effect of TLR function in response to NTHi with an emphasis on TLR4 and 

TLR2. Firstly, Wieland et al. (2005) attempted to study the roles of CD14, TLR4, and 

TLR2 during NTHi pneumonia. Their study suggested that the MyD88-dependent 

pathway of TLR4 is important for an effective innate immune response to respiratory tract 

infection caused by NTHi (Wieland et al. 2005). In fact, they and Wang et al. (2002) 

showed that CD14/TLR-4 knockout (KO) mice infected with NTHi have decreased 

production of TNF-α, IL-1β, and IL-6 by immune cells compared to controls; these KO 

mice also had impaired bacterial clearance (Wang et al. 2002b, Wieland et al. 2005). 

Similarly, Kurt-Jones et al. (2000) discovered that RSV persisted longer in the lungs of 

infected TLR4-KO mice compared to normal mice (Kurt-Jones et al. 2000). However, 

the mechanism by which NTHi inhibits a subsequent RSV infection is unresolved. While 

it is known that NTHi can induce a host inflammatory response via TLR4 stimulation 

(Lazou Ahren et al. 2001), Hartwig et al. (2016) demonstrated that LPS stimulation of 

16HBE14o- cells prior to RSV exposure did not inhibit RSV replication (Hartwig et al. 

2016). This may be because the primary mechanism of NTHi-mediated inhibition of RSV 

replication is not due to singular TLR4 activation. Bacteria co-incubation with the virus 

prior to infection resulted in RSV replication decrease (Hartwig et al. 2016). However, 

this was not substantial compared to when NTHi exposure preceded the RSV infection. 

This suggests that NTHi may either directly bind to RSV preventing its ability to enter 

host cells (Hartwig et al. 2016), or that NTHi may inhibit the ability of RSV to bind to 

host cells via its receptor, which has been putatively identified as nucleolin (Tayyari et 

al. 2011). 

 

As discussed above the in vitro model developed in the course of this thesis has, for the 

first time established, a robust model of interactions between viruses, bacteria and the 

human respiratory epithelium.  Understanding the nature of these interactions is likely to 

prove key in dealing with a range of infective respiratory disease such as chronic bacterial 

bronchitis observed in many with COPD, bronchiectasis and persistent bacterial 

bronchitis.  The work presented in this thesis concentrated on establishing a model of 

bacterial and viral co-infection on differentiated human respiratory epithelium.   In vivo, 

the events are likely to be influenced by the immune response of the host which itself is 

likely to be very different in primary and secondary infections.  Extending this model to 

include aspects of the host immune response is a natural next step now that the model has 

been shown to be robust and reproducible.  Previous work has shown that such studies 

can be undertaken in vitro with Ugonna et al (2014), incorporating macrophages on the 
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luminal surface and dendritic cells beneath the epithelium in studies involving RSV. 

During the course of the work presented in this thesis, some early preliminary 

investigations were performed where anti-RSV monoclonal antibodies were incorporated 

in long term experiments again demonstrating that different aspects of the immune 

response can be incorporated into this in vitro model (unpublished data). 

 

4.6 Conclusion 

Data from this chapter demonstrated the successful establishment of a polymicrobial 

infection involving differing bacterial and viral pathogens singularly on a polarised 

airway epithelial cell model.  Furthermore, it showed that sequential infection could be 

successfully performed and explored as well as concurrent polymicrobial infection 

scenarios.   Specific to this chapter, data generated corroborated the hypothesis that there 

was a three-way interaction between NTHi and RSV on the host epithelium in initial 

pathogen colonisation and subsequent infection. Interestingly, it was discovered that 

NTHi underwent significant and preferential formation of intracellular bacterial 

communities within the epithelium. Also, the initial colonisation of bacteria of the 

epithelial model resulted in a lower viral load of the epithelium. This suggests a 

suppressive effect of NTHi on subsequent RSV infection where a possible soluble factor 

may be responsible either through secretion by the epithelium or by the bacteria. This 

observation was explored in more detail in the subsequent chapter. 

 

 



 

 

CHAPTER 5 

 

 

Soluble NTHi factors blocking Secondary RSV infection 
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5.1 Abstract 

In previous chapters, it was observed that there was a reduction of RSV infected 

cells when an initial primary NTHi colonisation occurred. Specifically, there were fewer 

red fluorescence cells where NTHi had earlier colonised, compared to cultures where only 

a single RSV infection occurred. Additionally, from pathogen load studies of the 

harvested apical washes and basolateral media, it was found that NTHi was able to 

suppress RSV load when initially infected. Results suggested a potential soluble factor 

intrinsically produced by NTHi which may bind and inhibit RSV entry and subsequent 

infection of susceptible airway cells. Preliminary experiments were then performed where 

NTHi bacteria were inoculated onto airway epithelial ALIs, before apical washes were 

collected two days later. Washes were filtered twice to remove planktonic bacteria before 

being concurrently applied to fresh tracheal ALIs and incubated with RSV or sequentially 

incubated on fresh tracheal ALIs, removed, to which RSV was then added. In both 

situations, the introduction of filtrate from NTHi-infected airway epithelial cells, 

appeared to have effect where a reduction of a secondary RSV infection into airway 

epithelial cells was observed. This was in the form of fewer observed fluorescent 

susceptible cells observed by CLSM. In both scenarios, a reduction of RSV infection was 

observed, compared to the single RSV infected ALIs suggesting the presence of a soluble 

factor that was inhibiting a secondary RSV infection when a primary NTHi colonisation 

existed. 

 

5.2 Introduction 

One unexpected observation generated in the preceding chapter was that when 

NTHi colonisation on AECs was followed by a secondary RSV infection, fewer cells 

appeared to be infected than when cells were infected singularly with RSV (Figure. 4.5D). 

This observation, generated by confocal microscopy, was further supported when NTHi 

and RSV load in both the apical and basolateral media components were quantitated by 

real time PCR (Figure 4.7B). Prior studies have shown that a bacterial infection 

subsequent to a viral infection contributes to both disease morbidity and mortality (Smith 

et al. 2014) particularly in patients infected with influenza viruses and S. pneumoniae, H. 

influenzae, or S. aureus (Morris et al. 2017) as well as NTHi or S. pneumoniae with RSV 

(Avadhanula et al. 2007). Generally, viral infection of the respiratory tract results in 

airway damage, where cell loss, goblet cell hyperplasia, altered mucus secretion and/or 

biochemistry, disruption of surfactant, reduced ciliary beat frequency, dis-coordinated 

mucociliary clearance function and reduced oxygen exchange occurs (Smith et al. 2014). 
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The damage and altered homeostatic function of the airway epithelium is then thought to 

facilitate bacterial colonisation with resulting exacerbated effects on the host airway.  

However, the mechanisms responsible in predisposing viruses to bacterial infections are 

not fully known and most data generated in this area has been acquired via animal models 

(Bakaletz et al. 2017). Therefore, it is of interest when the sequence of pathogen 

appearance is reversed (as conducted in Chapter 4) and what mechanisms may be in 

effect.  

 

Thus, the aim of this specific chapter was to investigate the dynamics between an initial 

bacterial infection and the propensity of a subsequent viral infection in AECs of young 

children. Specifically, it tested the hypothesis that there are soluble factors secreted either 

by AECs or NTHi that inhibit secondary RSV infection. To test this hypothesis, NTHi 

were first allowed to colonise the apical surface of AEC generated at ALI for four days 

before apical washes were collected and filtered to remove planktonic bacteria. Washes 

were then concurrently incubated with various concentrations (MOI 0.01, 0.1 and 1) of 

RSV for 1hour on the apical surfaces of fresh AEC ALI, or alternatively, incubated on 

apical surfaces of ALIs for 30 mins, washed off and RSV (MOI 0.01, 0.1 and 1) then 

added for another 30 mins. At the conclusion of the exposure periods, apical inoculum 

was removed by aspiration and primary cultures maintained for another three days. Inserts 

were then fixed and assessed via confocal microscopy for RSV infection.  

 

5.3 Materials and Methods 

All reagents and chemicals specifically utilised in this chapter are listed in Chapter 2. 

 

5.3.1 General methods 

5.3.1.1 Study population 

This study was approved by the relevant institutional Human Ethics Committees 

with written informed consent obtained from parents or guardians (refer to 2.5.1). This 

chapter included primary AEC samples from five clinically stable infants (mean age 

2.88±0.24 years of age) participating in the WAERP program and recruited upon 

admission to hospital for elective non-respiratory related surgery (refer to 2.6.1). 

 

5.3.1.2 Cell culture 

Samples were attained by brushing of the tracheal mucosa of children with a single-

sheathed nylon bronchial cytology brush as previously described (Lane et al., 2005; Kicic 
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et al., 2006) (refer to 2.6.1.3.1) and primary cell cultures established (Martinovich et al., 

2017) (refer to 2.6.1.3.2). Primary AEC seeded for experiments were grown in bronchial 

epithelial growth medium (refer to 2.6.1.3.4) and fully differentiated to form ALI cultures 

in ALI medium (refer to 2.6.1.4). 

 

5.3.1.3 Propagation of NTHi 86-028NP 

NTHi was propagated as previously described (refer to 2.5.2.3). 

 

5.3.1.3.1 Inoculation of NTHi on apical surfaces of ALIs 

Inoculation was performed by the dropwise instillation of a 50µl volume 

containing 2.5 x 107 CFU (MOI 25) NTHi to the upper compartment of Transwell® inserts 

housing the epithelia’s apical surface. Cultures were then incubated on an orbital shaker 

at 50 rpm located in a 37°C + 5% CO2 incubator for 1 hour. After this period, the inoculum 

was removed, and cultures maintained for another four days. At this point, washes were 

performed by instilling dropwise 70µl of DMEM onto the apical surface which were then 

left to incubate for 5 mins at 37°C. This was then collected and transferred to a micro-

centrifuge tube. Two more washes were performed and collected volumes pooled. These 

were then filtered twice through a 4mm diameter-0.22µm syringe filter to remove any 

planktonic bacteria. 

5.3.1.3.2 Streaking of retentates and filtrates onto non-selective chocolate agar 

plates 

Ten microlitres of each apical wash, first and second pass retentates as well as all 

filtrates were then spotted onto chocolate agar plates uncoated with any antibiotics. The 

liquid was then streaked over the entire plate with a fresh inoculation loop. Agar plates 

were then incubated overnight in a 37°C incubator. The two-step syringe filtration process 

was deemed successful if no colony growth was observed.   

 

5.3.2 Inhibition of RSV with NTHi apical washes 

Fully differentiated epithelium were initially exposed to RSV at MOIs 0.01, 0.1 and 

1. The viral inoculum was instilled dropwise onto the apical surface and incubated for 1 

hour at 37°C + 5% CO2. Following this, the inoculum was removed, and incubation 

continued for another three days.  At this point, two methods of inhibition methods were 

trialled: 
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I. Pre-mixed apical washes with RSV inoculum 

Filtered apical washes were mixed with RSV stocks (MOI 0.01, 0.1 and 1) and made 

up to a volume of 50µl with DMEM. This was then placed onto the apical surface of 

ALIs, gently mix on an orbital shaker at 50rpm for 1 hour at 37°C and 5% CO2 before 

the mixture was removed by gentle pipette aspiration.  Primary cell cultures were then 

incubated for a further four days before being fixed, mounted and confocal 

microscopy performed (refer to 2.3.10.1). 

 

II. Step-wise introduction of apical washes, followed by RSV inoculum 

A 50µl volume of filtered apical wash was applied onto the epithelia apical 

surfaces and incubated for 30 mins at 37°C + 5% CO2. These were then 

removed by gentle pipette aspiration, washed and RSV (MOI 0.01, 0.1 and 1) 

and applied to the apical surfaces for another 30 mins at 37°C + 5% CO2. 

Similarly, any residual volume was removed by gentle pipette aspiration, 

apical surfaces washed with 1x PBS and the cultures incubated for a further 

four days before being fixed, mounted and confocal microscopy performed 

(refer to 2.3.10.1).  

 

5.3.3 Semi-quantification of RSV infection 

RSV was semi quantified using ImageJ software as previously described by 

Burgess et al. (2010). The corrected total cell fluorescence (CTCF) (herein referred 

to as ‘fluorescence’), was determined and used as a semi-quantitative measurement 

of the observed fluorescence.  Five images were scanned per individual, and the 

specific fluorescence intensity presented as arbitrary units (AU).  Data were then 

presented as median and accompanying range.  

 

5.3.4 Statistics 

Statistical analyses were conducted using GraphPad Prism v8.0.2 (GraphPad 

Software, La Jolla, CA, USA). Using the median of the fluorescence calculated from 

five field-of-views, a one-way nonparametric ANOVA (Kruskal-Wallis) test was 

used and followed by Dunn’s multiple comparisons test of the rank medians. A P 

value of < 0.05 was considered statistically significant. 
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5.4 Results 

5.4.1 Validation studies to confirm initial observations 

An initial experiment was conducted to confirm observations made in the 

previous chapter whereby it was observed that secondary RSV infection was 

reduced following initial colonisation with NTHi. Here, AEC grown at ALI, were 

initially colonised with NTHi, followed by RSV infection at various viral titres. 

Primary cultures exposed with NTHi only, were successfully colonised and 

exhibited the typical fluorescent expression on their apical surface (Figure 5.1A).  

As positive control RSV infection as performed in Chapter 4, where primary 

cultures were infected with RFP-RSV at MOI 1 displayed strong red fluorescence 

after a 7-day infection (median; 373,097 AU; range: 58,076-782,678 AU) (Figure 

5.1B). When cultures were secondarily infected with RSV, fluorescently tagged 

virus was observed in a dose dependent manner. Specifically, very little RSV of 

very low intensity was visibly detected when cultures were infected with RSV at 

MOI 0.01 (Figure 5.1C). A similar observation was made when secondary 

infections were performed with RSV at MOI 0.1 (Figure 5.1D). However, intense 

staining at MOI 1.0 was observed indicating strong secondary infection by RSV 

(Figure 5.1E). When the level of fluorescence was quantitated, minimal infection 

was corroborated when secondary RSV infections were performed at MOI 0.01 

(median 0 AU; range: 0-162.41 AU) and MOI 0.1 (median; 0 AU; range: 0-580.1 

AU) (Figure 5.1F).  As initially determined visually via confocal microscopy, a 

high level of viral infection was determined when primary cells were secondarily 

infected with RSV at MOI 1.0 (median: 9,373.4 AU; range 3,883.5-13,321 AU; 

Figure 5.1E). Fluorescence at RSV MOI 0.01 and 0.1 were found to be 

significantly lower as compared to the RSV positive control (p < 0.05). 

 

 

5.4.2 Pre-mixing of filtered apical washes with RSV inoculum before infection of 

AEC ALIs 

Having confirmed initial findings made, a second experiments was conducted 

whereby AECs established at ALI were exposed to filtered apical washes that were 

pre-mixed with various MOIs of RSV. As expected, uninfected control wells showed 

no evidence of RSV infection (data not shown).  Similarly, there was very little viral 

infection, also of low intensity, when primary cells were exposed to apical washes 

with RSV (MOI 0.01; Figure 5.2A). Variable evidence of viral infection was observed 
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when cells were exposed to apical washes and RSV at MOI 0.1 (Figure 5.2B). When 

AECs were exposed to apical washes that contained RSV at MOI 1.0, there was 

strong, albeit variable evidence of RSV infection observed (Figure 5.2C). When 

collected images were then quantified, a titre dependent increase in RSV infection 

was observed (Figure 5.2D). As observed initially using confocal microscopy, 

minimal infection was measurable when AECs were exposed to apical washes and 

RSV at MOI 0.01 (median: 0 AU; range: 0-3,132.4 AU; Figure 5.2D). Infection was 

measurably higher however variable when apical washes with RSV at MOI 0.1 were 

used (median: 13,050.4 AU; range: 0-28,963.1 AU; Figure 5.2D).  Resultant RSV 

infections was the highest albeit again variable when AECs were exposed to apical 

washes containing the highest RSV MOI of 1.0 used (median: 79,586.1 AU; range: 

0-378,078.9 AU; Figure 5.2D).  Fluorescence at MOI 1.0 was found to be 

significantly higher when compared to those at MOI 0.01 (p<0.05) 

 

5.4.3 Step-wise introduction of filtered apical washes, followed by RSV inoculum 

A third experiment was then conducted to assess the effect of a step-wise exposure 

of AECs to firstly filtered apical washes followed by RSV at increasing viral titres. 

When RSV at MOI 0.01 was added following the apical wash exposure, there was 

some low level of fluorescence indicating RSV infection in AECs (Figure 5.3A).  

When RSV at MOI 0.1 was applied to AECs subsequent to apical wash exposure, 

infection of cells was more evident (Figure 5.3B). Finally, when the highest viral titre 

(MOI 1) was assessed, there was again evidence of active infection of cells as 

indicated by observed fluorescence (Figure 5.3C). Fluorescence was then quantified 

and corroborated initial observations. As observed by confocal microscopy, infection 

was measurable when AECs were exposed to apical washes and RSV at MOI 0.01 

(median: 0 AU; range: 0-49,233.2 AU; Figure 5.3D). Infection was similar when 

apical washes with RSV at MOI 0.1 were used (median; 15,872.6 AU; range: 

14,197.3- 24,044.7 AU; Figure 5.3D). Resultant RSV infections was the highest when 

AECs were exposed to apical washes followed by secondary RSV infection at the 

highest MOI (1.0) of RSV used (median: 63,657.4 AU; range 0-84,908.0 AU; Figure 

5.3D).   
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5.4.4 Comparison between pre-mixing and step-wise of filtered apical washes and 

RSV inoculum 

Comparison in the level of RSV infection observed was then made between the 

initial validation experiment to filtered apical washed pre-mixed with RSV or the step 

wise exposure of AECs to filtered apical washes followed by secondary RSV 

infection. When infectivity was compared at the lowest RSV MOI 0.01, similar values 

were observed in the validation experiment (median: 0 AU; range: 0-162.4 AU) as 

well as either the premix (median: 0 AU; range: 0-3,132.4 AU) or the step-wise 

procedure (median; 0 AU; range: 0-49,233.2 AU) (Figure 5.4A). However, it was 

observed that there was a greater range of infectivity seen in both the apical wash pre-

mixed with RSV as well as the step-wise exposure of AEC to apical washes followed 

by RSV.  Similarly, infectivity was also negligibly suppressed when RSV was utilised 

at MOI 0.1 in the validation experiments (median: 0 AU; range: 0-580.1 AU) 

compared to the premix (median: 13,050.4 AU; range: 0-28,963.1 AU) or the step-

wise procedure (median; 15,872.6 AU; range: 14,197.3-24,044.7 AU) (Figure 5.4B). 

A positive control was included where only RSV at MOI 1 was used to infect AECs 

for 7 days (median: 373,096.6 AU; range: 58,076-78,2678 AU), to demonstrate the 

infectivity of RSV. At the highest RSV MOI used (MOI 1.0), greater infectivity was 

indeed observed in the validation experiment (median: 9,373.4 AU; range: 3,883.5-

13,321.3 AU) however this was still markedly supressed compared to the premix 

(median: 79,586.1 AU; range: 0-378,078 AU) or the step-wise procedure (median; 

63,657.4 AU; range: 0-84,908 AU) (Figure 5.4C).  

 

It appears inhibition of secondary RSV infection of AEC ALIs was concentration 

dependent and completely inhibited secondary RSV infection at the lower RSV MOIs 

used in this chapter. At higher MOIs (0.1 and 1), the inhibition of secondary RSV 

inhibition was incomplete. The presence of red fluorescence in both inhibition 

methods investigated indicated the presence of RSV-infected AEC undergoing active 

RSV replication.  However, as compared to the positive control of only RSV infection 

used, there was a marked reduction in infectively. As the data shows (Figure 5.4C), 

the highest inhibition of secondary RSV infection was from the use total NTHi 

culture. The process of filtering the apical washes appears to have removed the ligand 

responsible of the blocking of the secondary RSV infection.  
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Figure 5.1: Representative confocal laser scanning microscopic images of primary NTHi colonisation for 4 days, followed by secondary RSV 

infection of AEC ALIs at various RSV MOIs.  

Briefly, a GFP tagged strain of NTHi strain at MOI 25 was introduced onto fully differentiated AEC ALIs for 1hour at 37°C + 5% CO2 and cultures 

maintained for 4 days to facilitate colonisation. RSV that was tagged to RFP at various MOIs (0.01, 0.1 and 1) was then introduced to the AECs for 

1hour at 37°C + 5% CO2 on an orbital shaker before the inoculum was removed. Primary cultures were further incubated for a further three days and 

being fixed, excised mounted and CLSM performed. (A) Negatives control ALIs exhibited only green fluorescence, typically seen when only colonised 

by NTHi. (B) Positive control ALIs infected by RSV only at MOI 1, displayed red fluorescence-positive cells indicating RSV infected cells undergoing 

active RSV replication. (C) No visual detection of virus when cultures were infected with RSV MOI 0.01, (D) Some, albeit variable detection of RSV 

when AECs were exposed to RSV MOI 0.1, (E) Strong viral infection observed when primary cultures were exposed to RSV at MOI 1.0. (F) When 

quantified RSV infections corroborated results generated by confocal microscopy (RSV only positive control at MOI 1: median 373,097 AU; range: 

58,076-782,678 AU; MOI 0.01: median 0 AU; range: 0-162.4 AU; MOI 0.1: median: 0 AU; range: 0-580.1 AU; MOI 1.0: median 9,373 AU; range: 

3,883.5-13,321.3 AU).  Statistical significance * p<0.05 NOTE: Scale bar represents 100µm.    
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Figure 5.2: Representative confocal laser scanning microscopic images of the inhibition of secondary RSV infection where the viral inoculum 

was pre-mixed with filtered apical washes from a 4-day NTHi colonisation culture.  

A GFP tagged strain of NTHi at MOI 25 was introduced onto fully differentiated AEC ALIs for 4 days to facilitate colonisation, before the apical surface 

was washed three times. Pooled washes were then filtered twice through a 4mm diameter-0.22µm syringe filter to remove planktonic bacteria, after 

which 50µl was then mixed with RSV inoculum at various MOIs (0.01, 0.1 and 1) and then applied onto fresh AEC ALI cultres. Infection was allowed 

to proceed on an orbital shaker for 1 hour at 37°C + 5% CO2 before the pre-mixed solution was removed. ALIs were incubated for a further three days 

before being fixed, excised mounted and CLSM performed. (A) No visual detection of virus when cultures were infected with RSV MOI 0.01. (B) Some 

variable detection of RSV when AECs were exposed to RSV MOI 0.1. (C) Strong viral infection observed when primary cultures were exposed to RSV 

at MOI 1.0. (D) When quantified, RSV infections corroborated results generated by confocal microscopy (MOI 0.01 median: 0 AU; range: 0-3,132.4 

AU; MOI 0.1 median: 13,050.4 AU; range: 0-28,963.1 AU; and MOI 1.0 median: 79,586.1 AU; range: 0-378,078.9 AU). Statistical significance * p<0.05 

NOTE Scale bar represents 100µm.   
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Figure 5.3: Representative confocal laser scanning microscopic images of the inhibition of secondary RSV infection where the viral innoculum 

was introducted in a step-wise maner with filtered apical washes from a 4-day NTHi colonisation culture. 

A GFP tagged strain of NTHi at MOI 25 was intordued onto fully differentiated AEC ALIs for 4 days to facilitate colonisation, before the apical surface 

was washed three times. Pooled apical washes were then filtered twice through a 4mm diameter-0.22µm syringe filter to remove planktonic bacteria, 

after which 50µl was then applied onto the apical surface of a fresh set of AEC ALIs for 30 mins  at 37°C + 5% CO2. Apical washes were removed and 

RSV at various MOIs (0.01, 0.1 and 1) was then applied on the apical surface of the ALIs and infection was allowed to proceed on an orbital shaker for 

30 mins at 37°C + 5% CO2. Excess mixture was removed and primary cultures incubated for a further three days before being fixed, excised mounted 

and CLSM performed. (A) No visual detection of virus was observed when cultures were infected with RSV MOI 0.01. (B) Some variable detection of 

RSV when AECs were exposed to RSV MOI 0.1. (C) Strong viral infection was observed when primary cultures were exposed to RSV at MOI 1.0. (D) 

When quantified, RSV infections corroborated results generated by confocal microscopy (MOI 0.01 median: 0 AU; range: 0-49,233.2 AU; MOI 0.1 

median; 15,872.6 AU; range: 14,197.3- 24,044.7 AU; MOI 1.0 median: 63,657.4 AU; range 0-84,908.0 AU). NOTE Scale bar represents 100µm. 
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 Figure 5.4: Comparison between the two methods used to inhibit the secondary RSV-infection on AEC ALIs.  

In order to determine the efficiency of secondary RSV blocking by the two methods used, fluorescence were determined at the three MOIs used and 

compared thereafter. (A) At MOI 0.01, both step-wise addition (median: 12,817.9 AU; range: 4,344.7-34,076.6 AU) and pre-mixing (median: 11,729.3 

AU; range: 0-69,229.1 AU) inhibited secondary RSV inhibition when compared to the NTHi and RSV control (median: 9,373 AU; range: 3,884-13,321 

AU). (B) At MOI 0.1, both step-wise addition  (median: 11,484 AU; range: 9,182-36,963 AU) and pre-mixing (median: 28,963 AU; range: 0-234,534 

AU) were less effective at inhibiting secondary RSV inhibition when compared to the NTHi and RSV treatment (median: 9,373 AU; range: 3,884-13,321  

AU).  (C) At MOI 1, both  step-wise addition (median: 228,510 AU; range: 0-473,167 AU) and pre-mixing (median: 76,637 AU; range: 0- 148,363 AU) 

were effective in preventing secondary RSV inhibition when compared to a RSV only infection (MOI 1) (median: 373,096.6 AU; range: 58,076-782,678 

AU). However, the highest inhibition was observed in the NTHi and RSV control (median: 9,373.47 AU; range: 3,883.6-13,321.3 AU).  
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5.5 Discussion 

This chapter was based on earlier observations that saw NTHI colonisation of AEC ALI 

cultures resulted in reduced secondary RSV infection. In testing the hypothesis that this 

was the result of a soluble factor produced by either the host airway or from the bacteria 

themselves validation experiments were performed to confirm initial findings. Results 

generated confirm reduced secondary RSV infection, although this viral titre dependent. 

When the RSV inoculum was pre-mixed with filtered apical washes from a 4-day NTHi 

colonisation culture, a decrease in RSV-infected AECs, when compared to the RSV-only 

control, was observed and quantitated. Similar observations were made when a step-wise 

introduction of filtered apical washes from a 4-day NTHi colonisation culture onto AEC 

ALIs was conducted, followed by RSV inoculum at increasing viral titre. When the two 

methods were compared against the validation experiment, comparable results were seen 

at the lowest MOI, i.e. 0.01; however, the suppressive effect on was lost at the higher 

MOIs of RSV tested. Collectively, results generated suggest that a soluble factor located 

in the apical wash may suppress secondary RSV infection at lower MOI however, is 

insufficient to be effective at higher MOI. 

 

Prior studies have attempted to understand the interaction between NTHi and RSV 

(Hartwig et al. 2016, Mokrzan et al. 2020). Clinically, it is known that RSV infection is 

associated with secondary bacterial infection caused by NTHi and S. pneumoniae, 

however, the pathogenesis of such complications remains unclear. A study conducted by 

Avadhanula et al. (2007) was one of the first to show that RSV virions associated with 

NTHi and pneumococci in an inoculum-dependent manner. Using epithelial cells 

transiently expressing the G glycoprotein, it was discovered that the RSV G protein was 

a receptor for both NTHi and S. pneumoniae (Avadhanula et al. 2007). Other literature 

also suggests that ICAM-1 (Intercellular Adhesion Molecule 1, CD54) plays an essential 

role in host responses against both pathogens (Novotny et al. 2016, Mokrzan et al. 2020). 

This surface glycoprotein is also known to be utilised by rhinoviruses as a receptor for 

entry into the respiratory epithelium (Terajima et al. 1997, Papi et al. 1999, Yamaya et al. 

1999, Blaas et al. 2016), and infection has been shown to induce its expression on AECs 

(Terajima et al. 1997, Papi et al. 1999, Wang et al. 2000, Murray et al. 2004, Arnold et 

al. 2005, Avadhanula et al. 2006b). 
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Separately, ICAM-1 has also been associated with both NTHi and RSV.  Prior work 

conducted has demonstrated that ICAM-1 functions as a receptor for the Type IV pilus 

of NTHi (Novotny et al. 2016). As part of the inflammatory response, AECs express 

adhesion molecules, such as ICAM-1, which results in the adhesion of recruited 

neutrophils which function to recognise, phagocytose and clear bacteria.  Respiratory 

Syncytial Virus has also been shown to induce ICAM expression in epithelial cell models 

(Wang et al. 2000). Here, RSV at various MOIs of 0.01, 0.1 and 1.0 was used to infect 

the A549 immortalised human alveolar type II epithelial cell line. At two hours post-

infection, the authors found ICAM-1 protein to be significantly up-regulated as measured 

by flow cytometric analysis. More substantial evidence comes from the work conducted 

by Hartwig et al. (2016) where they examined the impact of NTHi exposure on a 

subsequent RSV infection of the 16HBE14o- immortalised human bronchial epithelial 

cells as measured by real-time PCR. Here, in determining the effect of initial NTHi 

exposure on a subsequent RSV infection using these SV40 transformed human airway 

epithelial cells, cells were co-cultured with NTHi at a ratio of 1:1 for either 6 or 24 hrs, 

before being infected with RSV at an MOI of either 1 or 10. At 48 hr post RSV infection, 

cells were collected for RNA isolation, and RSV N gene expression was quantified by 

RT-PCR. Gene expression of RSV N was significantly (p<0.05) reduced in 16HBE14o- 

cells pre-cultured with NTHi at both time points (Hartwig et al. 2016). However, 

protection was found only to exist when live bacteria were used, and co-culturing with 

heat-killed NTHi failed to give any protection. The authors also observed that NTHi did 

not inhibit Influenza A virus replication providing evidence that such protection was 

RSV-specific. They postulated that phosphorylcholine, which was crucial for the 

colonisation and persistence of bacterial adherence to the host cell (Clark et al. 2013), 

was the chemical responsible for protection. The authors went on to conclude that while 

the mechanism by which NTHi inhibits a subsequent RSV infection was unclear, NTHi 

must enter the epithelial cell to provide optimal protection against a subsequent RSV 

infection.  

 

Of significance, a study conducted by Gulraiz et al. (2015) showed that NTHi was capable 

of enhancing the expression of ICAM-1. They investigated NTHi-induced up-regulation 

of ICAM-1 on viral replication and inflammatory responses toward different respiratory 

viruses. Other viruses were used to infect human bronchial epithelial cells pre-treated 

with heat-killed NTHi. Pre-treatment up-regulated ICAM-1 expression as well as the 

replication of RSV to some extent. They concluded that pre-treatment might enhance 
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inflammatory response to RSV infection, which suggests that a pre-existing bacterial 

infection might exaggerate inflammation during secondary viral infection (Gulraiz et al. 

2015). Other work performed by Avadhanula et al. (2006), found that NTHi interacts with 

ICAM-1 expressed by respiratory epithelial cells. Incubation of these cells with NTHi 

increased ICAM-1 expression and adhesion of NTHi to the respiratory epithelium 

(Avadhanula et al. 2006b). In fact, Behera et al. (2001) also demonstrated that RSV 

colocalises with ICAM-1 on cell surface of the HEp-2 epithelial cell line. The authors 

used neutralising anti-ICAM-1 mAb to successfully inhibit RSV infection and infection-

induced secretion of the proinflammatory chemokine; Regulated upon Activation, 

Normal T Cell Expressed and Presumably Secreted (RANTES). Reductions were also 

seen in A549, a type-2 alveolar epithelial cell line, and NHBE, a healthy human bronchial 

epithelial cell line (Behera et al. 2001). Here, incubation of virus with soluble ICAM-1 

significantly decreased RSV infection of these cells. Using ELISA, the authors used an 

antibody to the fusion F protein to successfully inhibit RSV binding to ICAM-1. They 

also showed that recombinant F protein could bind to soluble ICAM-1, suggesting that 

RSV interaction with ICAM-1 involves this particular protein.  

 

Due to time constraints, this chapter could not demonstrate that the postulated soluble 

factor in question was indeed ICAM-1.  Being a proof-of-concept study, numbers were 

low, and larger sample sizes would be needed to examine the significance of observations 

made here.  There was also observed biological variation in this small population. 

Although not surprising, utilising a larger population size will identify how variable the 

outcome is between individuals or whether the observations made hold. Future studies 

could also incorporate binding assays would be useful to demonstrate the specificity of 

ICAM-1 in this scenario. Specifically, antibodies directed against ICAM-1 could block 

ICAM-1 binding in NTHi, and RSV infection and outcomes could be measured as 

performed in this chapter. Besides, only five fields of view were used to detect and 

quantitate RSV infection. This may account for some of the replicate variability seen. A 

detailed investigation based on this exploratory study using more biological and technical 

replicates may minimise this confounder.  

 

5.6 Conclusion 

In conclusion, data generated in this chapter suggests that a soluble factor may exist 

within the apical wash that acts to suppress secondary RSV infection. Working as a 

frontline defence against respiratory insults, in the form of both a physical barrier and via 
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mechanistic means, the epithelium is capable of immunological function through innate 

immune recognition, secretion of cytokines and chemokines as well as antimicrobial 

substance production (Vareille et al. 2011). Knowing these essential functions, it is likely 

that the host produces the soluble factor in response to pathogen exposure that 

inadvertently supports NTHi colonisation preventing subsequent RSV infection of the 

airway epithelium. 



 

 

CHAPTER 6 

 

 

General Discussion and Future Directions  
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6.1 GENERAL DISCUSSION 

This thesis represents a first-of-its-kind investigation into the often complex but ignored 

polymicrobial infection involving two highly relevant respiratory pathogens using a 

primary epithelial cell culture differentiated through the ALI protocol. Literature 

involving studies on the interaction of RSV and NTHi are somewhat limited (Jiang et al. 

1999, Avadhanula et al. 2007, de Bree et al. 2007, Arrevillaga et al. 2012, Brockson et al. 

2012, Verhoeven et al. 2014, Gulraiz et al. 2015, Hartwig et al. 2016, Mokrzan et al. 

2020). The thesis hypothesizes a three-way interaction between RSV, NTHi and the host 

which would in turn influence the behaviour and impact of the individual organism. The 

study showed that no NTHi biofilm development was observed on the apical surface of 

the airway epithelium. Being a fastidious bacterium with specific nutrient requirements, 

NTHi may have been driven away from the apical surfaces by such hostile environment 

of the epithelial surfaces. Nutrient deprivation has been shown to be a cause of changes 

in biofilm architecture and morphology (Hardison et al. 2018a, Hardison et al. 2018b). 

Instead, observations by electron microscopy revealed the formation of IBCs. While RSV 

is known to infect ciliated epithelial (Zhang et al. 2002), as well as basal cells (Persson et 

al. 2014), the virus was undetected in the basolateral compartment. This suggested that, 

at the viral concentration used for this thesis, the infection was effectively contained 

within the localised epithelium. A prior NTHi colonisation of the epithelium also resulted 

in the suppression of a secondary RSV infection. This may hint at a possible soluble 

factor, either secreted by the host epithelial cells or bacterial cells, that may be required 

for the infection of RSV into epithelial cells. Such an observation has been shown in 

earlier studies (Hartwig et al. 2016). Finally, the colonisation of NTHi and infection of 

RSV into the respiratory epithelium resulted in the release of pro-inflammatory cytokines 

in an effort to curb the infection. This cause both a localised and systemic immune 

response to be mounted by the host.  
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Figure 6.1. Schematic diagram of the respiratory epithelium in response to the 

polymicrobial colonisation by NTHi and RSV infection. While the thesis hypothesises a 

three-way interaction by both pathogens and the host epithelium, five major observations 

were seen as a result of the polymicrobial infection. 1. A hostile and low nutrient 

environment of the apical respiratory epithelium resulted in the formation of NTHi IBCs, 

instead of apical biofilms. 2. The formation of IBCs also ensured a secure environment 

for the NTHi which would results in a continuous source of persistent infection. 3. The 

RSV infection resulted in localised infection, at the viral concentration used for this study. 

4. A prior NTHi colonisation resulted in suppressed secondary RSV infection. 5. Infection 

of RSV and colonisation by NTHi did result in the secretion of pro-inflammatory 

cytokines in both the apical and basolateral sides, which suggest in a raised localised and 

systemic immune response. 

 

Data generated in this thesis have confirmed that it is possible to develop complex in vitro 

models that permit studying the dynamics involved in microbial infections of the human 

respiratory epithelium of the conducting airways. In these studies, it was possible to 

investigate the behaviour of a bacteria commonly associated with chronic endobronchial 

infection when introduced onto differentiated epithelial cultures maintained at ALI, and 

to explore the potential interplay of this pathogen with a common respiratory virus, RSV 

(Guo-Parke et al. 2013). The data generated highlighted the tendency of NTHi to adopt 

an intra-epithelial localisation and demonstrated the impact of pre-existing bacterial 

colonisation of the differentiated epithelium on the ability of a viral pathogen, RSV, to 

infect the ciliated epithelial cells.  The finding that NTHi is able to colonise an 

intracellular niche within respiratory epithelial cells is consistent with some reports of 

intracellular NTHi in clinical samples.  The model opens up the potential to explore 
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progressively more complex experimental scenarios that will contribute to our 

understanding of the dynamic processes involved in maintaining a healthy airway 

equilibrium. It will also assist in understanding the mechanisms involved in its disruption 

that results in clinical disease, particularly those involving persistent endobronchial 

infection such as persistent bacterial bronchitis, COPD and bronchiectasis. 

 

The focus of this project aimed to develop a model that permitted an exploration of the 

processes that initiate and perpetuate persistent bacterial infection of the respiratory 

epithelium in clinical disease commonly referred to as persistent bacterial bronchitis 

(PBB). In addition, the influence of polymicrobial interactions was explored using RSV.  

Once established, the persistent bacterial endobronchial infections that characterise PBB 

and COPD are difficult to eradicate and are subject to exacerbations most commonly 

precipitated by viral infections.  Polymicrobial disease is acknowledged to occur but, it is 

a neglected concept typically due to inadequate modelling (Brogden 2002). Indeed, it is 

rarely studied since polymicrobial infections are typically defined as having multiple 

infectious agents, and are complex since the coinfections can be mixed (Wray et al. 1987, 

Clarke et al. 1992), dual (Wray et al. 1987), secondary (Warr et al. 1983), synergistic 

(Ingham et al. 1984), or concurrent (Wray et al. 1987). Modelling such polymicrobial 

infections in vitro is extremely limited, since there is a lack of an accurate model that 

recapitulates the pseudostratified nature of the epithelium as well as polymicrobial 

infection of the airway in community non-airway related paediatric cases. In this project, 

a model which uses primary airway epithelial cells, generated at air-liquid interface (ALI) 

forming a 3D structure was successfully employed. This model is regarded as the gold 

standard due to the presence of pseudostratified epithelium, ciliated cells as well as goblet 

cells (Fulcher et al. 2005, Wiszniewski et al. 2006, Randell et al. 2011).   

 

Results from initial experiments performed in which NTHi was cultured on inert plastic 

and glass surfaces, confirmed that the organism readily forms biofilms.  Analysis of the 

data generated by confocal laser scanning microscopy illustrated the proportionate 

increase in NTHi biofilm, extracellular polymeric substance biomass and thickness over 

time.  When NTHi colonisation was established on differentiated airway epithelial cells, 

subapical localisation of the fluorescently-tagged bacteria was observed and its 

intracellular, rather than paracellular localisation confirmed using Transmission Electron 

Microscopy. Significant differences between singular and sequential infection were also 

seen. In particular, initial infection with RSV appeared to facilitate NTHi establishment 
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and colonisation. Nonetheless, sequential RSV infection preceding or concurrent with 

NTHi colonisation, resulted in a significant amount of the bacteria to transversely migrate 

to the basolateral compartment.  

 

Interestingly, NTHi was discovered to suppress RSV load but was ineffective when 

colonisation was established after viral infection. Sequential colonisation and infection 

resulted in equal bacterial loads at the apical and basolateral surfaces, but NTHi load was 

reduced in both sequential infection scenarios when compared to singular NTHi 

colonisation. Muc5AC mucus secretion increased significantly in singular RSV infection 

and in sequential NTHi colonisation; followed by RSV infection, when compared to a 

concurrent NTHi colonisation and RSV infection, indicating that the viral infection was 

capable to elicit more mucus secretion than a singular NTHi colonisation. It may also 

indicate that NTHi was capable of not triggering mucus secretion as a form of innate 

defence by the host. When the apical and basolateral media were analysed for 

inflammatory cytokine production there was a delineation between what cytokines were 

produced and secreted apically and basolaterally. Visualising the up- and down-regulated 

cytokines via a heatmap, there was a predominant upregulation of inflammatory cytokines 

including IL-8, MCP-1, IL-1Ra, MIP-1a and -1b, TNF-α, RANTES, IL-4, IL-9, IL-2, IL-

17 in the apical compartment compared to its basolateral counterpart. Furthermore, other 

proinflammatory cytokines including IL-1β, IL-6, IP-10 (CXCL10) and G-CSF were 

secreted both apically and basolaterally in response to any form of infection.  

 

Data generated in this thesis appears consistent with prior studies. For example, Ren et 

al. (2012) infected primary respiratory epithelial cells grown at the air–liquid interface 

with three NTHi strains over a range of 1–10 days, so that the effect of long-term co-

culture of NTHi with human tissues could be studied. Three otitits media-pertinent NTHi 

strains were used, one of which was also 86-028NP (as used in this thesis) as well as 

commercially sourced normal human bronchial epithelial (NHBE) cells (Lonza) and the 

EpiAirwayTM tissue model (MatTek). The apical side of established culture inserts were 

inoculated with 1x103 CFU of NTHi strain R2846. In investigating the cytokine 

responses, EpiAirway washes were analysed with Multi-Analyte ELISArray kits 

(SABioscienses) and electrochemiluminescence detection in multi-plex format (Meso 

Scale Discovery) was used for cytokine quantification. From data generated, IL-8 was 

determined to be to be the predominant cytokine, followed by IL-6, IL-1, and GM-CSF. 

Surprisingly, IL-2, IL-4, IL-10, IL-12p40, IL-17 and IFN-γ were not detected in 
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significant amounts. TNF-α, IL-1b, IL-6, IL-8, and GM-CSF were also undetected in 

significant amounts over the six days (Ren et al. 2012).  

 

In another study, Walker et al. (2017) also used a primary epithelial cell co-culture model 

to investigate NTHi infection to investigate how NTHi colonisation and biofilm 

development are enhanced in primary ciliary dyskinesia (PCD) patients. NTHi isolates 

from four paediatric PCD patients were used to inoculate at approximately 1×108 

CFU/mL onto ALI-cultured cells. Results generated found that levels of FGF-β, G-CSF, 

GM-CSF, VEGF or IL-1Ra, IL-6, IL-8, MCP-1, MIP-1α and TNF-α in basolateral 

medium from PCD or non-PCD cells, sampled before or daily during 72 h of NTHi co-

culture did not significantly differ, indicating that PCD airway cells produced cytokines 

and chemokines similarly to non-PCD cells and indicated that PCD and non-PCD 

epithelial cells produce similar defence responses to NTHi (Walker et al. 2017). Although 

the origin of epithelial cells used in these earlier studies and from this PhD thesis appears 

to different, all agree that NTHi colonisation and infection leads to the induction of 

proinflammatory cytokines from the respiratory epithelium (Clemans et al. 2000) 

Other work performed also appears to shed light on the complex host-pathogen 

interactions during COPD-related NTHi infections (Yang et al. 2019; Hunt et al. 2020). 

Specifically, Hunt and colleagues (2020) used a smoke-exposed ferret model to illustrate 

that the bacteria were responsible for eliciting an acute host inflammatory exacerbation. 

In another study, Yang et al. (2019), showed that Type I interferon (IFN-β) induced by 

the DNA of NTHi, halted bacterial killing in vitro and promoted COPD development in 

vivo. Furthermore, the authors showed that this was similar to when 4000U of exogenous 

recombinant IFN-β was either instilled intratracheally with 50µg of NTHi-DNA or 

intraperitoneally injected with 100µg NTHi-DNA, before an infection of NTHi strain. 

Specifically, an increase in inflammatory associated cytokines including IL-6, IL-1β, IL-

12 and IP10 (CXCL10) were observed (Yang et al. 2019). Collectively, these studies 

strongly suggest an elaborate and complex interaction between both NTHi and COPD. In 

another study, Pharo and colleagues (2020) examined host-pathogen responses to 

pandemic Influenza H1N1pdm09 in fully differentiated NHBE cells.  The authors found 

that IP-10 (CXCL10) was the highest induced cytokine along with RANTES (CCL5), IL-

10, TNF-α, MIP1α, IL-6,MCP1 (CCL2), IL8 (CXCL8), GM-CSF (CSF2) and IL-1β, 

strongly suggesting that an innate immune response was activated in response to infection 

(Pharo et al. 2020). In contrast, work performed by Hergott et al. (2015) identified certain 

respiratory pathogens including S. pneumoniae, as well as H. influenzae to be able to 
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undergo mimicry-driven immune evasion thereby suppressing inflammation to ensure its 

persistence at the mucosa (Hergott et al. 2015).  

 

Conclusions drawn from data generated from this thesis, postulated that a soluble factor 

accounted for the observed reduced infectivity of RSV introduced onto a differentiated 

epithelium previously colonised by NTHi.  When the RSV inoculum was premixed with 

filtered apical washes from a 4-day NTHi colonisation culture, a decrease in RSV-

infected AECs, relative to the RSV-only control, was observed and quantitated. Similar 

observations were obtained when a step-wise introduction of filtered apical washes was 

conducted. It appeared that inhibition of secondary RSV infection of fully differentiated 

AECs was concentration dependent and completely inhibited secondary RSV infection at 

the lower RSV MOIs used. Collectively, the results did support the notion of a soluble 

factor located in the apical wash that is capable of supressing secondary RSV infection.   

That NTHi has evolved to produce a soluble factor or induces the release of a soluble 

factor from epithelial or other cells that inhibits viral infection might be expected given 

that viral infection generally triggers apoptosis which would be a significant threat to intra 

cellular bacteria (Jiang et al. 1999, Behera et al. 2001, Avadhanula et al. 2006b, 

Avadhanula et al. 2007, Fukasawa et al. 2009, Arrevillaga et al. 2012, Unger et al. 2012, 

Gulraiz et al. 2015, Hartwig et al. 2016, Novotny et al. 2016, Mokrzan et al. 2020). 

 

Surprisingly, there was no significant increase in NTHi load as observed in epithelia 

subjected to primary NTHi-colonisation followed by a secondary RSV-infection. This is 

in contrary to  the widely held view that viruses often precipitate exacerbations of PBB 

and COPD (Hodge et al. 2016, Chen et al. 2018, Hare et al. 2018, Wang et al. 2019, 

Gallucci et al. 2020, D'Anna et al. 2021).  This might be in part due to the inhibition of 

infection of ciliated cells noted above but is probably more likely to be attributable to the 

lack of significant biofilm formation on the surface of the epithelium. One previous study 

in which P. aeruginosa biofilms were exposed to human rhinovirus (hRV) demonstrated 

increased release of planktonic bacteria (Chattoraj et al. 2011).  As discussed, the 

likelihood of NTHi forming biofilms is likely to be significantly greater in the presence 

of neutrophils (Jurcisek et al. 2007a, Hong et al. 2009, Jones et al. 2013) and hence if 

these experiments were repeated in a more complex model it might be anticipated that 

both intracellular and extracellular biofilms will be observed and subsequent exposure to 

respiratory viruses may have a more dramatic effect.  It is also possible that any effect is 

virus specific and that hR has different impacts to that of RSV though this is probably 
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less likely. The inclusion of neutrophils into the fully differentiated epithelial model in 

the study of biofilm formation may indeed be next step in the experimental design 

(Thornton et al. 2013).  Studies involving the use of cells of the adaptive immune response 

in more complex model are emerging (Ugonna et al. 2014, Kohanski et al. 2015). There 

are also other studies that have looked into the formation of other bacterial biofilms and 

its interaction with RSV (Hendricks et al. 2016, Melvin et al. 2016b, Kiedrowski et al. 

2018a, Kiedrowski et al. 2018b, Yan et al. 2020). 

 

6.2 FUTURE DIRECTIONS 

The studies presented in this thesis demonstrate the great potential of this approach to 

explore the dynamic processes involved in the establishment of chronic bacterial infection 

of the respiratory epithelium and the potential to investigate the interaction of multiple 

microbes in this setting.  Future studies would extend these that are aimed at 

understanding the dynamics of infections by one or more bacteria through the addition of 

inflammatory cells such as neutrophils (Toews et al. 1985, Amitani et al. 1991, Pedersen 

1992, Terashima et al. 1995, Watson et al. 1996, Doring 1997, Foxwell et al. 1998a, 

Schaaf et al. 2000, Yu et al. 2000, Humlicek et al. 2004, Bratcher et al. 2018). The model 

would also explore mechanisms that the bacteria use when stressed by agents such an 

antibiotic to persist within cells until the opportunity to become more active.  Ultimately, 

these experiments would aim to develop strategies that would permit eradication of 

persistent infected and recovery of a healthy epithelium.  At present, antibiotics remain 

the mainstay of therapy which in children does appear to lead to full recovery sooner or 

later, though this may take years, but in adults appears simply to reduce the levels of 

morbidity. This work may identify non-antibiotic methods of trying to eliminate 

persisting ‘dormant infection’ that will contribute to maintaining the epithelium free of 

active inflammation and permit recovery. 

 

Human samples from patients with COPD and otitis media have also demonstrated 

significant intracellular collections of NTHi suggesting that the model used in these 

experiments is indeed relevant (Bandi et al. 2001, Berenson et al. 2006, Marti-Lliteras et 

al. 2009, Morey et al. 2011a, Ren et al. 2012, Langereis et al. 2013, Euba et al. 2015, 

Goyal et al. 2015, Ikeda et al. 2015, Duell et al. 2016, Hodge et al. 2017, Jurcisek et al. 

2017, Hardison et al. 2018a, Hardison et al. 2018b, Ahearn et al. 2019, Poh et al. 2020).  

However, these and other studies using clinical samples have commonly demonstrated 

significant biofilm formation attached to the epithelial surface which was not observed in 
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this project (Starner et al. 2006, Autio et al. 2015).  The Bakaletz’s laboratory, using a 

chinchilla model of otitis media (Hong et al. 2009), established that fragmented neutrophil 

derived DNA contributes significantly to the extra-cellular matrix of these biofilms and 

it seems likely that neutrophil extracellular traps (NETs) are utilised by the bacteria in the 

formation of biofilms.  Similarly, the formation of NTHi biofilms within NETs is now 

accepted as the source of persistence (Hong et al. 2009, Juneau et al. 2011).  Additionally, 

viable NTHi within such NETs have been found in clinical samples from chronic otitis 

media exudate samples (King et al. 2013).  The inclusion of naïve and activated 

neutrophils in an AEC ALI model where NTHi are introduced can then be effectively 

used to demonstrate the initiation of NETs formation by this organism (Juneau et al. 

2011). Additionally, NTHi has been found to induce sustained lung oxidative stress and 

protease expression (King et al. 2015b). The inclusion of immunocompetent cells such as 

human fibroblasts, epithelial cells, macrophages and neutrophils, which have previously 

been modelled with AECs (Ugonna et al. 2014, Mertens et al. 2017, Schogler et al. 2017, 

Jiang et al. 2018, Montefusco-Pereira et al. 2020), along with NTHi, should result in the 

production of reactive oxygen species and  trigger extracellular trap formation. Based on 

earlier studies, this itself will result in the formation of NTHi biofilms where these will 

then be lodged within the NETs.  

 

The model presented in this thesis is very versatile and the next series of experiments 

would involve adding neutrophils to the media below the basal surface and observing 

their migration through the epithelium in response to NTHi being added to the apical 

surface and following the subsequent course of the infection.  In this setting it is quite 

possible that much more of the persisting NTHi will be observed in biofilms attached to 

the apical surface and that interactions with potential modifiers such as subsequent viral 

infection with agents such as RSV or rhinovirus will have different effects.  A previous 

study undertaken by Ugonna, et al. (2014) used a similar approach to investigate if sub-

epithelial DCs can be infected by RSV using fully differentiated primary airway 

epithelium established at ALI. Monocyte derived dendritic cells (MoDCs) were added to 

the basolateral membrane of the inserts and in some experiments, a population of 

monocyte derived macrophages was added to the apical surface (Ugonna et al. 2014). The 

authors found that when RSV-infected MoDCs were applied onto the basolateral surface 

of transwell inserts, it was indeed possible to infect the primary epithelium (Ugonna et al. 

2014). Surprisingly, these MoDCs remained RSV-free and the authors noted that only 

when macrophages were added to the apical side of the primary epithelium, infection of 
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basolateral MoDC were observed (Ugonna et al. 2014). Collectively, their data suggested 

that RSV-infected dendritic cells are indeed infectious to epithelial cells even if they are 

located beneath the basolateral layer. However, a major caveat of this observation lies in 

the need of surface macrophages to be present.  Furthermore, no other studies have been 

undertaken with bacteria commonly causing persistent bacterial bronchitis and the model 

developed in this thesis opens up the potential to introduce two or more potential bacterial 

pathogens including NTHi and S. pneumoniae, multiple host cells such as neutrophils and 

macrophages and viruses at different time points.  It may also be possible to observe 

chronic inflammation by renewing neutrophils supplied to the basal media and track 

epithelial adaptation. 

 

In another study, NTHi xenophagy was investigated in detail (Poh et al. 2020).  These 

studies did not find evidence of intracellular NTHi in cultures obtained from healthy 

adults unless these were pre-treated with a macrolide antibiotics or tobacco smoke though 

significant collections of intracellular NTHi were observed in COPD-derived cultures 

(Poh et al. 2020). More work is required to determine whether there are indeed differences 

in the adult and paediatric epithelial cell susceptibility to intracellular colonisation. One 

study conducted to determine the prevalence of the carrier state and susceptibility of 

pneumococcal strains, found that over 95% of positive swabs were isolated in younger 

children aged between 6 to 13 years, while those aged 14-20 years amounted to below 

3% (Aljicevic et al. 2015). As the human child matures, so does the innate and adaptive 

immune system. Protection provided by immune responses increases over time and young 

adults suffer fewer infections. The accumulation of immunological memory is a hallmark 

of the adaptive immune response. Indeed, it would be interesting if an adult cohort is used 

in future studies, such as the carrier state in children, to compare the results obtain in this 

thesis. There has also been documented differences between adults and children in other 

pathogenic infections such as in influenza (Leung et al. 2014), COVID-19 (Zimmermann 

et al. 2020), community-acquired pneumonia (Self et al. 2016) and asthma (Oliver et al. 

2014). Thus, future work on bacterial-viral polymicrobial infections of the respiratory 

airway would be of interest if conducted in susceptible community cohorts or those 

affected by respiratory diseases, such as patients with COPD (Matkovic et al. 2013), 

cystic fibrosis (Sajjan et al. 2004, Sibley et al. 2006, Kirst et al. 2019), bronchitis (Wiegers 

et al. 2019, Tsou et al. 2020), pneumonia (Bhuiyan et al. 2018).   
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Given that the current approach to a persistent bacterial bronchitis is the use of long 

courses of antibiotics to cure such patients while COPD patients often utilise 

‘prophylactic’ antibiotics and frequent treatment courses for exacerbation, there is an 

urgent need to develop alternative or synergistic approaches.  It appears that organisms 

such as NTHi are able to switch off their metabolism and in effect lie dormant when the 

environment is particularly challenging.  Only by understanding how the organisms 

respond to different signals will it be possible to eradicate the virtual dormant organisms 

from intracellular and biofilm locations.  This study successfully collected and analysed 

cytokines generated in response to infection.  The model will also permit the collection 

inter-bacterial signalling molecules such as quorum sensing molecules and molecules 

associated with their metabolism in response to being exposed to various agents.  The 

great potential for this work is that it leads to completely novel and effective approaches 

to the management of complex chronic infections of the conducting airways. 
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APPENDIX 2: Statistical Analysis for Chapter 3 

Figure 3.1A: Biomass 

 

Tukey's multiple comparisons test Summary Adjusted P Value  
1 GFP vs. 2 GFP ns 0.9850 A-B 

1 GFP vs. 3 GFP ns 0.4563 A-C 

1 GFP vs. 4 GFP ns 0.7520 A-D 

1 GFP vs. 1 E2-Crimson ns 0.9596 A-E 

1 GFP vs. 2 E2-Crimson ns 0.1980 A-F 

1 GFP vs. 3 E2-Crimson ns 0.7524 A-G 

1 GFP vs. 4 E2-Crimson ns >0.9999 A-H 

2 GFP vs. 3 GFP ns 0.9364 B-C 

2 GFP vs. 4 GFP ns 0.9966 B-D 

2 GFP vs. 1 E2-Crimson ns >0.9999 B-E 

2 GFP vs. 2 E2-Crimson ns 0.5988 B-F 

2 GFP vs. 3 E2-Crimson ns 0.9878 B-G 

2 GFP vs. 4 E2-Crimson ns 0.9996 B-H 

3 GFP vs. 4 GFP ns 0.9997 C-D 

3 GFP vs. 1 E2-Crimson ns 0.9985 C-E 

3 GFP vs. 2 E2-Crimson ns 0.9858 C-F 

3 GFP vs. 3 E2-Crimson ns >0.9999 C-G 

3 GFP vs. 4 E2-Crimson ns 0.8276 C-H 

4 GFP vs. 1 E2-Crimson ns >0.9999 D-E 

4 GFP vs. 2 E2-Crimson ns 0.9053 D-F 

4 GFP vs. 3 E2-Crimson ns >0.9999 D-G 

4 GFP vs. 4 E2-Crimson ns 0.9597 D-H 

1 E2-Crimson vs. 2 E2-Crimson ns 0.8943 E-F 

1 E2-Crimson vs. 3 E2-Crimson ns 0.9998 E-G 

1 E2-Crimson vs. 4 E2-Crimson ns 0.9957 E-H 

2 E2-Crimson vs. 3 E2-Crimson ns 0.9891 F-G 

2 E2-Crimson vs. 4 E2-Crimson ns 0.4799 F-H 

3 E2-Crimson vs. 4 E2-Crimson ns 0.9336 G-H 
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Figure 3.1B: Surface area 

Tukey's multiple comparisons test Summary Adjusted P Value 
 

1 GFP vs. 2 GFP ns 0.4064 A-B 

1 GFP vs. 3 GFP * 0.0188 A-C 

1 GFP vs. 4 GFP * 0.0202 A-D 

1 GFP vs. 1 E2-Crimson ns 0.9929 A-E 

1 GFP vs. 2 E2-Crimson * 0.0106 A-F 

1 GFP vs. 3 E2-Crimson ns 0.0622 A-G 

1 GFP vs. 4 E2-Crimson ns 0.1956 A-H 

2 GFP vs. 3 GFP ns 0.8341 B-C 

2 GFP vs. 4 GFP ns 0.8473 B-D 

2 GFP vs. 1 E2-Crimson ns 0.9770 B-E 

2 GFP vs. 2 E2-Crimson ns 0.4679 B-F 

2 GFP vs. 3 E2-Crimson ns 0.8712 B-G 

2 GFP vs. 4 E2-Crimson ns 0.9907 B-H 

3 GFP vs. 4 GFP ns >0.9999 C-D 

3 GFP vs. 1 E2-Crimson ns 0.4095 C-E 

3 GFP vs. 2 E2-Crimson ns 0.9873 C-F 

3 GFP vs. 3 E2-Crimson ns >0.9999 C-G 

3 GFP vs. 4 E2-Crimson ns >0.9999 C-H 

4 GFP vs. 1 E2-Crimson ns 0.4231 D-E 

4 GFP vs. 2 E2-Crimson ns 0.9852 D-F 

4 GFP vs. 3 E2-Crimson ns >0.9999 D-G 

4 GFP vs. 4 E2-Crimson ns >0.9999 D-H 

1 E2-Crimson vs. 2 E2-Crimson ns 0.1848 E-F 

1 E2-Crimson vs. 3 E2-Crimson ns 0.4889 E-G 

1 E2-Crimson vs. 4 E2-Crimson ns 0.7768 E-H 

2 E2-Crimson vs. 3 E2-Crimson ns 0.9988 F-G 

2 E2-Crimson vs. 4 E2-Crimson ns 0.9623 F-H 

3 E2-Crimson vs. 4 E2-Crimson ns 0.9998 G-H 
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Figure 3.1C: Average thickness 

Tukey's multiple comparisons test Summary Adjusted P Value 
 

1 GFP vs. 2 GFP ns 0.7793 A-B 

1 GFP vs. 3 GFP ns 0.0928 A-C 

1 GFP vs. 4 GFP ns 0.1491 A-D 

1 GFP vs. 1 E2-Crimson ns 0.9794 A-E 

1 GFP vs. 2 E2-Crimson * 0.0393 A-F 

1 GFP vs. 3 E2-Crimson ns 0.3124 A-G 

1 GFP vs. 4 E2-Crimson ns 0.8984 A-H 

2 GFP vs. 3 GFP ns 0.8574 B-C 

2 GFP vs. 4 GFP ns 0.9367 B-D 

2 GFP vs. 1 E2-Crimson ns >0.9999 B-E 

2 GFP vs. 2 E2-Crimson ns 0.4733 B-F 

2 GFP vs. 3 E2-Crimson ns 0.9630 B-G 

2 GFP vs. 4 E2-Crimson ns >0.9999 B-H 

3 GFP vs. 4 GFP ns >0.9999 C-D 

3 GFP vs. 1 E2-Crimson ns 0.8289 C-E 

3 GFP vs. 2 E2-Crimson ns 0.9843 C-F 

3 GFP vs. 3 E2-Crimson ns >0.9999 C-G 

3 GFP vs. 4 E2-Crimson ns 0.9516 C-H 

4 GFP vs. 1 E2-Crimson ns 0.9050 D-E 

4 GFP vs. 2 E2-Crimson ns 0.9571 D-F 

4 GFP vs. 3 E2-Crimson ns >0.9999 D-G 

4 GFP vs. 4 E2-Crimson ns 0.9816 D-H 

1 E2-Crimson vs. 2 E2-Crimson ns 0.4727 E-F 

1 E2-Crimson vs. 3 E2-Crimson ns 0.9318 E-G 

1 E2-Crimson vs. 4 E2-Crimson ns >0.9999 E-H 

2 E2-Crimson vs. 3 E2-Crimson ns 0.9887 F-G 

2 E2-Crimson vs. 4 E2-Crimson ns 0.6630 F-H 

3 E2-Crimson vs. 4 E2-Crimson ns 0.9855 G-H 
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Figure 3.1D: Surface:Biovolume 

Tukey's multiple comparisons test Summary Adjusted P Value 
 

1 GFP vs. 2 GFP ns 0.2456 A-B 

1 GFP vs. 3 GFP ns 0.2388 A-C 

1 GFP vs. 4 GFP * 0.0186 A-D 

1 GFP vs. 1 E2-Crimson ns 0.9955 A-E 

1 GFP vs. 2 E2-Crimson ns 0.1863 A-F 

1 GFP vs. 3 E2-Crimson * 0.0368 A-G 

1 GFP vs. 4 E2-Crimson *** 0.0001 A-H 

2 GFP vs. 3 GFP ns >0.9999 B-C 

2 GFP vs. 4 GFP ns 0.9453 B-D 

2 GFP vs. 1 E2-Crimson ns 0.1426 B-E 

2 GFP vs. 2 E2-Crimson ns 0.9987 B-F 

2 GFP vs. 3 E2-Crimson ns 0.8862 B-G 

2 GFP vs. 4 E2-Crimson * 0.0378 B-H 

3 GFP vs. 4 GFP ns 0.9490 C-D 

3 GFP vs. 1 E2-Crimson ns 0.1389 C-E 

3 GFP vs. 2 E2-Crimson ns 0.9989 C-F 

3 GFP vs. 3 E2-Crimson ns 0.8911 C-G 

3 GFP vs. 4 E2-Crimson * 0.0391 C-H 

4 GFP vs. 1 E2-Crimson * 0.0153 D-E 

4 GFP vs. 2 E2-Crimson ns >0.9999 D-F 

4 GFP vs. 3 E2-Crimson ns >0.9999 D-G 

4 GFP vs. 4 E2-Crimson ns 0.2767 D-H 

1 E2-Crimson vs. 2 E2-Crimson ns 0.1032 E-F 

1 E2-Crimson vs. 3 E2-Crimson * 0.0227 E-G 

1 E2-Crimson vs. 4 E2-Crimson *** 0.0001 E-H 

2 E2-Crimson vs. 3 E2-Crimson ns 0.9983 F-G 

2 E2-Crimson vs. 4 E2-Crimson ns 0.2939 F-H 

3 E2-Crimson vs. 4 E2-Crimson ns 0.6722 G-H 
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Figure 3.2A: NTHi in BHI Crystal Violet 

Dunn's multiple comparisons test Summary Adjusted P Value 
 

Neat vs. 1:2 ns >0.9999 A-B 

Neat vs. 1:10 ns >0.9999 A-C 

Neat vs. 1:20 ** 0.0093 A-D 

Neat vs. 1:100 ns 0.0557 A-E 

Neat vs. 1:200 ns 0.1380 A-F 

Neat vs. 1:1000 ns 0.1889 A-G 

1:2 vs. 1:10 ns >0.9999 B-C 

1:2 vs. 1:20 ns 0.1163 B-D 

1:2 vs. 1:100 ns 0.4932 B-E 

1:2 vs. 1:200 ns 0.7249 B-F 

1:2 vs. 1:1000 ns >0.9999 B-G 

1:10 vs. 1:20 ns >0.9999 C-D 

1:10 vs. 1:100 ns >0.9999 C-E 

1:10 vs. 1:200 ns >0.9999 C-F 

1:10 vs. 1:1000 ns >0.9999 C-G 

1:20 vs. 1:100 ns >0.9999 D-E 

1:20 vs. 1:200 ns >0.9999 D-F 

1:20 vs. 1:1000 ns >0.9999 D-G 

1:100 vs. 1:200 ns >0.9999 E-F 

1:100 vs. 1:1000 ns >0.9999 E-G 

1:200 vs. 1:1000 ns >0.9999 F-G 
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Figure 3.2B: NTHi in 1xPBS Crystal Violet 

Dunn's multiple comparisons test Summary Adjusted P Value 
 

Neat vs. 1:2 ns >0.9999 A-B 

Neat vs. 1:10 ns 0.8201 A-C 

Neat vs. 1:20 ns >0.9999 A-D 

Neat vs. 1:100 ns 0.0955 A-E 

Neat vs. 1:200 * 0.0168 A-F 

Neat vs. 1:1000 *** 0.0008 A-G 

1:2 vs. 1:10 ns >0.9999 B-C 

1:2 vs. 1:20 ns >0.9999 B-D 

1:2 vs. 1:100 ns >0.9999 B-E 

1:2 vs. 1:200 ns 0.4765 B-F 

1:2 vs. 1:1000 * 0.0477 B-G 

1:10 vs. 1:20 ns >0.9999 C-D 

1:10 vs. 1:100 ns >0.9999 C-E 

1:10 vs. 1:200 ns >0.9999 C-F 

1:10 vs. 1:1000 ns 0.8201 C-G 

1:20 vs. 1:100 ns >0.9999 D-E 

1:20 vs. 1:200 ns 0.3791 D-F 

1:20 vs. 1:1000 * 0.0357 D-G 

1:100 vs. 1:200 ns >0.9999 E-F 

1:100 vs. 1:1000 ns >0.9999 E-G 

1:200 vs. 1:1000 ns >0.9999 F-G 
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Figure 3.3A:  Biomass biofilm NTHi in BHI versus 1x PBS  

Tukey's multiple comparisons test Summary Adjusted P Value 
 

1 BHI vs. 2 BHI ns 0.9889 A-B 

1 BHI vs. 3 BHI * 0.0134 A-C 

1 BHI vs. 4 BHI ns 0.1699 A-D 

1 BHI vs. 1 1x PBS ns 0.9996 A-E 

1 BHI vs. 2 1x PBS ns 0.4572 A-F 

1 BHI vs. 3 1x PBS ** 0.0045 A-G 

1 BHI vs. 4 1x PBS ns 0.9977 A-H 

2 BHI vs. 3 BHI ** 0.0015 B-C 

2 BHI vs. 4 BHI * 0.0290 B-D 

2 BHI vs. 1 1x PBS ns 0.8772 B-E 

2 BHI vs. 2 1x PBS ns 0.9145 B-F 

2 BHI vs. 3 1x PBS *** 0.0005 B-G 

2 BHI vs. 4 1x PBS ns 0.7829 B-H 

3 BHI vs. 4 BHI ns 0.9668 C-D 

3 BHI vs. 1 1x PBS * 0.0450 C-E 

3 BHI vs. 2 1x PBS **** <0.0001 C-F 

3 BHI vs. 3 1x PBS ns 0.9971 C-G 

3 BHI vs. 4 1x PBS * 0.0387 C-H 

4 BHI vs. 1 1x PBS ns 0.3854 D-E 

4 BHI vs. 2 1x PBS ** 0.0014 D-F 

4 BHI vs. 3 1x PBS ns 0.7423 D-G 

4 BHI vs. 4 1x PBS ns 0.3899 D-H 

1 1x PBS vs. 2 1x PBS ns 0.2130 E-F 

1 1x PBS vs. 3 1x PBS * 0.0153 E-G 

1 1x PBS vs. 4 1x PBS ns >0.9999 E-H 

2 1x PBS vs. 3 1x PBS **** <0.0001 F-G 

2 1x PBS vs. 4 1x PBS ns 0.1298 F-H 

3 1x PBS vs. 4 1x PBS * 0.0126 G-H 
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Figure 3.3B: Surface area biofilm NTHi in BHI versus 1x PBS 

Tukey's multiple comparisons test Summary Adjusted P Value 
 

1 BHI vs. 2 BHI ns >0.9999 A-B 

1 BHI vs. 3 BHI ** 0.0055 A-C 

1 BHI vs. 4 BHI ns 0.0564 A-D 

1 BHI vs. 1 1x PBS ns >0.9999 A-E 

1 BHI vs. 2 1x PBS ns 0.4492 A-F 

1 BHI vs. 3 1x PBS ** 0.0037 A-G 

1 BHI vs. 4 1x PBS ns 0.9402 A-H 

2 BHI vs. 3 BHI ** 0.0040 B-C 

2 BHI vs. 4 BHI * 0.0433 B-D 

2 BHI vs. 1 1x PBS ns 0.9995 B-E 

2 BHI vs. 2 1x PBS ns 0.5217 B-F 

2 BHI vs. 3 1x PBS ** 0.0027 B-G 

2 BHI vs. 4 1x PBS ns 0.9015 B-H 

3 BHI vs. 4 BHI ns 0.9909 C-D 

3 BHI vs. 1 1x PBS * 0.0153 C-E 

3 BHI vs. 2 1x PBS **** <0.0001 C-F 

3 BHI vs. 3 1x PBS ns 0.9999 C-G 

3 BHI vs. 4 1x PBS ns 0.0531 C-H 

4 BHI vs. 1 1x PBS ns 0.1284 D-E 

4 BHI vs. 2 1x PBS *** 0.0003 D-F 

4 BHI vs. 3 1x PBS ns 0.9390 D-G 

4 BHI vs. 4 1x PBS ns 0.3489 D-H 

1 1x PBS vs. 2 1x PBS ns 0.2467 E-F 

1 1x PBS vs. 3 1x PBS ** 0.0098 E-G 

1 1x PBS vs. 4 1x PBS ns 0.9953 E-H 

2 1x PBS vs. 3 1x PBS **** <0.0001 F-G 

2 1x PBS vs. 4 1x PBS * 0.0444 F-H 

3 1x PBS vs. 4 1x PBS * 0.0328 G-H 
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Figure 3.3C: Average thickness biofilm NTHi in BHI versus 1x PBS 

Tukey's multiple comparisons test Summary Adjusted P Value 
 

1 BHI vs. 2 BHI ns 0.9995 A-B 

1 BHI vs. 3 BHI *** 0.0004 A-C 

1 BHI vs. 4 BHI ns 0.8097 A-D 

1 BHI vs. 1 1x PBS ns >0.9999 A-E 

1 BHI vs. 2 1x PBS ns 0.9856 A-F 

1 BHI vs. 3 1x PBS *** 0.0003 A-G 

1 BHI vs. 4 1x PBS ns 0.7734 A-H 

2 BHI vs. 3 BHI **** <0.0001 B-C 

2 BHI vs. 4 BHI ns 0.5062 B-D 

2 BHI vs. 1 1x PBS ns 0.9965 B-E 

2 BHI vs. 2 1x PBS ns >0.9999 B-F 

2 BHI vs. 3 1x PBS **** <0.0001 B-G 

2 BHI vs. 4 1x PBS ns 0.4479 B-H 

3 BHI vs. 4 BHI * 0.0191 C-D 

3 BHI vs. 1 1x PBS *** 0.0006 C-E 

3 BHI vs. 2 1x PBS **** <0.0001 C-F 

3 BHI vs. 3 1x PBS ns 0.9999 C-G 

3 BHI vs. 4 1x PBS * 0.0108 C-H 

4 BHI vs. 1 1x PBS ns 0.8915 D-E 

4 BHI vs. 2 1x PBS ns 0.3013 D-F 

4 BHI vs. 3 1x PBS * 0.0118 D-G 

4 BHI vs. 4 1x PBS ns >0.9999 D-H 

1 1x PBS vs. 2 1x PBS ns 0.9592 E-F 

1 1x PBS vs. 3 1x PBS *** 0.0005 E-G 

1 1x PBS vs. 4 1x PBS ns 0.8680 E-H 

2 1x PBS vs. 3 1x PBS **** <0.0001 F-G 

2 1x PBS vs. 4 1x PBS ns 0.2490 F-H 

3 1x PBS vs. 4 1x PBS ** 0.0068 G-H 
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Figure 3.3D: Biofilm Surface:Biovolume in BHI versus 1x PBS 

Tukey's multiple comparisons test Summary Adjusted P Value 
 

1 BHI vs. 2 BHI *** 0.0006 A-B 

1 BHI vs. 3 BHI ns 0.9846 A-C 

1 BHI vs. 4 BHI ns 0.6665 A-D 

1 BHI vs. 1 1x PBS ns >0.9999 A-E 

1 BHI vs. 2 1x PBS ns >0.9999 A-F 

1 BHI vs. 3 1x PBS ns >0.9999 A-G 

1 BHI vs. 4 1x PBS ns 0.6003 A-H 

2 BHI vs. 3 BHI ** 0.0025 B-C 

2 BHI vs. 4 BHI * 0.0371 B-D 

2 BHI vs. 1 1x PBS ** 0.0016 B-E 

2 BHI vs. 2 1x PBS *** 0.0007 B-F 

2 BHI vs. 3 1x PBS ** 0.0013 B-G 

2 BHI vs. 4 1x PBS * 0.0251 B-H 

3 BHI vs. 4 BHI ns 0.9787 C-D 

3 BHI vs. 1 1x PBS ns 0.9928 C-E 

3 BHI vs. 2 1x PBS ns 0.9927 C-F 

3 BHI vs. 3 1x PBS ns 0.9993 C-G 

3 BHI vs. 4 1x PBS ns 0.9684 C-H 

4 BHI vs. 1 1x PBS ns 0.7623 D-E 

4 BHI vs. 2 1x PBS ns 0.7268 D-F 

4 BHI vs. 3 1x PBS ns 0.8460 D-G 

4 BHI vs. 4 1x PBS ns >0.9999 D-H 

1 1x PBS vs. 2 1x PBS ns >0.9999 E-F 

1 1x PBS vs. 3 1x PBS ns >0.9999 E-G 

1 1x PBS vs. 4 1x PBS ns 0.7143 E-H 

2 1x PBS vs. 3 1x PBS ns >0.9999 F-G 

2 1x PBS vs. 4 1x PBS ns 0.6662 F-H 

3 1x PBS vs. 4 1x PBS ns 0.8029 G-H 

 

  



254 

 

Figure 3.4A: Biomass biofilm NTHi in Neat versus 1:10 diluted BHI  

Tukey's multiple comparisons test Summary Adjusted P Value 
 

1 Neat vs. 2 Neat ns 0.9889 A-B 

1 Neat vs. 3 Neat * 0.0134 A-C 

1 Neat vs. 4 Neat ns 0.1699 A-D 

1 Neat vs. 1 Diluted ns 0.9996 A-E 

1 Neat vs. 2 Diluted ns 0.4572 A-F 

1 Neat vs. 3 Diluted ** 0.0045 A-G 

1 Neat vs. 4 Diluted ns 0.9977 A-H 

2 Neat vs. 3 Neat ** 0.0015 B-C 

2 Neat vs. 4 Neat * 0.0290 B-D 

2 Neat vs. 1 Diluted ns 0.8772 B-E 

2 Neat vs. 2 Diluted ns 0.9145 B-F 

2 Neat vs. 3 Diluted *** 0.0005 B-G 

2 Neat vs. 4 Diluted ns 0.7829 B-H 

3 Neat vs. 4 Neat ns 0.9668 C-D 

3 Neat vs. 1 Diluted * 0.0450 C-E 

3 Neat vs. 2 Diluted **** <0.0001 C-F 

3 Neat vs. 3 Diluted ns 0.9971 C-G 

3 Neat vs. 4 Diluted * 0.0387 C-H 

4 Neat vs. 1 Diluted ns 0.3854 D-E 

4 Neat vs. 2 Diluted ** 0.0014 D-F 

4 Neat vs. 3 Diluted ns 0.7423 D-G 

4 Neat vs. 4 Diluted ns 0.3899 D-H 

1 Diluted vs. 2 Diluted ns 0.2130 E-F 

1 Diluted vs. 3 Diluted * 0.0153 E-G 

1 Diluted vs. 4 Diluted ns >0.9999 E-H 

2 Diluted vs. 3 Diluted **** <0.0001 F-G 

2 Diluted vs. 4 Diluted ns 0.1298 F-H 

3 Diluted vs. 4 Diluted * 0.0126 G-H 

 

  



255 

 

Figure 3.4B: Surface area biofilm NTHi in Neat versus 1:10 diluted BHI 

Tukey's multiple comparisons test Summary Adjusted P Value 
 

1 Neat vs. 2 Neat *** 0.0004 A-B 

1 Neat vs. 3 Neat ns 0.9831 A-C 

1 Neat vs. 4 Neat ns 0.6479 A-D 

1 Neat vs. 1 Diluted ns >0.9999 A-E 

1 Neat vs. 2 Diluted ns >0.9999 A-F 

1 Neat vs. 3 Diluted ns >0.9999 A-G 

1 Neat vs. 4 Diluted ns 0.5801 A-H 

2 Neat vs. 3 Neat ** 0.0019 B-C 

2 Neat vs. 4 Neat * 0.0315 B-D 

2 Neat vs. 1 Diluted *** 0.0003 B-E 

2 Neat vs. 2 Diluted *** 0.0005 B-F 

2 Neat vs. 3 Diluted *** 0.0009 B-G 

2 Neat vs. 4 Diluted * 0.0209 B-H 

3 Neat vs. 4 Neat ns 0.9767 C-D 

3 Neat vs. 1 Diluted ns 0.9675 C-E 

3 Neat vs. 2 Diluted ns 0.9919 C-F 

3 Neat vs. 3 Diluted ns 0.9992 C-G 

3 Neat vs. 4 Diluted ns 0.9655 C-H 

4 Neat vs. 1 Diluted ns 0.5802 D-E 

4 Neat vs. 2 Diluted ns 0.7102 D-F 

4 Neat vs. 3 Diluted ns 0.8350 D-G 

4 Neat vs. 4 Diluted ns >0.9999 D-H 

1 Diluted vs. 2 Diluted ns >0.9999 E-F 

1 Diluted vs. 3 Diluted ns 0.9998 E-G 

1 Diluted vs. 4 Diluted ns 0.5089 E-H 

2 Diluted vs. 3 Diluted ns >0.9999 F-G 

2 Diluted vs. 4 Diluted ns 0.6476 F-H 

3 Diluted vs. 4 Diluted ns 0.7896 G-H 
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Figure 3.4C: Average thickness biofilm NTHi in Neat versus 1:10 diluted BHI 

Tukey's multiple comparisons test Summary Adjusted P Value 
 

1 Neat vs. 2 Neat ns 0.9995 A-B 

1 Neat vs. 3 Neat *** 0.0004 A-C 

1 Neat vs. 4 Neat ns 0.8097 A-D 

1 Neat vs. 1 Diluted ns >0.9999 A-E 

1 Neat vs. 2 Diluted ns 0.9856 A-F 

1 Neat vs. 3 Diluted *** 0.0003 A-G 

1 Neat vs. 4 Diluted ns 0.7734 A-H 

2 Neat vs. 3 Neat **** <0.0001 B-C 

2 Neat vs. 4 Neat ns 0.5062 B-D 

2 Neat vs. 1 Diluted ns 0.9965 B-E 

2 Neat vs. 2 Diluted ns >0.9999 B-F 

2 Neat vs. 3 Diluted **** <0.0001 B-G 

2 Neat vs. 4 Diluted ns 0.4479 B-H 

3 Neat vs. 4 Neat * 0.0191 C-D 

3 Neat vs. 1 Diluted *** 0.0006 C-E 

3 Neat vs. 2 Diluted **** <0.0001 C-F 

3 Neat vs. 3 Diluted ns 0.9999 C-G 

3 Neat vs. 4 Diluted * 0.0108 C-H 

4 Neat vs. 1 Diluted ns 0.8915 D-E 

4 Neat vs. 2 Diluted ns 0.3013 D-F 

4 Neat vs. 3 Diluted * 0.0118 D-G 

4 Neat vs. 4 Diluted ns >0.9999 D-H 

1 Diluted vs. 2 Diluted ns 0.9592 E-F 

1 Diluted vs. 3 Diluted *** 0.0005 E-G 

1 Diluted vs. 4 Diluted ns 0.8680 E-H 

2 Diluted vs. 3 Diluted **** <0.0001 F-G 

2 Diluted vs. 4 Diluted ns 0.2490 F-H 

3 Diluted vs. 4 Diluted ** 0.0068 G-H 
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Figure 3.4D: Surface:Biovolume biofilm NTHi in Neat versus 1:10 diluted BHI 

Tukey's multiple comparisons test Summary Adjusted P Value 
 

1 Neat vs. 2 Neat *** 0.0004 A-B 

1 Neat vs. 3 Neat ns 0.9831 A-C 

1 Neat vs. 4 Neat ns 0.6479 A-D 

1 Neat vs. 1 Diluted ns >0.9999 A-E 

1 Neat vs. 2 Diluted ns >0.9999 A-F 

1 Neat vs. 3 Diluted ns >0.9999 A-G 

1 Neat vs. 4 Diluted ns 0.5801 A-H 

2 Neat vs. 3 Neat ** 0.0019 B-C 

2 Neat vs. 4 Neat * 0.0315 B-D 

2 Neat vs. 1 Diluted *** 0.0003 B-E 

2 Neat vs. 2 Diluted *** 0.0005 B-F 

2 Neat vs. 3 Diluted *** 0.0009 B-G 

2 Neat vs. 4 Diluted * 0.0209 B-H 

3 Neat vs. 4 Neat ns 0.9767 C-D 

3 Neat vs. 1 Diluted ns 0.9675 C-E 

3 Neat vs. 2 Diluted ns 0.9919 C-F 

3 Neat vs. 3 Diluted ns 0.9992 C-G 

3 Neat vs. 4 Diluted ns 0.9655 C-H 

4 Neat vs. 1 Diluted ns 0.5802 D-E 

4 Neat vs. 2 Diluted ns 0.7102 D-F 

4 Neat vs. 3 Diluted ns 0.8350 D-G 

4 Neat vs. 4 Diluted ns >0.9999 D-H 

1 Diluted vs. 2 Diluted ns >0.9999 E-F 

1 Diluted vs. 3 Diluted ns 0.9998 E-G 

1 Diluted vs. 4 Diluted ns 0.5089 E-H 

2 Diluted vs. 3 Diluted ns >0.9999 F-G 

2 Diluted vs. 4 Diluted ns 0.6476 F-H 

3 Diluted vs. 4 Diluted ns 0.7896 G-H 
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Figure 3.5A: Biomass Biofilm NTHi over six days 

Tukey's multiple comparisons test Summary Adjusted P Value 
 

0.04 vs. 0.16 ns >0.9999 A-B 

0.04 vs. 1 ns >0.9999 A-C 

0.04 vs. 2 ns 0.0911 A-D 

0.04 vs. 3 * 0.0137 A-E 

0.04 vs. 4 ** 0.0063 A-F 

0.04 vs. 5 **** <0.0001 A-G 

0.04 vs. 6 * 0.0152 A-H 

0.16 vs. 1 ns >0.9999 B-C 

0.16 vs. 2 ns 0.0787 B-D 

0.16 vs. 3 ** 0.0086 B-E 

0.16 vs. 4 ** 0.0040 B-F 

0.16 vs. 5 **** <0.0001 B-G 

0.16 vs. 6 ** 0.0060 B-H 

1 vs. 2 ns 0.4745 C-D 

1 vs. 3 ns 0.1678 C-E 

1 vs. 4 ns 0.0869 C-F 

1 vs. 5 ** 0.0082 C-G 

1 vs. 6 ns 0.2634 C-H 

2 vs. 3 ns 0.9964 D-E 

2 vs. 4 ns 0.9441 D-F 

2 vs. 5 ns 0.5541 D-G 

2 vs. 6 ns >0.9999 D-H 

3 vs. 4 ns 0.9997 E-F 

3 vs. 5 ns 0.9556 E-G 

3 vs. 6 ns 0.9982 E-H 

4 vs. 5 ns 0.9997 F-G 

4 vs. 6 ns 0.9485 F-H 

5 vs. 6 ns 0.4249 G-H 
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Figure 3.5B: Biomass Matrix over six days 

Tukey's multiple comparisons test Summary Adjusted P Value 
 

0.16 vs. 0.4 ns >0.9999 A-B 

0.16 vs. 1 ns >0.9999 A-C 

0.16 vs. 2 ns 0.9086 A-D 

0.16 vs. 3 ns 0.5946 A-E 

0.16 vs. 4 ns 0.4560 A-F 

0.16 vs. 5 ns 0.2507 A-G 

0.16 vs. 6 ns 0.4388 A-H 

0.4 vs. 1 ns 0.9977 B-C 

0.4 vs. 2 ns 0.9539 B-D 

0.4 vs. 3 ns 0.6475 B-E 

0.4 vs. 4 ns 0.4890 B-F 

0.4 vs. 5 ns 0.2141 B-G 

0.4 vs. 6 ns 0.4306 B-H 

1 vs. 2 ns 0.8149 C-D 

1 vs. 3 ns 0.4691 C-E 

1 vs. 4 ns 0.3465 C-F 

1 vs. 5 ns 0.1793 C-G 

1 vs. 6 ns 0.3257 C-H 

2 vs. 3 ns 0.9992 D-E 

2 vs. 4 ns 0.9943 D-F 

2 vs. 5 ns 0.9852 D-G 

2 vs. 6 ns 0.9991 D-H 

3 vs. 4 ns >0.9999 E-F 

3 vs. 5 ns >0.9999 E-G 

3 vs. 6 ns >0.9999 E-H 

4 vs. 5 ns >0.9999 F-G 

4 vs. 6 ns >0.9999 F-H 

5 vs. 6 ns >0.9999 G-H 
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Figure 3.5C: Surface Area Biofilm NTHi over six days 

Tukey's multiple comparisons test Summary Adjusted P Value 
 

0.04 vs. 0.16 ns 0.9935 A-B 

0.04 vs. 1 ns >0.9999 A-C 

0.04 vs. 2 ns 0.3504 A-D 

0.04 vs. 3 ns 0.2425 A-E 

0.04 vs. 4 ns 0.9779 A-F 

0.04 vs. 5 ** 0.0098 A-G 

0.04 vs. 6 ** 0.0016 A-H 

0.16 vs. 1 ns 0.9980 B-C 

0.16 vs. 2 ns 0.6183 B-D 

0.16 vs. 3 ns 0.4534 B-E 

0.16 vs. 4 ns >0.9999 B-F 

0.16 vs. 5 * 0.0134 B-G 

0.16 vs. 6 ** 0.0017 B-H 

1 vs. 2 ns 0.4176 C-D 

1 vs. 3 ns 0.2940 C-E 

1 vs. 4 ns 0.9895 C-F 

1 vs. 5 * 0.0141 C-G 

1 vs. 6 ** 0.0024 C-H 

2 vs. 3 ns >0.9999 D-E 

2 vs. 4 ns 0.9011 D-F 

2 vs. 5 ns 0.9076 D-G 

2 vs. 6 ns 0.5417 D-H 

3 vs. 4 ns 0.7754 E-F 

3 vs. 5 ns 0.9929 E-G 

3 vs. 6 ns 0.8450 E-H 

4 vs. 5 ns 0.1461 F-G 

4 vs. 6 * 0.0333 F-H 

5 vs. 6 ns 0.9916 G-H 
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Figure 3.5D: Surface Area Matrix NTHi over six days 

Tukey's multiple comparisons test Summary Adjusted P Value 
 

0.16 vs. 0.4 ns 0.9935 A-B 

0.16 vs. 1 ns >0.9999 A-C 

0.16 vs. 2 ns 0.3504 A-D 

0.16 vs. 3 ns 0.2425 A-E 

0.16 vs. 4 ns 0.9779 A-F 

0.16 vs. 5 ** 0.0098 A-G 

0.16 vs. 6 ** 0.0016 A-H 

0.4 vs. 1 ns 0.9980 B-C 

0.4 vs. 2 ns 0.6183 B-D 

0.4 vs. 3 ns 0.4534 B-E 

0.4 vs. 4 ns >0.9999 B-F 

0.4 vs. 5 * 0.0134 B-G 

0.4 vs. 6 ** 0.0017 B-H 

1 vs. 2 ns 0.4176 C-D 

1 vs. 3 ns 0.2940 C-E 

1 vs. 4 ns 0.9895 C-F 

1 vs. 5 * 0.0141 C-G 

1 vs. 6 ** 0.0024 C-H 

2 vs. 3 ns >0.9999 D-E 

2 vs. 4 ns 0.9011 D-F 

2 vs. 5 ns 0.9076 D-G 

2 vs. 6 ns 0.5417 D-H 

3 vs. 4 ns 0.7754 E-F 

3 vs. 5 ns 0.9929 E-G 

3 vs. 6 ns 0.8450 E-H 

4 vs. 5 ns 0.1461 F-G 

4 vs. 6 * 0.0333 F-H 

5 vs. 6 ns 0.9916 G-H 
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Figure 3.5E: Average thickness Biofilm NTHi over six days 

Tukey's multiple comparisons test Summary Adjusted P Value 
 

0.16 vs. 0.4 ns 0.9999 A-B 

0.16 vs. 1 ns >0.9999 A-C 

0.16 vs. 2 ns 0.8633 A-D 

0.16 vs. 3 ns 0.6174 A-E 

0.16 vs. 4 ns 0.5975 A-F 

0.16 vs. 5 ns 0.2012 A-G 

0.16 vs. 6 ns 0.7806 A-H 

0.4 vs. 1 ns 0.9958 B-C 

0.4 vs. 2 ns 0.9347 B-D 

0.4 vs. 3 ns 0.7068 B-E 

0.4 vs. 4 ns 0.6852 B-F 

0.4 vs. 5 ns 0.1856 B-G 

0.4 vs. 6 ns 0.8632 B-H 

1 vs. 2 ns 0.7468 C-D 

1 vs. 3 ns 0.4822 C-E 

1 vs. 4 ns 0.4636 C-F 

1 vs. 5 ns 0.1385 C-G 

1 vs. 6 ns 0.6345 C-H 

2 vs. 3 ns 0.9999 D-E 

2 vs. 4 ns 0.9998 D-F 

2 vs. 5 ns 0.9869 D-G 

2 vs. 6 ns >0.9999 D-H 

3 vs. 4 ns >0.9999 E-F 

3 vs. 5 ns >0.9999 E-G 

3 vs. 6 ns 0.9993 E-H 

4 vs. 5 ns >0.9999 F-G 

4 vs. 6 ns 0.9990 F-H 

5 vs. 6 ns 0.9402 G-H 

 

  



263 

 

Figure 3.5F: Average thickness Matrix NTHi over six days 

Tukey's multiple comparisons test Summary Adjusted P Value 
 

0.16 vs. 0.4 ns 0.9998 A-B 

0.16 vs. 1 ns >0.9999 A-C 

0.16 vs. 2 ns 0.8164 A-D 

0.16 vs. 3 ns 0.4655 A-E 

0.16 vs. 4 ns 0.4010 A-F 

0.16 vs. 5 ns 0.0586 A-G 

0.16 vs. 6 * 0.0428 A-H 

0.4 vs. 1 ns 0.9959 B-C 

0.4 vs. 2 ns 0.9078 B-D 

0.4 vs. 3 ns 0.5525 B-E 

0.4 vs. 4 ns 0.4753 B-F 

0.4 vs. 5 * 0.0431 B-G 

0.4 vs. 6 * 0.0306 B-H 

1 vs. 2 ns 0.7055 C-D 

1 vs. 3 ns 0.3622 C-E 

1 vs. 4 ns 0.3076 C-F 

1 vs. 5 * 0.0433 C-G 

1 vs. 6 * 0.0318 C-H 

2 vs. 3 ns 0.9993 D-E 

2 vs. 4 ns 0.9980 D-F 

2 vs. 5 ns 0.8971 D-G 

2 vs. 6 ns 0.8307 D-H 

3 vs. 4 ns >0.9999 E-F 

3 vs. 5 ns 0.9975 E-G 

3 vs. 6 ns 0.9903 E-H 

4 vs. 5 ns 0.9993 F-G 

4 vs. 6 ns 0.9960 F-H 

5 vs. 6 ns >0.9999 G-H 
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Figure 3.5G: Surface:Biovolume Biofilm NTHi over six days 

Tukey's multiple comparisons test Summary Adjusted P Value 
 

0.16 vs. 0.4 ns 0.9868 A-B 

0.16 vs. 1 ns 0.9299 A-C 

0.16 vs. 2 **** <0.0001 A-D 

0.16 vs. 3 **** <0.0001 A-E 

0.16 vs. 4 **** <0.0001 A-F 

0.16 vs. 5 **** <0.0001 A-G 

0.16 vs. 6 **** <0.0001 A-H 

0.4 vs. 1 ns 0.9992 B-C 

0.4 vs. 2 **** <0.0001 B-D 

0.4 vs. 3 **** <0.0001 B-E 

0.4 vs. 4 **** <0.0001 B-F 

0.4 vs. 5 **** <0.0001 B-G 

0.4 vs. 6 **** <0.0001 B-H 

1 vs. 2 ** 0.0013 C-D 

1 vs. 3 **** <0.0001 C-E 

1 vs. 4 **** <0.0001 C-F 

1 vs. 5 **** <0.0001 C-G 

1 vs. 6 **** <0.0001 C-H 

2 vs. 3 ns 0.6924 D-E 

2 vs. 4 ns 0.0802 D-F 

2 vs. 5 ns 0.0630 D-G 

2 vs. 6 ns 0.9996 D-H 

3 vs. 4 ns 0.9291 E-F 

3 vs. 5 ns 0.9622 E-G 

3 vs. 6 ns 0.7897 E-H 

4 vs. 5 ns >0.9999 F-G 

4 vs. 6 ns 0.0583 F-H 

5 vs. 6 * 0.0267 G-H 

 

  



265 

 

Figure 3.5H: Surface:Biovolume Matrix NTHi over six days 

Tukey's multiple comparisons test Summary Adjusted P Value 
 

0.16 vs. 0.4 ns 0.9599 A-B 

0.16 vs. 1 ns 0.9996 A-C 

0.16 vs. 2 ns 0.9734 A-D 

0.16 vs. 3 ns 0.8379 A-E 

0.16 vs. 4 ns 0.5815 A-F 

0.16 vs. 5 ns 0.8981 A-G 

0.16 vs. 6 ns 0.9878 A-H 

0.4 vs. 1 ns 0.9998 B-C 

0.4 vs. 2 ns 0.4688 B-D 

0.4 vs. 3 ns 0.1683 B-E 

0.4 vs. 4 ns 0.0552 B-F 

0.4 vs. 5 ns 0.1168 B-G 

0.4 vs. 6 ns 0.3173 B-H 

1 vs. 2 ns 0.8519 C-D 

1 vs. 3 ns 0.5933 C-E 

1 vs. 4 ns 0.3367 C-F 

1 vs. 5 ns 0.6462 C-G 

1 vs. 6 ns 0.8688 C-H 

2 vs. 3 ns >0.9999 D-E 

2 vs. 4 ns 0.9957 D-F 

2 vs. 5 ns >0.9999 D-G 

2 vs. 6 ns >0.9999 D-H 

3 vs. 4 ns 0.9999 E-F 

3 vs. 5 ns >0.9999 E-G 

3 vs. 6 ns 0.9941 E-H 

4 vs. 5 ns 0.9895 F-G 

4 vs. 6 ns 0.9143 F-H 

5 vs. 6 ns 0.9997 G-H 
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APPENDIX 3: Inoculation of NTHi bacteria at MOI 0.01 to 25 and the 

colonisation on primary AEC ALIs of six days: Representative confocal 

laser scanning microscopy (CLSM) slice views images 

A. 
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E. 

 

 

Figure 4.1: Representative confocal laser scanning microscopy (CLSM) slice view 

images of XY-, YZ- and XZ-direction stacks of epithelium generated through Air-

Liquid Interface (ALI), inoculated with mCherry-NTHi over six days, at a 

concentration of 1x104 (MOI 0.01) to 2.5x107 CFU (MOI 25) on the apical surface of 

the epithelium. A 50µl inoculum of mCherry-NTHi (red, bottom-left) at A. 1x104 CFU 

(MOI 0.01), B. 1x105 CFU (MOI 0.1), C. 1x106 CFU (MOI 1), D. 1x107 CFU (MOI 10) 

and E. 2.5 x107 CFU (MOI 25), were applied on the apical surface of epithelium and 

allowed to colonise for a period of six days. Transwell membranes were then stained with 

FITC- and Oregon Green Conjugated lectins of wheat germ agglutinin and concanavalin 

A (green, top-right), before counterstained with Hoechst33342 (blue, top-left) and 

assessed by confocal laser scanning microscopy (CLSM). Bottom right panel shows 

merged images from all three channels. Images were obtained with a total magnification 

of 200x.  
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APPENDIX 4: Statistical Analysis for Chapter 4 

Formation of mCherry-NTHi Biofilm and EPS matrix on airway epithelium over 

six days: Statistical analysis (Ordinary one-way ANOVA) 

Figure 4.2A: Biofilm biomass  

Tukey's multiple comparisons test Summary Adjusted P Value 
 

0.08 vs. 1 ns 0.1965 A-B 

0.08 vs. 2 ns >0.9999 A-C 

0.08 vs. 3 ns 0.2526 A-D 

0.08 vs. 4 ns 0.9816 A-E 

0.08 vs. 5 ns 0.5822 A-F 

0.08 vs. 6 ns 0.3838 A-G 

1 vs. 2 ns 0.2655 B-C 

1 vs. 3 ns 0.9991 B-D 

1 vs. 4 ns 0.5493 B-E 

1 vs. 5 ns 0.9511 B-F 

1 vs. 6 ** 0.0045 B-G 

2 vs. 3 ns 0.3516 C-D 

2 vs. 4 ns 0.9921 C-E 

2 vs. 5 ns 0.6907 C-F 

2 vs. 6 ns 0.4034 C-G 

3 vs. 4 ns 0.7057 D-E 

3 vs. 5 ns 0.9959 D-F 

3 vs. 6 ** 0.0037 D-G 

4 vs. 5 ns 0.9589 E-F 

4 vs. 6 ns 0.1028 E-G 

5 vs. 6 * 0.0144 F-G 

 

Figure 4.2B: Matrix biomass 

Tukey's multiple comparisons test Summary Adjusted P Value 
 

0.08 vs. 1 ns 0.1965 A-B 

0.08 vs. 2 ns >0.9999 A-C 

0.08 vs. 3 ns 0.2526 A-D 

0.08 vs. 4 ns 0.9816 A-E 

0.08 vs. 5 ns 0.5822 A-F 

0.08 vs. 6 ns 0.3838 A-G 

1 vs. 2 ns 0.2655 B-C 

1 vs. 3 ns 0.9991 B-D 

1 vs. 4 ns 0.5493 B-E 

1 vs. 5 ns 0.9511 B-F 
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1 vs. 6 ** 0.0045 B-G 

2 vs. 3 ns 0.3516 C-D 

2 vs. 4 ns 0.9921 C-E 

2 vs. 5 ns 0.6907 C-F 

2 vs. 6 ns 0.4034 C-G 

3 vs. 4 ns 0.7057 D-E 

3 vs. 5 ns 0.9959 D-F 

3 vs. 6 ** 0.0037 D-G 

4 vs. 5 ns 0.9589 E-F 

4 vs. 6 ns 0.1028 E-G 

5 vs. 6 * 0.0144 F-G 

 

 

Figure 4.2C: Biofilm Surface area 

Tukey's multiple comparisons test Summary Adjusted P Value 
 

0.08 vs. 1 ns 0.9907 A-B 

0.08 vs. 2 ns >0.9999 A-C 

0.08 vs. 3 ns 0.7920 A-D 

0.08 vs. 4 ns >0.9999 A-E 

0.08 vs. 5 ns 0.8956 A-F 

0.08 vs. 6 ** 0.0039 A-G 

1 vs. 2 ns 0.9963 B-C 

1 vs. 3 ns 0.9883 B-D 

1 vs. 4 ns 0.9996 B-E 

1 vs. 5 ns 0.9987 B-F 

1 vs. 6 *** 0.0003 B-G 

2 vs. 3 ns 0.8475 C-D 

2 vs. 4 ns >0.9999 C-E 

2 vs. 5 ns 0.9325 C-F 

2 vs. 6 ** 0.0030 C-G 

3 vs. 4 ns 0.9389 D-E 

3 vs. 5 ns >0.9999 D-F 

3 vs. 6 **** <0.0001 D-G 

4 vs. 5 ns 0.9793 E-F 

4 vs. 6 ** 0.0049 E-G 

5 vs. 6 **** <0.0001 F-G 
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Figure 4.2D: Matrix Surface area 

Tukey's multiple comparisons test Summary Adjusted P Value 
 

0.08 vs. 1 ns 0.9678 A-B 

0.08 vs. 2 ns 0.9743 A-C 

0.08 vs. 3 ns 0.5881 A-D 

0.08 vs. 4 ns 0.9853 A-E 

0.08 vs. 5 ns 0.6523 A-F 

0.08 vs. 6 * 0.0170 A-G 

1 vs. 2 ns >0.9999 B-C 

1 vs. 3 ns 0.9617 B-D 

1 vs. 4 ns >0.9999 B-E 

1 vs. 5 ns 0.9841 B-F 

1 vs. 6 *** 0.0009 B-G 

2 vs. 3 ns 0.9712 C-D 

2 vs. 4 ns >0.9999 C-E 

2 vs. 5 ns 0.9887 C-F 

2 vs. 6 ** 0.0018 C-G 

3 vs. 4 ns 0.9299 D-E 

3 vs. 5 ns >0.9999 D-F 

3 vs. 6 *** 0.0002 D-G 

4 vs. 5 ns 0.9641 E-F 

4 vs. 6 ** 0.0013 E-G 

5 vs. 6 *** 0.0001 F-G 

 

 

Figure 4.2E: Biofilm Average thickness 

Tukey's multiple comparisons test Summary Adjusted P Value 
 

0.08 vs. 1 ns 0.1986 A-B 

0.08 vs. 2 ns >0.9999 A-C 

0.08 vs. 3 ns 0.2112 A-D 

0.08 vs. 4 ns 0.9800 A-E 

0.08 vs. 5 ns 0.5551 A-F 

0.08 vs. 6 ns 0.3899 A-G 

1 vs. 2 ns 0.2802 B-C 

1 vs. 3 ns 0.9998 B-D 

1 vs. 4 ns 0.5605 B-E 

1 vs. 5 ns 0.9605 B-F 

1 vs. 6 ** 0.0047 B-G 

2 vs. 3 ns 0.3175 C-D 
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2 vs. 4 ns 0.9932 C-E 

2 vs. 5 ns 0.6849 C-F 

2 vs. 6 ns 0.3927 C-G 

3 vs. 4 ns 0.6505 D-E 

3 vs. 5 ns 0.9931 D-F 

3 vs. 6 ** 0.0030 D-G 

4 vs. 5 ns 0.9525 E-F 

4 vs. 6 ns 0.1024 E-G 

5 vs. 6 * 0.0134 F-G 

    

 

Figure 4.2F: Matrix Average thickness 

Tukey's multiple comparisons test Summary Adjusted P Value 
 

0.08 vs. 1 ns 0.1986 A-B 

0.08 vs. 2 ns >0.9999 A-C 

0.08 vs. 3 ns 0.2112 A-D 

0.08 vs. 4 ns 0.9800 A-E 

0.08 vs. 5 ns 0.5551 A-F 

0.08 vs. 6 ns 0.3899 A-G 

1 vs. 2 ns 0.2802 B-C 

1 vs. 3 ns 0.9998 B-D 

1 vs. 4 ns 0.5605 B-E 

1 vs. 5 ns 0.9605 B-F 

1 vs. 6 ** 0.0047 B-G 

2 vs. 3 ns 0.3175 C-D 

2 vs. 4 ns 0.9932 C-E 

2 vs. 5 ns 0.6849 C-F 

2 vs. 6 ns 0.3927 C-G 

3 vs. 4 ns 0.6505 D-E 

3 vs. 5 ns 0.9931 D-F 

3 vs. 6 ** 0.0030 D-G 

4 vs. 5 ns 0.9525 E-F 

4 vs. 6 ns 0.1024 E-G 

5 vs. 6 * 0.0134 F-G 

 

 

Figure 4.2G: Biofilm Surface:Biovolume 

Tukey's multiple comparisons test Summary Adjusted P Value 
 

0.08 vs. 1 ns 0.1557 A-B 
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0.08 vs. 2 ns 0.9984 A-C 

0.08 vs. 3 ns 0.7042 A-D 

0.08 vs. 4 ns >0.9999 A-E 

0.08 vs. 5 ns 0.8530 A-F 

0.08 vs. 6 *** 0.0006 A-G 

1 vs. 2 ns 0.0559 B-C 

1 vs. 3 ns 0.8771 B-D 

1 vs. 4 ns 0.1461 B-E 

1 vs. 5 ns 0.7373 B-F 

1 vs. 6 **** <0.0001 B-G 

2 vs. 3 ns 0.3816 C-D 

2 vs. 4 ns 0.9942 C-E 

2 vs. 5 ns 0.5470 C-F 

2 vs. 6 ** 0.0021 C-G 

3 vs. 4 ns 0.7166 D-E 

3 vs. 5 ns >0.9999 D-F 

3 vs. 6 **** <0.0001 D-G 

4 vs. 5 ns 0.8694 E-F 

4 vs. 6 *** 0.0002 E-G 

5 vs. 6 **** <0.0001 F-G 

    

 

Figure 4.2H: Matrix Surface:Biovolume 

Tukey's multiple comparisons test Summary Adjusted P Value 
 

0.08 vs. 1 ns 0.1593 A-B 

0.08 vs. 2 ns 0.9946 A-C 

0.08 vs. 3 ns 0.8296 A-D 

0.08 vs. 4 ns >0.9999 A-E 

0.08 vs. 5 ns 0.8911 A-F 

0.08 vs. 6 *** 0.0005 A-G 

1 vs. 2 * 0.0434 B-C 

1 vs. 3 ns 0.7728 B-D 

1 vs. 4 ns 0.1280 B-E 

1 vs. 5 ns 0.6906 B-F 

1 vs. 6 **** <0.0001 B-G 

2 vs. 3 ns 0.4349 C-D 

2 vs. 4 ns 0.9912 C-E 

2 vs. 5 ns 0.5203 C-F 

2 vs. 6 ** 0.0025 C-G 
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3 vs. 4 ns 0.8034 D-E 

3 vs. 5 ns >0.9999 D-F 

3 vs. 6 **** <0.0001 D-G 

4 vs. 5 ns 0.8738 E-F 

4 vs. 6 *** 0.0002 E-G 

5 vs. 6 **** <0.0001 F-G 

 

Effect of mCherry-NTHi inoculation titre on formation of mCherry-NTHi Biofilm 

and EPS matrix on airway epithelium at Day 7-post inoculation: Statistical 

analysis (Ordinary one-way ANOVA) 

Figure 4.4A: Biofilm biomass  

Tukey's multiple comparisons test Summary Adjusted P Value  
0.01 vs. 0.1 ns 0.9999 A-B 

0.01 vs. 1 ns 0.3758 A-C 

0.01 vs. 10 ns 0.6729 A-D 

0.01 vs. 25 * 0.0273 A-E 

0.1 vs. 1 ns 0.4091 B-C 

0.1 vs. 10 ns 0.7217 B-D 

0.1 vs. 25 * 0.0269 B-E 

1 vs. 10 ns 0.9940 C-D 

1 vs. 25 ns 0.6723 C-E 

10 vs. 25 ns 0.4703 D-E 

 

Figure 4.4B: Matrix biomass  

 

Figure 4.4C: Biofilm Surface Area 

Tukey's multiple comparisons test Summary Adjusted P Value  
0.01 vs. 0.1 ns >0.9999 A-B 

0.01 vs. 1 ns >0.9999 A-C 

0.01 vs. 10 ns >0.9999 A-D 

0.01 vs. 25 ns 0.0711 A-E 

0.1 vs. 1 ns >0.9999 B-C 

0.1 vs. 10 ns 0.9998 B-D 

0.1 vs. 25 * 0.0257 B-E 

1 vs. 10 ns >0.9999 C-D 

1 vs. 25 * 0.0460 C-E 

10 vs. 25 * 0.0367 D-E 

 

Tukey's multiple comparisons test Summary Adjusted P Value  
0.01 vs. 0.1 ns 0.9999 A-B 

0.01 vs. 1 ns 0.3939 A-C 

0.01 vs. 10 ns 0.6717 A-D 

0.01 vs. 25 * 0.0272 A-E 

0.1 vs. 1 ns 0.4336 B-C 

0.1 vs. 10 ns 0.7250 B-D 

0.1 vs. 25 * 0.0273 B-E 

1 vs. 10 ns 0.9957 C-D 

1 vs. 25 ns 0.6497 C-E 

10 vs. 25 ns 0.4706 D-E 
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Figure 4.4D: Matrix Surface Area 

Tukey's multiple comparisons test Summary Adjusted P Value  
0.01 vs. 0.1 ns 0.9999 A-B 

0.01 vs. 1 ns >0.9999 A-C 

0.01 vs. 10 ns 0.9998 A-D 

0.01 vs. 25 * 0.0254 A-E 

0.1 vs. 1 ns 0.9982 B-C 

0.1 vs. 10 ns 0.9972 B-D 

0.1 vs. 25 ** 0.0076 B-E 

1 vs. 10 ns >0.9999 C-D 

1 vs. 25 * 0.0346 C-E 

10 vs. 25 * 0.0371 D-E 

 

Figure 4.4E: Biofilm Average thickness 

Tukey's multiple comparisons test Summary Adjusted P Value  
0.01 vs. 0.1 ns >0.9999 A-B 

0.01 vs. 1 ns 0.3779 A-C 

0.01 vs. 10 ns 0.6524 A-D 

0.01 vs. 25 * 0.0262 A-E 

0.1 vs. 1 ns 0.4096 B-C 

0.1 vs. 10 ns 0.6992 B-D 

0.1 vs. 25 * 0.0256 B-E 

1 vs. 10 ns 0.9959 C-D 

1 vs. 25 ns 0.6586 C-E 

10 vs. 25 ns 0.4807 D-E 

 

Figure 4.4F: Matrix Average thickness 

Tukey's multiple comparisons test Summary Adjusted P Value  
0.01 vs. 0.1 ns >0.9999 A-B 

0.01 vs. 1 ns 0.3787 A-C 

0.01 vs. 10 ns 0.6532 A-D 

0.01 vs. 25 * 0.0263 A-E 

0.1 vs. 1 ns 0.4095 B-C 

0.1 vs. 10 ns 0.6991 B-D 

0.1 vs. 25 * 0.0256 B-E 

1 vs. 10 ns 0.9959 C-D 

1 vs. 25 ns 0.6588 C-E 

10 vs. 25 ns 0.4810 D-E 

 

Figure 4.4G: Biofilm Surface:Biovolume 

Tukey's multiple comparisons test Summary Adjusted P Value  
0.01 vs. 0.1 ns 0.9895 A-B 

0.01 vs. 1 ns 0.0970 A-C 

0.01 vs. 10 ns 0.2946 A-D 

0.01 vs. 25 *** 0.0007 A-E 

0.1 vs. 1 ns 0.1828 B-C 

0.1 vs. 10 ns 0.4807 B-D 

0.1 vs. 25 ** 0.0013 B-E 

1 vs. 10 ns 0.9874 C-D 

1 vs. 25 ns 0.2056 C-E 

10 vs. 25 ns 0.1077 D-E 
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Figure 4.2H: Matrix Surface:Biovolume 

Tukey's multiple comparisons test Summary Adjusted P Value  
0.01 vs. 0.1 ns 0.9863 A-B 

0.01 vs. 1 ns 0.1116 A-C 

0.01 vs. 10 ns 0.2680 A-D 

0.01 vs. 25 *** 0.0005 A-E 

0.1 vs. 1 ns 0.2207 B-C 

0.1 vs. 10 ns 0.4626 B-D 

0.1 vs. 25 *** 0.0009 B-E 

1 vs. 10 ns 0.9961 C-D 

1 vs. 25 ns 0.1312 C-E 

10 vs. 25 ns 0.0873 D-E 

 

Figure 4.6B: Biomasses of GFP-NTHi Intracellular Bacteria Community in NTHi-

colonised eoithelium - Statistical analysis (Kruskal-Wallis test) 

Dunn's multiple comparisons test Summary Adjusted P Value  
NTHi vs. NTHi;RSV ns 0.1283 A-B 

NTHi vs. RSV;NTHi ** 0.0010 A-C 

NTHi vs. NTHi&RSV ns 0.1007 A-D 

NTHi;RSV vs. RSV;NTHi ns 0.7802 B-C 

NTHi;RSV vs. NTHi&RSV ns >0.9999 B-D 

RSV;NTHi vs. NTHi&RSV ns >0.9999 C-D 

 

 

Figure 4.7A: NTHi load in apical washes - NTHi CFU Apical Log2 

Column B NTHi Only 

vs. vs. 

Column A PBS 

Unpaired t test with Welch's correction  
P value <0.0001 

P value summary **** 

Significantly different (P < 0.05)? Yes 

One- or two-tailed P value? Two-tailed 

Welch-corrected t, df t=13.70, df=8.594 

 

Column C RSV Only 

vs. vs. 

Column A PBS 

Unpaired t test with Welch's correction  
P value 0.0012 

P value summary ** 

Significantly different (P < 0.05)? Yes 

One- or two-tailed P value? Two-tailed 

Welch-corrected t, df t=4.761, df=8.493 

 

Column D NTHi;RSV 

vs. vs. 

Column A PBS 

Unpaired t test with Welch's correction  
P value <0.0001 

P value summary **** 

Significantly different (P < 0.05)? Yes 
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One- or two-tailed P value? Two-tailed 

Welch-corrected t, df t=16.08, df=9.418 

 

Column E RSV;NTHi 

vs. vs. 

Column A PBS 

Unpaired t test with Welch's correction  
P value <0.0001 

P value summary **** 

Significantly different (P < 0.05)? Yes 

One- or two-tailed P value? Two-tailed 

Welch-corrected t, df t=19.79, df=9.938 

 

Column F NTHi+RSV 

vs. vs. 

Column A PBS 

Unpaired t test with Welch's correction  
P value <0.0001 

P value summary **** 

Significantly different (P < 0.05)? Yes 

One- or two-tailed P value? Two-tailed 

Welch-corrected t, df t=17.07, df=9.172 

 

Figure 4.7B: RSV load in apical washes - RSV PFU Apical Log2 

Column B NTHi Only 

vs. vs. 

Column A PBS 

Unpaired t test with Welch's correction  
P value >0.9999 

P value summary ns 

Significantly different (P < 0.05)? No 

One- or two-tailed P value? Two-tailed 

Welch-corrected t, df t=0.000, df=14.00 

 

Column C RSV Only 

vs. vs. 

Column A PBS 

Unpaired t test with Welch's correction  
P value <0.0001 

P value summary **** 

Significantly different (P < 0.05)? Yes 

One- or two-tailed P value? Two-tailed 

Welch-corrected t, df t=18.39, df=10.67 

 

Column D NTHi;RSV 

vs. vs. 

Column A PBS 

Unpaired t test with Welch's correction  
P value <0.0001 

P value summary **** 

Significantly different (P < 0.05)? Yes 

One- or two-tailed P value? Two-tailed 

Welch-corrected t, df t=8.608, df=8.293 
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Column E RSV;NTHi 

vs. vs. 

Column A PBS 

Unpaired t test with Welch's correction  
P value <0.0001 

P value summary **** 

Significantly different (P < 0.05)? Yes 

One- or two-tailed P value? Two-tailed 

Welch-corrected t, df t=12.54, df=7.635 

 

Column F NTHi+RSV 

vs. vs. 

Column A PBS 

Unpaired t test with Welch's correction  
P value <0.0001 

P value summary **** 

Significantly different (P < 0.05)? Yes 

One- or two-tailed P value? Two-tailed 

Welch-corrected t, df t=8.110, df=7.362 

 

Figure 4.7C: NTHi load in basolateral media - NTHi CFU Basal Log2 

Column B NTHi Only 

vs. vs. 

Column A PBS 

Unpaired t test with Welch's correction  
P value 0.0070 

P value summary ** 

Significantly different (P < 0.05)? Yes 

One- or two-tailed P value? Two-tailed 

Welch-corrected t, df t=3.670, df=7.545 

 

Column C RSV Only 

vs. vs. 

Column A PBS 

Unpaired t test with Welch's correction  
P value 0.5926 

P value summary ns 

Significantly different (P < 0.05)? No 

One- or two-tailed P value? Two-tailed 

Welch-corrected t, df t=0.5567, df=8.191 

 

Column D NTHi;RSV 

vs. vs. 

Column A PBS 

Unpaired t test with Welch's correction  
P value 0.0536 

P value summary ns 

Significantly different (P < 0.05)? No 

One- or two-tailed P value? Two-tailed 

Welch-corrected t, df t=2.307, df=7.158 

 

Column E RSV;NTHi 

vs. vs. 

Column A PBS 
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Unpaired t test with Welch's correction  
P value <0.0001 

P value summary **** 

Significantly different (P < 0.05)? Yes 

One- or two-tailed P value? Two-tailed 

Welch-corrected t, df t=18.03, df=10.71 

 

Column F NTHi+RSV 

vs. vs. 

Column A PBS 

Unpaired t test with Welch's correction  
P value <0.0001 

P value summary **** 

Significantly different (P < 0.05)? Yes 

One- or two-tailed P value? Two-tailed 

Welch-corrected t, df t=8.077, df=8.441 

 

Figure 4.7D: RSV load in basolateral media - RSV PFU Basal Log2 

Column B NTHi Only 

vs. vs. 

Column A PBS 

Unpaired t test with Welch's correction  
P value >0.9999 

P value summary ns 

Significantly different (P < 0.05)? No 

One- or two-tailed P value? Two-tailed 

Welch-corrected t, df t=0.000, df=14.00 

 

Column C RSV Only 

vs. vs. 

Column A PBS 

Unpaired t test with Welch's correction  
P value >0.9999 

P value summary ns 

Significantly different (P < 0.05)? No 

One- or two-tailed P value? Two-tailed 

Welch-corrected t, df t=0.000, df=14.00 

 

Column D NTHi;RSV 

vs. vs. 

Column A PBS 

Unpaired t test with Welch's correction  
P value >0.9999 

P value summary ns 

Significantly different (P < 0.05)? No 

One- or two-tailed P value? Two-tailed 

Welch-corrected t, df t=0.000, df=14.00 

 

Column E RSV;NTHi 

vs. vs. 

Column A PBS 

Unpaired t test with Welch's correction  
P value >0.9999 

P value summary ns 
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Significantly different (P < 0.05)? No 

One- or two-tailed P value? Two-tailed 

Welch-corrected t, df t=0.000, df=14.00 

 

Column F NTHi+RSV 

vs. vs. 

Column A PBS 

Unpaired t test with Welch's correction  
P value >0.9999 

P value summary ns 

Significantly different (P < 0.05)? No 

One- or two-tailed P value? Two-tailed 

Welch-corrected t, df t=0.000, df=14.00 
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APPENDIX 5: Principal Component Analysis plot of fold-changes of detected 

cytokines in apical washes and basolateral media 
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APPENDIX 5: Representative transverse section histological images of 

stained AEC-ALIs 
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APPENDIX 6: Solutions 

 

1. Cell culture 

 

Complete culture Medium Concentration Volume 

RPMI  500ml 

Heat-inactivated FBS 10% 50ml 

Penicillin/Streptomycin  1% 5ml 

Penicillin/Streptomycin not added when making up antibiotic-free medium. 

 

5% Serum HeLa Medium Concentration Volume 

DMEM  500ml 

Heat-inactivated FBS 5% 25ml 

Penicillin/Streptomycin 1% 5ml 

L-Glutamine 2mM 5ml 

 

2% Serum HeLa Medium Concentration Volume 

DMEM  500ml 

Heat-inactivated FBS 2% 10ml 

Penicillin/Streptomycin 1% 5ml 

L-Glutamine 2mM 5ml 

 

Freezing Medium Concentration Volume 

RPMI  35ml 

Heat-inactivated FBS 20% 10ml 

DMSO 10% 5ml 
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2. ALI Media Concentration Volume 

DMEM  250ml 

Airway Epithelial Cell Basal 

Medium 

 250ml 

Penicillin/Streptomycin 1% 5ml 

Bovine Pituitary Extract 0.004ml/ml  

Epidermal growth factor 

(recombinant human) 

10ng/ml  

Insulin (recombinant human) 5µg/ml  

Hydrocortisone 0.5µg/ml  

Epinephrine 0.5µg/ml  

Triiodo-L-thyronine 6.7ng/ml  

Transferrin (human) 10µg/ml  

Retinoic Acid 50nmol  

Penicillin/Streptomycin not added when making up antibiotic-free medium. 

 

 

 

 

 

 

3. Immunofluorescent Staining 

 

Permeabilisation buffer 

Reagent Concentration Mass/Volume 

Goat Serum 10% 1ml 

PBS 90% 15ml 

Triton-x 0.5% 50µl 

Makes 10mls. Stored at 4oC. 
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4. Bacterial culture 

 

Chocolate agar plates / + kanamycin 

Reagent Concentration Mass/Volume 

Columbia Agar Base 3.9% 7.8g 

Oxalated Horse Blood 7.5% 15ml 

De-ionised Water  200ml 

Kanamycin (20mg/ml) 20µg/ml 215 µl 

Columbia agar base and water are mixed and autoclaved. Agar is cooled to 70oC in a 

water bath for 15 minutes. Horse blood was added and put back in the water bath for 5 

minutes to lyse the blood until the mixture has turned a chocolate colour. If agar is being 

supplemented with kanamycin (for 86-028NP GFP strain) it is then cooled to a maximum 

of 55oC whilst mixing gently before addition of kanamycin.  Plates are then poured, 

allowed to cool and stored at +4oC and dried and warmed before use. 

 

BHI broth 

Reagent Concentration Mass/Volume 

BHI 3.7% 18.5g 

Yeast Extract 0.5% 2.5g 

De-ionised Water  500ml 

BHI, yeast extract and water mixed and placed in universal bottles in 20ml aliquots. These 

are then autoclaved and stored at room temperature. 

 

Supplement Concentration Mass/Volume 

Kanamycin (20mg/ml) 20µg/ml 20 µl  

Hemin (1mg/ml) 10µg/ml 200µl 

β-NAD (200µg/ml) 2µg/ml 200µl 

Kanamycin is stored long term at -20oC and at +4oC for up to 1 month. Hemin and β-

NAD are stored at +4oC. All are added to 20mls of BHI broth as and when needed. 
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APPENDIX 7: Immunofluorescence 

Antibody 
Species 

Raised In 

Primary 

Antibody 

Dilution 

Secondary 

Antibody 

Secondary 

Antibody 

Dilution 

MUC5AC 

(AbD Serotec, 

1695-0128) 

Mouse 1:200 
Anti-Mouse 

AlexaFluor 488 
1:250 

β-tubulin 

(Sigma, 

T5201) 

Mouse 1:500 
Anti-Mouse 

AlexaFluor 488 
1:250 
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APPENDIX 8: Schematic Diagrams 
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