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The pathobiont, Nontypeable Haemophilus influenzae (NTHi), colonises the airway of individuals 
with chronic respiratory disease and is particularly associated with severe, neutrophilic, steroid-
resistant asthma. Although NTHi has been implicated in asthma, respiratory tract viral infections 
remain the main aetiological agent of asthma exacerbations. However, it is now becoming clear 
that the presence of potentially pathogenic bacteria, such as NTHi, are present in the airway prior 
to respiratory tract viral infections.  The macrophage is the predominant immune cell in the airway, 
yet accumulating evidence suggests NTHi is able to infect and persist within macrophages, which 
are also a target of the influenza A virus (IAV). It is unclear whether NTHi infection and persistence 
modulates macrophage responses to respiratory tract viral infections.  

The aim of this thesis was to investigate modulation of macrophage gene expression during 
intracellular NTHi infection and how this interaction impacts on the response of these cells to 
subsequent infection with IAV. In addition, this thesis aimed to investigate transcriptomic 
alterations of NTHi during intracellular infection of macrophages, in order to identify mechanisms 
of persistence.  

To achieve these aims, dual RNASeq analysis of an NTHi-monocyte-derived macrophage (MDM) 
infection model was performed. Transcriptomic analysis of NTHi-infected MDM identified 
enrichment of macrophage intracellular immune response pathways. Use of WGCNA identified 
CASP4, PNRC1 and SGPP2 to be the central MDM genes in the gene module most significantly 
associated with NTHi infection. Despite activation of MDM innate immune responses, NTHi was still 
able to persist within these cells. NTHi adaptation to persistence was associated with modulation 
of bacterial pathways involved in metabolic and stress responses, and downregulation of NTHi 
ribosomal protein genes. However, validation of the top NTHi differentially expressed genes bioC, 
mepM and dps, found strain-dependent expression of NTHi genes. Validation of select macrophage 
intracellular immune response genes demonstrated conservation of the MDM transcriptomic 
response when challenged with additional clinical strains of NTHi. Furthermore, NTHi presence was 
detected by FISH in 56% of severe asthma bronchoalveolar lavage (BAL) samples, which was 
associated with increased neutrophil inflammation (p=0.0462) and asthma duration (p=0.0436). 
Elevated IL1B (p=0.0041), GBP1 (p=0.0477) and SGPP2 (p=0.0221) gene expression was detected in 
samples determined as NTHi positive compared to NTHi negative, indicating modulation of airway 
inflammation by NTHi. Adaptation of the MDM model to incorporate the IAV following NTHi 
infection resulted in further modulation of the infection process; IAV replication levels decreased 
(p=0.0049), whereas NTHi load increased (p=0.0313). Decreased IAV levels was suggested to be due 
to NTHi-mediated upregulation of macrophage anti-viral immunity, specifically the type I IFN 
pathway, prior to IAV infection. Increased NTHi presence was associated with transcriptomic 
changes in NTHi genes previously identified to be involved in NTHi adaptation to intracellular 
persistence, bioC and mepM. Consequently, NTHi-infected macrophages exhibited a sustained 
inflammatory response, compared to MDM infected with IAV-alone. 

The data in this thesis indicate the ability of NTHi to adapt in order to persist within macrophages, 
despite activation of macrophage intracellular immune response pathways. The subsequent 
modulation of IAV infection and NTHi colonisation during co-infection resulted in sustained 
macrophage inflammation that was not sufficient to completely clear either pathogen. Modulation 
of macrophage responses prior to and during bacterial-viral co-infection could have important 
implications for designing future studies to better our understanding of multiple host-pathogen 
interactions in the lung. 
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Chapter 1 Introduction  
1.1 Asthma  
1.1.1 Overview of asthma 
Asthma is a complex, heterogeneous disease of the airways characterised by episodic and reversible 

airway obstruction, hyper-resp 

onsiveness and inflammation1. A variety of factors have been implicated in the onset of asthma 

including genetics, allergen exposure, infection, pollution, diet, hormones as well as stress and 

psychological factors2. Asthma can be diagnosed by clinical assessment of patient history, 

spirometry and allergic sensitivities3. Atopy is the term given to the genetic predisposition to mount 

high immunoglobulin (Ig) E responses against environmental allergens, which can result in the 

development of allergic diseases including allergic rhinitis, atopic dermatitis (eczema) and allergic 

asthma4.These allergic sensitivities are a risk factor for asthma development and can be tested for 

using the skin prick test, which measures reactions to a variety of common environmental 

allergens5, or measuring serum levels of IgE6. However, non-allergic (or non-atopic) forms of asthma 

can develop following exposure to a non-allergic environmental trigger. Clinically defining asthma 

can be complex due to a various number of clinical asthma phenotypes displaying different disease 

pathologies7.  

There is no current cure for asthma, with therapies only designed to manage symptoms. These 

include inhaled/oral corticosteroids and leukotriene modifiers to control airway inflammation and 

bronchodilators such as β2-agonists or anticholinergics for immediate relief of asthma symptoms8. 

However, some phenotypes of asthma appear to be steroid-resistant and unresponsive to 

treatment9. The future of asthma treatment is moving towards modulating specific components of 

the immune system involved in asthma pathogenesis by use of monoclonal antibodies targeting 

inflammatory pathways10,11. However there is still an unmet need for better preventative 

treatments2.  

1.1.2 Epidemiology and burden of asthma 
Asthma affects 300 million people worldwide, with 1 in 10 children and 1 in 12 adults affected1,12. 

In the UK, the majority of the estimated £1.1 billion cost of asthma per annum is generated by 

delivering primary care preventative treatments to manage and ease symptoms13. Despite this cost, 

approximately 75% of asthma hospital admissions could be avoided with improved or better 

primary care14. Deaths caused by asthma are rare but are a leading cause of preventable deaths 

and the UK-wide National Review of Asthma Deaths (NRAD) found that up to two thirds of asthma-

associated deaths could have been prevented if the appropriate care was given, with the number 

of reported deaths in the UK amongst the highest in Europe14,15. Following on from this 2015 NRAD 
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review, Gupta et al. (2018) identified the influence of socio-economic factors on the development 

of asthma and impact subsequent access to treatment, with asthma more prevalent in 

disadvantaged communities in England16. The 20th century saw a dramatic rise in asthma, with 

childhood asthma rates doubling between the 1980s and 200917,18. One theory that attempts to 

explain the increased incidence of asthma is the ‘hygiene hypothesis’, which suggests that modern 

day cleanliness and sterile environments have promoted the development of allergic diseases such 

as asthma by reducing the exposure of individuals to non-infectious organisms during childhood19. 

The hygiene hypothesis is backed by a body of evidence showing that individuals in different living 

environments, such as farms, were exposed to microbial organisms in early life and were less likely 

to go on to develop asthma20–23. The link between microbes and asthma has been further 

demonstrated over the last decade, with a number of studies indicating that the composition of the 

lung microbiome is associated with development of asthma in later life24,25. This concept will be 

discussed further in Section 1.2.  

1.1.3 Airway inflammation and asthma phenotypes 
The heterogeneous nature of asthma renders it difficult to clinically group patients, resulting in a 

spectrum of asthma phenotypes26. A call for studies focused on working towards gaining a better 

understanding and recognition of the various asthma phenotypes resulted in the establishment of 

the World ASthma Phenotypes (WASP) study in 20167,27. Despite the evolving understanding of 

asthma phenotypes, two commonly used definitions focus on allergic and non-allergic asthma26. 

The allergic asthma phenotype is the classical form of asthma most widely recognised and is 

implicated in 50-80% of asthma cases28. Allergic asthma is induced by common environmental 

allergens including house dust mite, pollen, mould and ragweed and is characterised by type 2 (T2) 

inflammation26. T2 inflammation is driven by cytokines such as interleukin (IL)-4, IL-5 and IL-13 

released by T helper (Th) 2 cells which increase the recruitment and survival of eosinophils, an 

innate inflammatory immune cell. T2 inflammation promotes the pathophysiological features of 

eosinophilic asthma including increased basement membrane thickness and corticosteroid 

responsiveness7,26,29,30. As such, a number of therapeutics used in asthma aim to reduce the number 

of eosinophils and T2 cytokines31. However, despite elevated eosinophils levels in asthma, the 

functional role of eosinophils in asthma remain unclear. Observations that IL-5-specific blocking 

antibodies reduce blood and sputum eosinophil levels, but not airway hyper-responsiveness or 

asthma symptoms, provides uncertainty about the pathological role of eosinophils in asthma32.  

The cytokine IL-9 was originally considered a member of the T2 cytokine family, produced by Th2 

cells, however it was identified that a specific subset of Th cells, Th9 cells, are the main source of 

IL-933. Enhanced expression of IL-9 has been identified in the lungs of asthmatic patients with 
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increased mast cell and eosinophil accumulation, mucus hypersecretion and airway hyper-

responsiveness34. Unlike eosinophils, mast cells appear to be present in the airways of asthmatics 

irrespective of disease phenotype or severity35. Mast cells are produced and mature in the bone 

marrow and are crucial effector and regulatory cells during T2 responses. In particular, mast cells 

are responsible for airway bronchoconstriction following exposure to an environmental trigger such 

as an allergen36. The IgE antibody, which is released from activated B cells, attaches to Fc epsilon 

Receptor I (FcɛRI) on mast cells37. Upon binding of the allergen to the exposed fragment antigen-

binding (Fab) region of the antibody, the mast cell is activated and undergoes degranulation 

releasing bronchoconstrictors including histamine, leukotrienes and prostaglandins36,37. Mast cells 

also release cytokines including tumour necrosis factor (TNF) α/β and IL-4, -5, -6, -1β and -13. These 

cytokines have a range of effects on eosinophil production and regulation (IL-5) and stimulate the 

proliferation and differentiation of activated B-cells (IL-4, 5 and 6)36,37. Mast cell release of the 

aforementioned mediators alters permeability and adhesiveness of the vascular endothelium, 

allowing for circulating inflammatory cells to adhere to and migrate into the tissue. A higher degree 

of mast cell degranulation has been shown to occur in asthmatic patients compared to healthy 

controls38, suggesting ongoing mast cell activation in the asthmatic airway promotes the 

characteristic chronic inflammation of the airways37,38.  

The role of the Th subset of regulatory cells (Tregs) is suppression of effector cells in order to 

maintain low levels of airway hyper-responsiveness and limit the above described T2-mediated 

inflammation of the airways34,39. Treg cells are a source of ‘suppressive’ cytokines such as 

Transforming Growth Factor (TGF)-β, IL-10 and IL-35 which act to suppress the local immune 

response22. Lower levels of Tregs have been identified in the blood and lung of individuals with 

asthma, with the isolated Tregs displaying heterogenic functional phenotypes and impaired 

responses40,41. As a result, Treg dysfunction is associated with the failure to suppress an excessive 

T2 response, resulting in asthma development22.  

Although asthma pathogenesis has long been associated with an excessive T2 response and 

increased eosinophil levels, an increasing number of studies now challenge this view, with non-T2 

inflammation evident in some asthma patients31. A literature search conducted by Douwes et al. 

(2002) discovered that only 50% of published asthma cases were associated with eosinophilic 

asthma42. Since the publication of this aforementioned review, it has been recognised that 

neutrophilic inflammation also plays a significant role in asthma and is more commonly associated 

with severe asthma phenotypes, linked to more severe airflow obstruction, steroid resistance and 

increased presence of potentially pathogenic bacteria43,4444,45. Although the neutrophilic asthma 

phenotype is not the most common form of disease (5-20% of all cases), individuals with severe 
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asthma have increased risk for hospitalisation and account for 50-80% of the health care burden of 

asthma46. 

Neutrophils are an innate immune cell involved in microbial killing using an array of intracellular 

and secreted effector molecules47. However, dysregulated release of these neutrophil effector 

molecules can cause further unwarranted inflammation leading to tissue damage and progressive 

loss of lung function. Confirmation of neutrophil infiltration into the lung by analysing bronchial 

biopsies and induced sputum obtained from severe asthma patients found that neutrophilic 

inflammation was mediated by elevated T1/17 immune responses26,30,36,48. 

T17 cytokines include IL-17A, IL-17F and IL-22, however the primary cellular source of these 

cytokines remain unclear. Th17 cells can produce T17 cytokines upon activation, with increased 

frequency of Th17 cells found in the airways of asthmatics. Conversely, both macrophages and the 

epithelium have also been implicated as sources of T17 cytokines49,50. Regardless of the cellular 

source, these T17 cytokines indirectly promote recruitment of neutrophils to the airway by 

increasing the secretion of neutrophil chemokines, such as CXCL8/IL-8, from airway epithelial 

cells51. IL-8 is a potent chemoattractant for neutrophils, highlighted by a >50% reduction in 

neutrophil migration following IL-8 inhibition52. The crucial relationship between IL-8 and 

neutrophils was further highlighted in a study by Hosoki et al. (2015), who investigated a panel of 

48 cytokines and chemokines in BAL fluid to determine which inflammatory mediator(s) could be 

used as a diagnostic marker53. An increase in IL-8 and neutrophil levels together was the only 

inflammatory marker that could distinguish between the severities of asthma phenotypes. Those 

with more severe forms of asthma also exhibit increased inflammasome responses, with elevated 

expression of IL-1β at both the protein and messenger RNA (mRNA) level54. Elevated expression of 

other inflammasome components detected in severe asthma sputum including nucleotide-binding 

domain, leucine-rich repeat, pyrin domain containing 3 (NLRP3), caspase-1 and caspase-4 further 

suggest a role for the inflammasome in severe asthma55.  

Although eosinophil and neutrophil sputum proportions are often used as a marker to differentiate 

between asthma phenotypes, the two inflammatory phenotypes are not mutually exclusive. 

Patients can also display high proportions of both immune cells (mixed granulocytic) or low/no 

proportion of both immune cells (paucigranulocytic). The heterogeneous, complex milieu of 

inflammatory cells in asthma highlight the difficulties in pinpointing the exact underlying 

mechanism of asthma pathogenesis. 

1.1.4 Asthma exacerbations 
An asthma exacerbation is characterised by a worsening of symptoms following exposure to a 

trigger and can be graded in severity as mild, moderate, severe or life-threatening56. Symptoms 
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include wheeze, shortness of breath and chest tightness and are induced by airway inflammation, 

resulting in airflow obstruction and increased airway responsiveness57,58. With approximately 

65,000 hospital admissions yearly in the UK, exacerbations contribute to the considerable health 

care burden of asthma, with the added economic impact due to lost productivity of workers59. In 

general, exacerbations heavily and negatively affect quality of life. Triggers of asthma exacerbations 

include air pollution, cigarette smoking, allergens and bacteria/virus infections1.  

Recognition of air pollution as a cause of an exacerbation can be difficult as there can be a delay 

between a peak in air pollution and a peak in hospitalisations due to an exacerbation event60. 

Pollution sources can be separated into outdoor and indoor pollution. Outdoor sources includes 

pollutants from combustion of natural gas and vehicle fuel, ozone and particulate matter whilst 

indoor sources include fireplaces, heaters and gas stoves1. Cigarette smoking is associated with 

more severe symptoms of asthma and an accelerated decline in lung function, including an 

unexplained impaired response to corticosteroid treatment61. Common allergens such as dust mite, 

cockroach, pet hair/fur, mould and grass pollen are associated with increased asthma-related 

admissions to hospital62. 

Respiratory tract infections have also been identified as a cause of asthma exacerbations. Seasonal 

variations in exacerbation-related hospital admissions occur due to the seasonal nature of some 

circulating pathogens58. In children, seasonal peaks occur in line with the school calendar, whereas 

in older adults, a peak is seen in the winter months, which aligns with increases in circulating viruses 

such as rhinovirus and influenza1. Although the exact role of bacterial infections in exacerbations is 

unclear, various bacteria have been isolated during an exacerbation. The atypical bacterial 

pathogens Mycoplasma pneumoniae and Chlamydia pneumoniae were originally associated with 

exacerbations of asthma63, however numerous other bacterial pathogens now implicated in asthma 

exacerbations include Haemophilus influenzae, Moraxella catarrhalis, Streptococcus pneumoniae, 

Haemophilus parainfluenzae, Klebsiella pneumoniae and Bordetella pertussis64–66. The role of 

bacteria and the microbiome in asthma will be discussed further in Section 1.2.  

1.1.5 Viral exacerbations of asthma 
Despite isolation of bacteria during asthma exacerbations, the most commonly identified organisms 

during exacerbation are viruses, with up to 80% of exacerbations driven by viral respiratory tract 

infections67,68. Viruses are often difficult to detect by standard culture methods, however the 

advent of sensitive molecular techniques led to an increased detection of respiratory viruses from 

samples69. In some cases, polymerase chain reaction (PCR) based techniques identified almost ten 

times more positive samples than culture-dependent methods69. The mechanisms of viral-induced 

exacerbations appear to differ from exacerbations induced by non-infective triggers68. A study by 
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Wark et al. (2002) found increased neutrophil and neutrophil elastase levels during an infective 

exacerbation, whereas exacerbations due to non-infective causes resulted in increased eosinophil 

levels and the number of IL-5+ cells68. Furthermore, it appears that different viruses induce distinct 

airway responses; influenza infection results in increased epithelial cell lysis comparative to 

rhinovirus infection58. In order to develop targeted therapeutics to decrease the incidence of 

exacerbations and improve the quality of life for individuals with asthma58, the exact mechanisms 

by which different triggers cause exacerbations requires clarification. 

A systematic review by Papadopoulos et al. (2011) found no less than 11 viruses associated with 

exacerbations of asthma70. Interestingly, Papadopoulos et al. found differences in the prevalence 

of viruses between adults, children (6 – 17 years old) and infants (<6 years old). High rhinovirus 

prevalence was detected in 55% of children, whereas in adults, rhinovirus prevalence was only 29%. 

Respiratory syncytial virus (RSV) was also lower in adults compared to infants (3% to 19%) with 

prevalence in children also low at 4%. Conversely, detection of influenza virus was higher in adults 

(23%) compared to both infants and children (3% and 2.5% respectively). Depending on the study 

included in the aforementioned systematic review, the reported percentage of each specific virus 

detected during an exacerbation varied. This could be due to numerous differences in each study 

design including sample size, demographics, seasonality and methodologies.  

1.2 Lung Microbiome 
1.2.1 Overview 
The dogma of lung sterility has prevailed since the late 19th century, supported by the lack of 

sensitivity of culture-dependent methods when sampling for bacteria. Subsequent misapplication 

and misinterpretation of microbiology testing and the belief that positive results were due to 

contamination of samples from the upper airway furthered the notion of lung sterility71. The level 

of agreement with this notion was such that the Human Microbiome Project in 2007 did not include 

the lungs amongst the 18 body sites initially sampled71. However, the advent of culture-

independent methods have refuted the dogma of lung sterility by demonstrating that a diverse 

community of bacteria reside in the airways72. Advances in our understanding of the lung 

microbiome have originated largely through sequencing techniques such as 16s RNA sequencing 

which is a much more sensitive method of detecting bacteria in samples compared to conventional 

culture methods73,74. Expanding on 16s RNA sequencing, metagenomics allows for sequencing of all 

genes to allow for exploration of the metabolic and functional profile of the microbial community 

sampled, whereas metatranscriptomics reveals the active functional profile of the community 

which can be compared across different conditions, such as between health and disease73.  

The study of the lung microbiome is a relatively young field, and as such, faces technical and 

methodological challenges72. The increased sensitivity of culture-independent techniques detects 
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contaminants in samples, which can confound the study results75. A variety of contamination 

sources can be introduced during airway sampling and subsequent sample preparation including 

the tools used during bronchoscopy sampling, the bronchoscope rinse fluid, plastic consumables, 

reagents including DNA extraction kits or PCR mastermixes and even researchers themselves75,76. 

Sterile laboratory reagents can contain small amounts of bacterial DNA, therefore reagents used 

for sampling need to be considered as controls for microbiome sequencing experiments to ensure 

that any novel bacteria found are not due to reagent contamination75,77. Contamination by upper 

respiratory tract microbes can occur during sampling of the lower respiratory tract which cause 

difficulties in distinguishing between the microbiome of the upper and lower respiratory tract76. 

Incorporating appropriate controls into microbiome studies is particularly important due to the low 

biomass of the lung microbiome which could otherwise make it difficult to clearly determine the 

microbiome signature above sequencing noise75. Avoiding sample contamination is crucial given 

the observation that even within the lung, bacterial communities differ between anatomical sites78. 

Despite these technical obstacles, studies are now identifying common lung microbiome profiles 

which allows for comparison of the microbiome between health and disease72.   

1.2.2 Development and composition of the lung microbiome 
The mechanisms of lung microbiome development are not entirely clear; it was originally believed 

that the healthy human foetus develops within a bacteria-free environment and acquires a 

microbiome following birth79. Delivery mode impacts on the acquisition and structure of the lung 

microbiome, suggesting that following birth there is a maternal-newborn transfer of microbes in 

which environmental factors influence microbiome acquisition79. However, recent work has shown 

that the lung microbiome of vaginally-delivered and caesarean section-delivered babies were 

similar, suggesting that the lung microbiome was developed in utero80. This is consistent with a 

previous study showing the placental microbiome bears resemblance to the human oral 

microbiome, suggesting the airway microbiome is transplacentally-derived81. Conversely, a more 

recent study found no substantial evidence of bacteria or a structured microbiome in the placenta 

of humans82. The ongoing controversy surrounding placental microbiome presence highlights the 

need for appropriate controls when attempting to characterise environments with low microbial 

biomass.  

The composition of the lung microbiome is influenced by three factors; microbial immigration, 

microbial elimination and the relative reproduction rate of it members71. The primary source of 

microbial immigration is believed to be through microaspiration and direct mucosal dispersion. 

Microbes are cleared (eliminated) mechanically by mucociliary clearance and the innate and 

adaptive immune response within the respiratory tract. Finally, microbial growth/reproduction 

rates vary depending on pressures exerted on microbial communities by the lung environment and 
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the immune response. Microbiome studies at various anatomical sites have found the existence of 

a core microbiome at each location in healthy individuals74. Interestingly, within the lung it appears 

that the core lung microbiome includes potential respiratory tract pathogens25,72,83,84. The 

composition of the lung microbiome is altered in individuals with chronic lung disease, such as 

asthma, which can be further modified during exacerbated periods of disease85. 

1.2.3 Microbiome in asthma 
The last decade has heralded a surge in lung microbiome studies to investigate the relationship 

between the microbiome and health and disease. One of the first studies investigating the structure 

of the microbiome in asthma was published in 2010 by Hilty et al. (2010) who found differences in 

the composition of the microbiome between asthmatics and healthy controls, with an increased 

presence of Proteobacteria25. Subsequent studies have confirmed the increased abundance of 

Proteobacteria in asthma45, with specific Proteobacteria such as H. influenzae, associated with 

more severe, neutrophilic phenotypes of asthma46,86,87. 

The increased presence of specific potentially pathogenic bacteria in the lungs of children have 

been suggested to predispose individuals to development of asthma. Bisgaard et al. (2007) found 

that children who were colonised with these potentially pathogenic bacteria within 1 month of life 

were more likely to develop asthma by the age of 524. It remains unclear as to how bacteria 

influence the development of asthma. However, studies using murine models have suggested that 

an altered microbiome structure favouring potentially pathogenic bacteria, instead of commensal 

organisms such as Prevotella spp. results in an altered immune response to infection. As such, the 

type of colonising microbes may influence host immune development and training88,89. Larsen et al. 

(2014) demonstrated that Peripheral Blood Mononuclear Cells (PBMC) isolated from children prior 

to asthma development in later life displayed aberrant immune responses to potentially pathogenic 

bacteria such as H. influenzae, M. catarrhalis, and S. pneumoniae. Thus, it is possible that 

modulation of immune responses by colonising bacteria in early life may predispose individuals to 

asthma, but the exact mechanisms for this modulation remain elusive.  

Nonetheless, modulation of the host immune response by potentially pathogenic bacteria is 

suggested to contribute to the persistent airway inflammation in individuals that have already 

developed asthma. This concept was proposed by Folsgaard et al. (2013) who found that airway 

colonisation by H. influenzae and M. catarrhalis was associated with increased inflammation, 

including a mixed T1/T2/T17 response with high levels of IL-1β and TNF-α90. The increased presence 

of H. influenzae in particular has been associated with some of the main clinical features of asthma 

including increased bronchial hyperresponsiveness91, increased airway inflammation including 

inflammasome activation91 and elevated pro-inflammatory cytokines86 and increased influx of 
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inflammatory cells such as neutrophils87. As individuals with asthma are treated with steroids to 

reduce airway inflammation, it is possible that the immunosuppressive effects of treatment result 

in the ability of Proteobacteria such as H. influenzae to better colonise the airway. As such, Marri 

et al. (2013) sought to determine whether the microbiome of steroid-naïve asthmatic patients was 

also perturbed92. In concordance with the previous studies, a higher prevalence of Proteobacteria 

was also found in the airways of steroid-naïve asthmatic patients compared to healthy controls. 

This suggests that the altered airway microbiome is not due to any immunomodulatory effects 

caused by steroid treatment and rather that microbiome dysbiosis is a feature of asthma. 

1.2.4 Host-microbiome interactions 
Although the importance of the composition of the lung microbiome between health and disease 

is becoming apparent, the complexities of host-microbiome interactions are only now beginning to 

be appreciated. Increasing evidence indicates that the gut microbiome modulates the host mucosal 

defence response, however less is known about the role of the lung microbiome in regulating the 

host immune response93. Human lung microbiome studies have mainly consisted of using 

metagenomics on large cohorts to identify the microbiome composition. Although metagenomics 

is a powerful tool, simply characterising the microbiome of individuals within cohorts does not 

ascertain any meaningful interactions between the host and resident microbes. A study by Franzosa 

et al. (2014) showed that using metagenomics or determining the relative abundance of a species 

in a sample does not necessarily correlate with the activity of the present microbes as measured 

using metatranscriptomics94. Determining microbial activity could better unveil the functional 

relevance of a particular microbe within a microbiome and whether modulation of host responses 

occur. 

Recent studies have begun to correlate microbial activity with host gene expression. Using a 

combination of shotgun RNA sequencing for microbial identification and host differential gene 

expression, Castro-Nallar and colleagues (2015) identified a host gene profile in response to the 

presence of Proteobacteria95. Expanding on this work, Perez-Losada et al. (2015) used a dual 

transcriptomic profiling technique to simultaneously assess differences in the host and microbial 

functional properties of asthmatic children and healthy controls96. They found differences in 

bacterial metabolism-associated genes between the metatranscriptomes of asthmatic and non-

asthmatic subjects, with host IL1A expression associated with bacterial adhesion96. Although 

studies such as the ones described above have now begun to associate the functional implications 

of the structure of distinct microbial communities in individuals, further work utilising 

metatranscriptomics is needed to determine the exact impact of these altered microbiome profiles 

in the development and progression of asthma and modulation of host immune responses. As 

accumulating evidence implicates certain Proteobacteria species such as H. influenzae in asthma, 
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the impact of the presence of certain pathogens must now be explored utilising experimental 

models aimed at elucidating the mechanisms behind host-pathogen interactions in asthma 

pathogenesis.  

1.2.5 Overview of nontypeable Haemophilus influenzae (NTHi) 
Haemophilus influenzae is a gram negative coccobacillus and a human-restricted pathobiont97. H. 

influenzae is a fastidious organism requiring both hemin (factor X) and nicotinamide adenine 

dinucleotide (NAD, factor V) for growth98. Transmission of H. influenzae occurs via respiratory 

droplets and is commonly isolated from the nasopharynx, middle ear and respiratory tract99–101. H. 

influenzae can be divided into typeable and nontypeable strains depending on the presence or 

absence of a polysaccharide capsule. This capsule is used to classify the encapsulated strains into 

six serotypes (a-f), with those strains not in possession of a capsule unable to be serotyped in this 

manner and are designated as nontypeable Haemophilus influenzae (NTHi).  

NTHi strains are extremely diverse and are given Sequence Type (ST) numbers by multilocus 

sequence typing (MLST)102. The H. influenzae genome is estimated to consist of between 1,700 – 

1,900 genes, however it has been suggested that the NTHi core genome is comprised of only 75% 

of these genes103. The remaining genes are accessory genes which form the supragenome 

(alternatively known as the pan-genome) and are interchangeable104,105. The natural competence 

ability of NTHi allows for acquisition of accessory genes that can be advantageous for survival or 

persistence in a particular environment, which results in vast NTHi strain diversity103. As well as vast 

genomic diversity, phase variation also generates heterogeneity. Phase variation involves a 

reversible ON/OFF switching of gene expression, resulting in a heterogenic phenotype within a 

clonal bacterial population106. The resulting heterogenic population increases the ability of bacteria 

to survive and persist by allowing for rapid adaptation to a changing environment and evasion of 

host immune responses107.  

NTHi infection is associated with various diseases including pneumonia, meningitis, sinusitis, otitis 

media and exacerbations of chronic respiratory diseases such as chronic obstructive pulmonary 

disease (COPD) and asthma64,99,108–110. Until recently, H. influenzae type b (Hib) was the 

predominant cause of H. influenzae-associated disease and morbidity and mortality amongst 

children101. However, the introduction of the Hib vaccine has been successful in reducing Hib-

associated disease such as meningitis, septicaemia, pneumonia and epiglottitis111. A longitudinal 

study by Adam et al. (2010) found that prior to the vaccine, 64.9% of H. influenzae causing invasive 

disease was Hib, which dropped to 9.4% following the introduction of the Hib vaccine112. Carriage 

of Hib appears to decrease and eventually disappear within 24 months from the start of 

vaccination113.  
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The widespread use of the Hib vaccine could contribute to lung microbiome dysbiosis through the 

removal of Hib, causing microbiome restructuring and expansion of NTHi into the ecological niche 

Hib previously occupied. Increasing incidence of NTHi since the introduction of the Hib vaccine is 

apparent; the percentage of invasive disease cases involving NTHi has risen from 29.9% to 70.3%112. 

Elsewhere, Langereis and Jonge (2015) report that in the twenty years following the 

implementation of the Hib vaccine, the number of cases of NTHi infection increased almost 6-

fold114. The Hib vaccine targets the polysaccharide capsule, which is absent in NTHi. As such, other 

vaccine candidates need to be considered for an effective NTHi vaccine. However, the vast antigenic 

heterogeneity of NTHi strains renders it challenging to create an effective vaccine115. For this 

reason, coupled with the increasing prevalence of ampicillin-resistant strains, NTHi was classified 

as a priority pathogen by the World Health Organisation (WHO)116. 

1.2.6 NTHi infection of the respiratory tract 
The first step in establishing infection is adherence to host airway cells110. NTHi express a repertoire 

of cell surface proteins that are important during adherence to and invasion of the respiratory tract. 

These adhesins include pili117, H. influenzae adhesion protein (Hap)118, High Molecular Weight 

(HMW) protein 1/2119, Hia120, P4/lipoprotein e, P5121,122 and lipoolygosaccharide (LOS)123, which can 

facilitate NTHi adherence to a variety of airway structures. The outer membrane lipoprotein e (P4), 

encoded by the hel gene, adheres to components of the extracellular matrix124,125, whereas P5 

interacts with intracellular adhesion molecule 1 (ICAM-1/CD54) expressed on epithelial cells121. 

Similarly, NTHi pili can bind to ICAM-1126 and also human respiratory mucins which are the major 

component of airway mucus127. The HMW proteins and Hia bind to host cell sialic acid, which is 

found in high abundance in the human respiratory tract128–130.  

NTHi expression of LOS differs from lipopolysaccharide (LPS) which is expressed by the majority of 

gram-negative bacteria, due to the lack of the O-antigen131. The structure of LOS varies between 

NTHi strains due to phase variation, resulting in multiple heterogeneous LOS glycoforms132. The 

expression of phosphorylcholine (ChoP) on LOS allows NTHi to interact with a host cell surface 

receptor called platelet-activating factor (PAF), enabling adherence and invasion of host cells133. As 

such, elevation of the PAF receptor in the chronically inflamed airway could explain persistent 

colonisation by NTHi133. The duration of NTHi airway colonisation varies, with longitudinal studies 

of cystic fibrosis and COPD suggesting persistence ranges from months up to as long as 7 years134–

136.  

One method by which some bacteria are able to persist within the airway is by formation of a 

biofilm. A biofilm can defined as an aggregation of microorganisms that adhere to each other 

and/or a surface surrounded by an extracellular polymeric substance (EPS)137. One of the most 
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studied biofilm formers within the lung is Pseudomonas aeruginosa, which is able to adapt to the 

cystic fibrosis airway and persist through biofilm formation138. The first evidence of NTHi airway 

biofilm formation in vivo was provided in bronchoalveolar lavage samples from cystic fibrosis 

patients139. However, the majority of work contributing to our current understanding of NTHi 

biofilm formation is in the context of otitis media101. Nonetheless, the ability of NTHi to form lung 

biofilms remains a controversial concept.  

NTHi has traditionally been considered an extracellular pathogen, however an increasing number 

of reports suggest that NTHi is able to invade cells to enhance airway persistence and survival140. 

Geme et al. (1990) first used an in vitro model to demonstrate NTHi adherence and invasion of 

epithelial cells141. NTHi entry into cells consists of various mechanisms including receptor-mediated 

endocytosis142 and macropinocytois143,144 and often requires substantial cell cytoskeletal 

rearrangements. Early studies using epithelial cell lines showed NTHi persistence both 

paracellularly and intracellularly for up to 7 days post initial infection145. Ren et al. (2012) later 

expanded on this work and detected viable NTHi 10 days after infection in an air-liquid interface 

(ALI) co-culture model146. Intracellular residence of NTHi within airway epithelial cell membrane-

bound vacuoles was also demonstrated by use of transmission electron microscopy143. 

One of the first indications of NTHi invasion of phagocytic cells was provided by Forsgren et al. 

(1994) who used transmission electron microscopy to visualise replicating, intracellular NTHi within 

macrophage-like cells isolated from adenoid tissue147. Early work by Ahren et al. (2001) found that 

in contrast to the invasion of epithelial cells as reported by Swords et al. (2000), the PAF receptor 

on monocytes was not involved with NTHi invasion of monocytes133. Instead, NTHi entered 

monocytes through receptor-mediated endocytosis mediated by interactions with a β-glucan 

receptor142. Furthermore, evidence for NTHi entry into macrophages by lipid-raft mediated 

endocytosis has been shown, with lipid raft inhibitors blocking invasion of NTHi into alveolar 

macrophages148. Following invasion of phagocytic cells, NTHi is able to persist intracellularly, with 

Craig et al. (2001) demonstrating the varying ability of different clinical isolates to survive inside 

mouse cell line macrophages for up to 24 h149.  

It is not clear how NTHi is able to survive once inside a macrophage. However gene expression 

studies have shown that modulation of NTHi gene expression contributes to enhanced intracellular 

survival by upregulation of stress response genes and metabolic pathways150,151. One adaptation 

identified is regulation of NTHi carbonic anhydrase expression, which plays a role in enhancing NTHi 

survival within THP-1 cells and in environments with low CO2 levels152. Furthermore, when faced 

with a low nutrient environment, NTHi promoted the preferential route of macropinocytosis to 

enter epithelial cells, resulting in NTHi avoiding host cell degradation mechanisms144. Together, 
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these studies highlight the capacity of NTHi to adapt when challenged by environmental or host 

immune pressures during infection of the respiratory tract. 

1.2.7 NTHi and asthma 
Numerous studies have isolated NTHi from the airway of individuals with asthma, with NTHi 

presence suggested to be associated with the development and progression to more severe 

disease. Childhood NTHi carriage is a risk factor for the development of asthma in later life24,25, with 

the seminal paper by Hilty et al. (2010), finding a Haemophilus-dominant microbiome in the airway 

of individuals with asthma25. A Danish study that sampled children at 1 month of age found that 

colonisation by NTHi was associated with increased risk of developing asthma in the first 5 years of 

life24. Building on these observations in humans, a murine model of airway disease demonstrated a 

potential functional consequence of NTHi colonisation. Mice colonised with NTHi after 3 days of life 

exhibited an exacerbated response when later challenged with an allergen, suggesting NTHi 

contribution to aberrant host immune development109. However the exact role of NTHi colonisation 

of the airways of infants in early life and subsequent development of asthma is still unclear. 

NTHi has been implicated in asthma exacerbations, but has also been isolated from the airways of 

asthmatics during stable periods of disease1,65,66,86,153. In particular, NTHi has been associated with 

neutrophilic, steroid-resistant asthma64. Experimental models trying to unpick the observations of 

NTHi and neutrophilic inflammation in cohort studies have confirmed this association. Murine 

models of allergic airways disease found that NTHi infection of mice drove the development of 

steroid-resistant neutrophilic inflammation154,155. However it remains unclear whether, in humans, 

NTHi contributes to the progression of severe, neutrophilic, steroid resistant asthma or if NTHi takes 

advantage of the chronically inflamed and damaged airway that is characteristic of severe asthma.  

Neutrophilic asthma is also less responsive to treatment and is often associated with corticosteroid 

resistance. Development of steroid resistance in asthma has been suggested to be due to increased 

NLRP3, caspase-1 and IL-1β responses to NTHi infection54. Suppression of IL-1β-mediated responses 

in mice also prevented the development of the steroid resistant features of asthma. Thus, 

minimising the burden of NTHi infection in severe asthma could reduce the development of steroid-

resistance and improve outcomes for patients requiring steroids to manage their symptoms. 

1.3 Immune response of the respiratory tract 
The respiratory tract is constantly exposed to the dangers of the external environment156. To 

protect the body from foreign particles, the respiratory tract initially utilises physical barrier 

mechanisms. Layers of epithelial cells line the respiratory tract and adhere to neighbouring cells, 

forming a tight barrier. Within this barrier, specialised epithelial cells known as goblet cells produce 

mucus to trap any large foreign particles. Through use of cilia on the epithelial cell surface, the 
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trapped particles are mechanically shifted upwards are expelled from the body by expectoration156. 

This physical mechanism, known as mucociliary clearance, is not always impenetrable and small 

foreign bodies, including pathogens, can bypass this mechanism156,157. An immunological defence is 

required to prevent any further spread of infection, which is composed of two response arms; the 

innate and the adaptive response. Each arm performs specialised functions responsible for ensuring 

the body remains protected from infection. The innate immune response is the first line of defence 

against pathogens and in the lung is composed of leukocytes and epithelial cells that line the 

alveolar surface and airways158. The role of the innate response is to respond immediately and non-

specifically to potential threats through recognition of common microbial ligands and initiation of 

a broad anti-microbial response158. In contrast, the adaptive response has evolved to respond to 

and remember specific microbial antigens in order to induce a targeted immune response towards 

the detected threat. These two arms of the immune system are exquisitely linked; cells of the innate 

arm such as macrophages and dendritic cells ingest and present components of foreign particles to 

cells of the adaptive immune arm such as T cells and B cells. These adaptive immune cells are 

recruited and further activated by innate immune cell release of cytokines, chemokines and growth 

factors which promote the specialized responses of the adaptive immune response159.  

1.3.1 Development of macrophages 
The predominant innate immune cell in the healthy respiratory tract is the macrophage, which is a 

critical regulator of the innate arm of the immune response160. Macrophages belong to the 

mononuclear phagocyte system and were once believed to arise from bone marrow progenitors161. 

However, it has recently been identified that this mononuclear phagocyte system arises from at 

least three sources: the yolk sac, the fetal liver and the bone marrow162. Progenitors that arise from 

the yolk sac are believed to be tissue-resident cells which persist throughout life and self-maintain 

the macrophage population in each cellular compartment independently from hematopoietic 

input161,162. Monocytes generated in the fetal liver are believed to be precursor for alveolar 

macrophages, as determined by fate-mapping studies163,164. Finally, bone marrow derived 

progenitors give rise to circulating monocytes which can be recruited to tissues during infection and 

develop into macrophages. It is believed that these monocyte-derived macrophages have a 

shortened life-span compared to embryonic-derived macrophages161. 

Macrophages have a wide array of functions specific to the anatomical niche in which they are 

resident of, with differing macrophage populations present throughout organs in the body; alveolar 

macrophages populate the lung, Kupffer cells in the liver, osteoclasts in the bone and microglia in 

the brain161,165. Alveolar macrophages self-replicate by a Granulocyte-Macrophage Colony-

Stimulating Factor (GM-CSF)-dependent mechanism, which is crucial for the development and 

maintenance of alveolar macrophage function163166. The importance of GM-CSF signalling for 
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maintenance of macrophage function is shown by the rare disease pulmonary alveolar proteinosis, 

which results in accumulation of alveoli surfactant due to defective macrophage function as a result 

of the loss of GM-CSF signalling167. Furthermore, GM-CSF knockout (KO)-mice exhibit other 

macrophage functional abnormalities including defective phagocytosis, decreased oxygen radical 

production and abnormal cytokine responses to lung infection which can be corrected by 

administration or rectification of GM-CSF expression166.  

1.3.2 Role of macrophages in innate immunity 
Macrophages orchestrate the airway immune defence response, regulate inflammation and 

maintain homeostasis and participate in immune resolution processes168. The defensive role of 

macrophages allows for effective detection and recognition of pathogens, production of pro-

inflammatory mediators to recruit and activate other components of the immune response, and 

phagocytosis of pathogens to prevent further spread of infection160,169,170. The role of macrophages 

in immune balance and regulation ensures that inflammatory responses are controlled and not 

excessive in order to prevent unnecessary damage to the local tissue. However, when tissue 

damage occurs, macrophages are involved in immune resolution processes such as efferocytosis. 

This process results in clearance of apoptotic cells to prevent release of the contents of dying cells 

to the external environment, which could propagate local inflammation171. Macrophages can also 

produce anti-inflammatory mediators such as IL-10 and TGF-β which can signal to dampen pro-

inflammatory response and restore homeostatic balance172. These secreted molecules, along with 

growth factors such as vascular endothelial growth factor (VEGF) and hepatocyte growth factor 

(HGF) can also promote tissue repair following acute lung injury173.  

Although the adaptive arm of the immune system is more likely to be associated with immune 

memory, recent studies have demonstrated the ability of macrophages to undergo innate immune 

training. Immune training involves epigenetic modifications following initial challenge, which 

results in altered responsiveness upon secondary stimulation174. The type of immune training 

macrophages undergo depends on the type of stimulus and the local microenvironment and can 

either be termed immune memory or tolerance174. For example, stimulation of macrophages using 

different types of receptor ligands resulted in development of immune tolerance and differential 

repression of pro-inflammatory responses175. Although suppression of macrophage pro-

inflammatory responses in the lung may help prevent excessive tissue damage from unwarranted 

inflammation, slower or delayed responses to further stimulation may result in increased 

susceptibility to bacterial infection, a phenomenon commonly observed following viral infection176. 

On the other hand, trained immunity inducing memory can result in enhanced pro-inflammatory 

responses upon re-stimulation, which can be beneficial. Stimulation with B-glucan results in 

‘priming’ of macrophages with enhanced pro-inflammatory responses upon secondary challenge177.  
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Within the lung, macrophages have a high degree of plasticity, allowing them to alter their 

functional phenotype depending on the airway inflammatory environment178. Previous 

macrophage nomenclature classified macrophages into ‘M1’ and ‘M2’ phenotypes. M1 

macrophages were defined as ‘classically activated’ (LPS + Interferon (IFN)-γ) and mediated pro-

inflammatory, anti-microbial effector responses. In contrast, M2 macrophages were classed as 

‘alternatively activated’ (IL-4 + IL-13) and defined as mediating inflammation resolution and tissue 

repair responses179. However, recent studies have shown a diverse spectrum of macrophage 

activation states, suggesting the M1-M2 polarisation model is too simple to be applied to 

macrophage phenotypes180–182. An elegant transcriptome-based network analysis study by Xue et 

al. (2014) provided transcriptomic evidence for this spectrum of macrophage activation states180. 

By exposing macrophages to a variety of stimuli, Xue et al. identified a number of diverse 

macrophage activation programmes, far more complex than the originally proposed M1/M2 

activation axis. Macrophage phenotyping is further complicated when macrophages isolated from 

disease, such as asthma, have an altered phenotype when compared to healthy controls183. The 

role of the macrophage in the context of NTHi infection will be discussed further below. 

1.3.3 Recognition of pathogens 
Upon encountering a pathogen, macrophages recognise conserved molecular structures called 

pathogen-associated molecular patterns (PAMPs) found in microorganisms, using a repertoire of 

germline-encoded pattern recognition receptors (PRRs)184. There are different classes of PRRs 

including Toll-like receptors (TLRs), NOD-like receptors (NLRs), retinoic acid-inducible gene (RIG)-I-

like receptors (RLRs) and C-type lectin receptors (CLRs). These receptors recognise a diverse array 

of PAMPs or damage associated molecular patterns (DAMPs), which will be discussed in more detail 

below.  

To date, 13 TLRs have been identified, however only 10 of these have shown to be expressed in 

humans185. TLRs recognise an assortment of ligands from various microorganisms and are 

traditionally expressed either on the cell surface, or on the membrane of intracellular 

compartments, such as endosomes185. The initial detection of NTHi by macrophages occurs through 

TLR2 or TLR4. TLR2 is an extracellular TLR and forms heterodimers with TLR1 and TLR6 and is able 

to detect NTHi ligands such as lipoproteins169,186,187. TLR4 is also an extracellular TLR which typically 

recognises bacterial LPS or LOS169. The importance of TLR2 and TLR4 in the immune response to 

NTHi has been shown in mouse KO studies; TLR2 or TLR4 KO mice infected with NTHi have 

decreased production of TNF-α, IL-1β and IL-6 and impaired bacterial clearance compared to 

control mice188,189 
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Although TLR2 and TLR4 are traditionally known to recognise bacterial PAMPs, they have also been 

implicated in detection of viral pathogens190. TLR4 was the first TLR to be shown to respond to virus; 

TLR4-mediated production of IL-6 from monocytes was detected in response to RSV fusion 

protein191. Furthermore, single nucleotide polymorphisms (SNPs) in TLR4 have resulted in reduced 

responses to both the traditional TLR4 ligand LPS and the RSV fusion protein192,193. TLR2 can also 

recognise viral envelope proteins, viral capsid proteins or viral proteins released from cells194. In 

mouse KO studies, TLR2 KO mice showed a reduced response to RSV195, whereas mice treated with 

the TLR2 agonist Pam2Cys showed enhanced viral clearance and antiviral activity, suggesting a role 

for TLR2 in antiviral immunity196. 

Intracellular TLRs include TLR3, 7, 8 and 9, which are expressed on the membrane of endosomes 

and are responsible for monitoring these compartments for the presence of intracellular 

pathogens. TLR3 recognises double stranded RNA (dsRNA), whereas TLR7 and TLR8 are structurally 

similar receptors and recognise single stranded RNA (ssRNA). All three TLRs were traditionally 

implicated in detection of viral pathogens190. However, these TLRs are also able to detect bacterial 

pathogens. Expression of TLR3 was found to be upregulated in epithelial cells following NTHi 

infection197, and when an anti-TLR3 monoclonal antibody was used to inhibit TLR3, decreased 

production of NTHi-induced chemokine (C-C motif)-ligand (CCL)5 and chemokine (C-X-C motif) 

ligand (CXCL)10 was observed198. The gene expression of TLR7 was also shown to be upregulated in 

macrophages infected with NTHi199. TLR9 detects unmethylated 5'—Cytosine—phosphate—

Guanine—3’ (CpG) DNA but a role for responding to NTHi infection is unclear. Purified NTHi DNA 

was shown to induce Nuclear Factor kappa-light-chain-enhancer of Activated B Cells (NF-κB) 

activation via TLR9, however this stimulation was absent when cells were stimulated with whole, 

live NTHi200. Furthermore, in TLR9 KO mice, no difference in alveolar macrophage response to NTHi 

where found compared to wild-type mice201. Although TLR9 is traditionally implicated in detection 

of bacterial pathogens, it has also been shown to play an important role in the detection of CpG 

DNA from viruses202.  

In addition to TLRs, RLRs are cytoplasmic sensors of viral RNA, crucial in triggering antiviral 

responses. A member of the RLR family, RIG-I, has shown to be induced by both viral and bacterial 

PAMPs, despite traditionally being considered a cytosolic viral sensor203. Macrophages infected 

with Legionella pneumophila produced a RIG-I-dependent interferon response204, with another 

bacterial pathogen, Salmonella enterica serovar Typhimurium, also activating a RIG-I-dependent 

interferon response in non-phagocytic cells205. The expression of RIG-I has been shown to be 

increased in macrophages exposed to NTHi199.  
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Similarly to RLRs, NLRs are cytosolic intracellular receptors, however NLRs detect peptidoglycan, a 

component of the bacterial cell wall206. The most well characterised NLRs are NOD1 and NOD2, 

which have been suggested to synergise with TLR signalling to augment host responses206. As well 

as stimulation of pro-inflammatory cytokines and chemokines via NF-κB, NOD pathway activation 

can also increase IFN-β production, as demonstrated following intracellular infection by Listeria 

monocytogenes or Mycobacterium tuberculosis207. Evidence for NOD1/2 signalling in the host 

defence against NTHi has also been shown in a murine NTHi infection model208.  

Within the NLR family are a subset of NLRs that form part of the multiprotein assembly known as 

the inflammasome, a cytosolic complex involved in the activation of innate inflammatory immune 

responses209. Inflammasome assembly following recognition of bacteria results in activation of 

caspase-1, which promotes cleavage of the pro-IL-1β and pro-IL-18 inflammatory cytokines into 

their mature forms and subsequent amplification of pro-inflammatory responses209. This version of 

inflammasome activation is termed canonical inflammasome activation. In contrast, upon 

detection of cytosolic LPS, caspase-4 and -5 (caspase-11 in mice) can induce noncanonical 

inflammasome activation210,211. The noncanonical pathway can be activated by direct detection of 

LPS by caspase-4/5 independent of TLR4212 or through interactions with guanylate-binding proteins 

(GBPs)213. GBPs are a family of interferon inducible proteins involved in the host defence against 

intracellular pathogens214. GBPs can be recruited to pathogen-containing vacuoles or can bind to 

intracellular pathogens to facilitate recruitment of caspase-4 to the bacterial cell surface and 

subsequent activation of the noncanonical inflammasome pathway resulting in caspase-1 

activation, pyroptosis and IL-1β maturation215,216. Components of the inflammasome are 

upregulated by both a macrophage cell line and human alveolar macrophages in response to NTHi 

infection217.  

Finally, CLRs are a large family of transmembrane or soluble receptors which play an important role 

in maintaining homeostasis through recognition of both exogenous (non-self) and endogenous 

(self) carbohydrate ligands218. In the context of responding to pathogens, CLRs sense carbohydrate 

structures on pathogens and trigger signalling pathways to modulate cellular responses219. Dectin-

1 is a CLR expressed in the lung and shown to be involved in modulating the pro-inflammatory 

response to NTHi220 and is also a receptor used by NTHi to invade monocytic cells142. 
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Figure 1.1. Generalised overview of the macrophage inflammatory response to NTHi . Macrophages sense 

NTHi via a wide array of PRRs including TLRs (1-7, 9), CLRs (Dectin-1), NLRs (NOD1/2) and RLRs 

(RIG-I). Upon recognition of extracellular NTHi ligands including lipoprotein (TLR1/2 and 

TLR2/6), LOS (TLR4) and carbohydrate moieties (Dectin-1) or NTHi-derived genetic material 

within an endosome (TLR3/7/9) or in the cytosol (RIG-I, NOD1/2), downstream signalling events 

via MyD88, TRIF or CARD9 occur. These signalling pathways either converge on the 

transcription factor NF-κB, which causes an upregulation in the transcription and production of 

pro-inflammatory mediators such as TNF-α, IL-6 and IL-8, or on IRF transcription factors which 

results in an increase in the production of IFN. These IFN act upon the macrophage in an 

autocrine or paracrine manner via the JAK-STAT pathway, upregulating the expression of 

interferon stimulated genes and the release of inflammatory mediators such as CXCL10. 

Signalling events and detection of cytosolic LOS upregulates members of the inflammasome 

pathway, which results in caspase-mediated cleavage of pro-IL-1β into mature IL-1β. NTHi = 

Nontypeable Haemophilus influenzae, LOS = lipoolygosaccharide, TLR = toll like receptor, CLRs 

= C-type lectin receptors, NLRs = NOD-like receptors, RLRs= RIG-I-like receptors, IRF = interferon 

regulatory factor, NOD = nucleotide binding oligomerization domain, MyD88 = Myeloid 

differentiation primary response 88, TRIF = TIR-domain-containing adapter-inducing 

interferon-β, CARD9 = caspase-associated recruitment domain 9, JAK = Janus kinase, STAT = 

signal transducer and activator of transcription, RIG-I = retinoic acid-inducible gene I, MAVS = 

Mitochondrial antiviral-signalling protein. Figure created using BioRender.com. 
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1.3.4 Production of pro-inflammatory mediators 
Upon recognition of PAMPs by PRRs, signalling pathways are activated for the downstream 

production of pro-inflammatory mediators (Figure 1.1). Adaptor proteins such as Myeloid 

differentiation primary response 88 (MyD88), TIR-domain-containing adapter-inducing interferon-

β (TRIF) and caspase-associated recruitment domain 9 (CARD9) act downstream of PRRs and are 

important in signal transduction and triggering of immune responses. All TLRs signal via the MyD88-

dependent pathway, except TLR3 which signals via the TRIF-dependent pathway190 and TLR4 which 

can stimulate both the MyD88-depedent and TRIF-dependent pathways221. In contrast, Dectin-1 

signals via CARD9, however in macrophages, Dectin-1 activation of pro-inflammatory responses has 

been suggested to require additional TLR co-stimulation via MyD88222. NLRs can also signal via 

CARD9, however the primary adaptor protein involved in NLR signalling is the receptor-interacting 

protein kinase 2 (RIPK2)223. Finally, RLR signalling, such as the RIG-I signalling pathway can occur via 

the adaptor mitochondrial antiviral-signalling protein (MAVS)224. 

These aforementioned adaptor proteins facilitate induction of downstream signalling resulting in 

the activation of NF-κB and interferon regulatory factors (IRFs), which are transcription factors 

responsible for the regulation of pro-inflammatory cytokines and chemokines184. The role of NF-κB 

as a central transcription factor in the response to NTHi has been demonstrated. Following binding 

of NTHi to TLR2/4, signalling is induced by NF-κB leading to increased production of macrophage 

inflammatory mediators such as TNF-α, IL-6 and IL-8186,217,225,226. However, certain NTHi antigens 

stimulate an enhanced response compared to others; NTHi outer membrane protein (OMP) P6 

selectively induces IL-8 and TNF-α, whereas NTHi OMP P2 is a weak inducer of these mediators225. 

Alternatively, whereas TLR4/MyD88 signalling and NF-κB activation results in upregulation of pro-

inflammatory genes, TLR4/TRIF-dependent signalling results in IRF-mediated upregulation of IFN 

responses169. As such, production of IFN can be induced in a TLR-dependent manner by TLR 3, 4, 7, 

and 9 or a TLR-independent manner by RIG-I, either via NF-κB or IRF activation of IFN genes227,228. 

There are three types of IFN (I, II and III) which when released, can act on cells in an autocrine or 

paracrine manner to activate and amplify the anti-viral immune response. Following PRR detection 

of a pathogen, signalling cascades result in upregulation of type I IFN gene expression and protein 

release. These IFN proteins can then bind to the IFN receptor and amplify the IFN response by 

stimulation of the JAK-STAT signalling pathway, resulting in the upregulation of numerous 

interferon stimulated genes (ISGs) which further enhances pathogen detection and innate immune 

signalling227,229,230. Although the initiation of the IFN pathway is traditionally associated with anti-

viral immunity, the upregulation of IFNs has been detected in response to NTHi227,231. One 

mechanism in which NTHi activates anti-viral responses is through NTHi DNA triggering type I IFN 

signalling, resulting in upregulated CXCL10 expression231. CXCL10 is traditionally expressed 
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following viral infection and recruits T cells and Natural Killer (NK) cells to the source of 

infection232,233. Moreover, infections of macrophages using live NTHi showed a downregulation of 

IFNB gene expression levels, suggesting that NTHi is able to modulate macrophage anti-viral 

pathways234.  

1.3.5 Macrophage phagocytosis 
Phagocytosis is a mechanism utilised by a subset of specialised immune cells known as ‘professional 

phagocytes’ which includes macrophages, dendritic cells and neutrophils235. When macrophages 

were first discovered by Ellie Metchnikoff, they were described as ‘big eaters’, referring to their 

phagocytic ability236. Phagocytosis is defined as the uptake of particulates (>0.5 µm) within a plasma 

membrane envelope237. There are a variety of uptake mechanisms that depend on particle size, 

receptor-ligand interactions and cytoskeleton rearrangements237.  

Phagocytosis is composed of a series of complex and sophisticated events. Macrophages express 

an array of dedicated phagocytic receptors for microbial ligands which include lectin-like receptors 

including CD169 and CD206, scavenger receptors (SR) such as SR-A, Macrophage Receptor with 

Collagenous Structure (MARCO) and CD36 and C-type lectins such as Dectin-1 and Myeloid 

Inhibitory C-type Lectin-like Receptor (MICL)237–240. The importance of these receptors to 

macrophage phagocytosis is highlighted by in vitro studies; modulation of macrophage MARCO 

expression by altering calcium levels in vitro found that phagocytosis of NTHi was higher in those 

macrophages with increased surface level expression of MARCO241. The aforementioned receptors 

play a role in non-opsonized phagocytosis, however macrophages express immunoglobulin 

receptors including Fc gamma Receptor (FcγR)IIa which participate in enhancing phagocytosis of 

microbes that have been opsonized by antibodies or components of the complement system170. In 

contrast, FcγRIIb is an inhibitory receptor, which downregulates FcγR-mediated phagocytosis242. 

Once the pathogen is bound to a receptor, cytoskeletal membrane rearrangements bring the 

pathogen into the macrophage resulting in the production of an internal vesicle known as a 

phagosome237. Pathogens can also enter macrophages by endocytic pathways, resulting in 

localisation of pathogens within an endosomal compartment. Through a series of maturation and 

fusion events, the phagosome or endosome matures into an acidic compartment known as the 

phago/endolysosome170. A number of proteins are involved in coordination of this maturation 

process, including the Rab GTPases. Identification of early or late stages or maturation can be 

detected through the presence of ‘early’ markers such as Rab5 which is lost upon compartment 

maturation which gain ‘late’ markers such as Rab7243. The Rab7-interacting lysosomal protein (RILP) 

facilitates fusion of late endosomes/phagosomes with lysosomes. Within this matured 

compartment, the pathogen is neutralised to prevent any further spread of infection and is 
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processed for antigen presentation. This series of events is simplified and is highlighted in Figure 

1.2, however, the exact mechanisms of pathogen internalisation is complex and is dependent on 

both the pathogen itself and the receptors that initiate phagocytosis235,237.  

 

  
Figure 1.2. Mechanism of NTHi clearance by macrophages. Upon recognition of NTHi by an array of 

dedicated phagocytic receptors including FcγRIIa, CD3, SR-AI, MARCO, CD36, Dectin-1, MICL, 

CD206 and CD169, NTHi is brought into a macrophage phagosome through a series of 

cytoskeletal re-arrangements. NTHi can also enter via endocytic pathways. NTHi containing 

compartments such as endosomes or phagosomes are initially decorated with early protein 

markers such as Rab5, which are subsequently lost upon maturation of compartments and 

acquisition of the late protein marker Rab7. Final stages of maturation involves fusion of late 

compartments with lysosomes which is facilitated by Rab7-interacting lysosomal protein (RILP). 

Following phagosome/endosome fusion with a lysosome, the compartment matures into a 

phago/endolysosome, an acidic compartment which results in the destruction of NTHi. FcγRIIa 

= Fc fragment of IgG receptor IIa/b, CD = Cluster of Differentiation, SR-AI = Scavenger Receptor 

AI, MICL = Myeloid inhibitory C type-like lectin. Adapted from Gordon (2016)237. 
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1.3.6 Macrophage impairment in asthma 
Although fundamental to the airway immune response, macrophages have an altered phenotype 

in asthma183. As previously described, macrophages are a major source of pro-inflammatory 

cytokines in the lung. Increased levels of TNF-α, IL-1β, IL-6 and IL-8 were found in the airway of 

asthmatic patients compared to healthy controls36. Furthermore, increased presence of IL-17+ 

macrophages has been found in the BAL of asthmatic patients suggesting that macrophages play a 

role in shaping the T17 response in asthmatics and promoting neutrophilic inflammation49. On the 

other hand, a role for macrophages in eosinophilic airway inflammation has also been suggested. 

Macrophages in the asthmatic airway can be activated by IL-4 and IL-13, which induces macrophage 

production of eotaxin, a chemoattractant for eosinophils244. Depleting macrophages from allergen-

sensitized and challenged mice showed a reduction in eosinophilic infiltration and inflammation245. 

A similar decrease in eosinophil recruitment and eotaxin production was observed following 

transfer of naïve macrophages to sensitised mice246. These studies suggest that macrophage 

dysfunction and phenotype could be central in promoting specific types of airway inflammation in 

asthma.  

Monocyte-derived macrophages from the blood of asthma patients also exhibit reduced phagocytic 

activity, indicating that functional impairment of phagocytic cells in asthmatics is not limited to the 

lung247. This phagocytic defect appeared to be more pronounced in macrophages obtained from 

severe asthma patients, but did not appear to extend to inert particles, suggesting the defect is 

pathogen-specific247. Furthermore, alveolar macrophages from individuals with severe asthma 

show impaired phagocytosis of apoptotic cells in comparison to macrophages from healthy controls 

or mild asthmatics248. A similar defect in phagocytic capacity has also been reported in patients with 

COPD, with reduced uptake of NTHi by both alveolar macrophages and monocyte-derived 

macrophages249,250. Impairment in macrophage regulation and clearance of NTHi in the asthmatic 

airway could contribute to persistent and chronic NTHi colonisation of the lung. In addition, this 

macrophage impairment could prevent viral clearance of the airways, allowing viral infection to 

occur and potentially contribute to a viral-driven exacerbation of asthma.  

1.4 Influenza 
1.4.1 Pathology of influenza infection 
Influenza is a seasonal virus, with epidemics in non-tropical regions occurring annually during the 

colder months of autumn and winter251. Epidemics in tropical climates are not as common, however 

can occur during the rainy season252. The WHO estimates that annual influenza epidemics cause 3-

5 million cases of severe illness, resulting in 290,000 – 650,000 deaths253. Influenza is highly 

contagious and spreads through aerosolised droplets produced by an infected individual254. The 

virus infects the respiratory tract, resulting in the sudden onset of symptoms such as fever, cough, 
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headache, sore throat, runny nose, muscle and joint pain and malaise253. After 1-2 weeks, influenza 

infection is self-limiting in healthy adults, however those in ‘at-risk’ groups such as the young, 

elderly, immunocompromised or those with chronic medical conditions, such as asthma, can suffer 

from a more severe illness or secondary complications253,255,256.  

The emergence of a novel influenza strain which the population has little immunity against is 

characterised as a pandemic252. Unlike seasonal strains, pandemics are thought to occur in cycles257. 

Pandemics are often major causes of mortality and morbidity and result in high financial burden 

due to health care cost and lost productivity of workers252. Although there are four subtypes of 

influenza, A-D, the influenza A virus is most commonly associated with respiratory illness in 

humans258. In the 20th Century, the most devastating influenza A pandemics occurred in 1918, 1957, 

1968 and 1977259. The 1918 pandemic killed approximately 50 million people and is regarded as the 

mostly deadly pandemic on record to date260. Although the influenza virus itself causes severe 

illness and respiratory tract damage, the majority of deaths during the 1918 pandemic appeared to 

be as a result of secondary bacterial infection leading to pneumonia261.  

1.4.2 Influenza structure  
The influenza virus is a small, enveloped virus belonging to the Orthomyxoviridae family262. The 

influenza viral genome is composed of eight segments of negative sense, single-stranded RNA 

(Figure 1.3)263. These segments encode for viral proteins including three viral RNA-dependent RNA 

polymerase (RdRP) proteins, polymerase acidic protein (PA) and polymerase basic protein (PB) 1 

and 2 which form the ribonucleoprotein (RNP) complex264,265. Two segments encode for viral cell 

surface proteins hemagglutinin (HA) and neuraminidase (NA) and another segment encodes 

nucleoprotein (NP), which is also a component of the RNP complex266. Both HA and NA undergo 

antigenic drift and shift, resulting in a high mutation rate in these proteins267. The variation in these 

proteins allows for classification of influenza by the subtype of HA and NA on the cell surface267. 

Although there are many genetically distinct subtypes – 16 HA and 9 NA, only three HA (H1, H2 and 

H3) and two NA (N1 and N2) subtypes are commonly implicated in human epidemics 257,264. Another 

genome segment encodes for two proteins crucial for influenza replication, the M1 matrix protein 

and the M2 ion-channel protein267–269. Finally, the smallest segment encodes for influenza non-

structural (NS) proteins NS1 and NS2, which is alternatively known as nuclear export protein 

(NEP)264. Although it is described here that 8 RNA segments encode for 10 proteins, the proteome 

of the influenza virus appears to be more complex than originally believed. A further 7 ‘accessory’ 

proteins arising from alternative splicing and frameshift mutations have been discovered: PB1-F2, 

PB1-N40, PA-X, PA-N155, PA-N182, M42, and NS3270.  
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Figure 1.3. Influenza A virus genome and virion structure. (A) Genome structure highlighting the eight viral 

RNA segments (PB2, PB1, PA, HA, NP, NA, M and NS). Black boxes indicate the non-coding 

regions, the hatched boxes represent the packaging signals responsible for packaging into 

virions. The numbers indicate the nucleotide length. (B) Virion structure of IAV. HA, NA and the 

M2 channel are inserted into the lipid bilayer. An inner surface envelope made up of M1 protein 

sits below the lipid bilayer, with NEP also a component of the inner surface. The eight RNA 

segments are enclosed with NP which is associated with the viral RNA-dependent RNA 

polymerase complex which is composed of PB1, PB2 and PA. HA = hemagglutinin, NA = 

neuraminidase, M1/2 = matrix 1/2, NEP = nuclear export protein, NP = nucleoprotein. Image 

from Breen et al., (2016)263 CCBY 4.0 

1.4.3 Influenza infection of the respiratory tract 
The influenza virus is transmissible in droplets produced by infected individuals and is able to gain 

access to and infect the respiratory tract254. The influenza virus first adheres to host cells through 

binding of viral HA, to sialic acid residues on the host cell, which triggers viral entry via 

endocytosis271. The virus is then trafficked to an endosome where acidification changes the 

environmental pH, which activates the M2 ion channel protein and induces dissociation of the viral 

RNP core272. This core complex is then transported to the nucleus where viral replication 

occurs265,267. The M1 matrix protein interacts with viral RNA and NP and in association with 

NS2/NEP, facilitates the export of the RNP complex into the cytosol267,269,273. Production of new viral 

progeny is generated in the cytosol and concentrates at lipid rafts near the surface of the cell, where 

budding of the plasma membrane occurs, forming a complete new viral particle269,274. As these 

particles are linked to the cell surface through HA binding to sialic acid, NA cleaves these linkages 
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to release the new viral particle, which can then infect other cells275. This type of infection is termed 

‘productive’ as new infectious virions are released from infected cells276.  

Although responsible for prevention of respiratory infection, lung macrophages are often targets 

of influenza infection276–278. Attachment to macrophages is achieved through binding to sialic acid 

residues on the cell surface279, however a sialic-independent attachment can occur via macrophage 

C-type lectin receptors which also mediate viral entry280,281. Despite influenza attachment and entry 

into macrophages, there is debate on the ability of influenza to infect macrophages. Some studies 

suggest that infection is abortive282,283 whilst others report productive infection 277,278,284. Notably, 

Marvin et al. (2017) tested a panel of 28 distinct influenza viruses and found that only a small subset 

were able to productively infect macrophages, suggesting varying pathogenesis of influenza 

strains285. In a mouse model of influenza infection, Le et al. (2013) demonstrated contrasting murine 

respiratory tract pathology caused by two genetically similar strains of influenza virus286. Infection 

with one influenza strain induced higher levels of cytokines such as CXCL10, IL-6, TNF-α, an 

increased number of infiltrating inflammatory immune cells and increased tissue damage 

throughout the lung compared to the other tested influenza strain286. Furthermore, Campbell et al. 

(2015) found that macrophage phenotype was a determinant of the ability of influenza to infect 

cells287. Together, these studies suggest that influenza-macrophage interactions are complex and 

depend on both virus strain and macrophage origin and phenotype. 

1.4.4 Treatment and vaccine strategies 
There are two main classes of antiviral drugs that have shown to be effective in treating influenza 

infection: M2 inhibitors and neuraminidase inhibitors288. Both antiviral drug classes prevent the 

establishment of influenza infection by inhibiting components of viral replication. However, 

resistance to these drugs can occur and become persistent in circulating strains288,289. Discovering 

new classes of drugs against influenza is hampered by rapid evolution of resistance in strains. An 

example of this is the broad-spectrum anti-viral favipiravir, which is a nucleoside analog targeting 

the viral RNA-dependent RNA polymerase. Although no reports have indicated favipiravir resistance 

so far, it has been shown in vitro that mutations in the viral polymerase can potentially lead to 

resistance290.  

Due to the rapid evolution of the influenza virus resulting in increasingly limited efficacy of anti-

viral drugs, vaccination remains the primary strategy for prevention and control of influenza291. 

Although the influenza virus has strong immunogenic surface proteins, both HA and NA undergo 

antigenic shift and drift, resulting in mutation of these vaccine target sites267. Therefore, a seasonal 

influenza vaccine is generated annually by predicting which exact strains will be in circulation in the 

upcoming year292. Individuals given the seasonal vaccine may not be protected from an emerging 



Chapter 1 

27 

pandemic strain as it is unlikely to be included in the seasonal vaccine291. Due to the unpredictability 

of emerging strains and the year-by-year variation in vaccine efficacy, it is important to pursue 

alternative treatment strategies to reduce the impact of influenza infections by determining the 

conserved mechanisms by which influenza is able to establish infection in the airway. 

1.4.5 Influenza and asthma  
As discussed above, reducing influenza burden is currently attempted through vaccination. 

Individuals with asthma are regarded as an ‘at risk’ group so are recommended the seasonal 

vaccine. Vaccination has shown to prevent 59-78% of hospitalisations associated with asthma 

exacerbations293, however, vaccination coverage rate in children is low. An investigation into 

vaccination rates in Europe found that only 6.1% of children received the annual vaccine294. Children 

are vehicles for the dissemination of viruses within communities, as highlighted by peaks in 

hospitalisation for viral induced exacerbations reflecting the school calendar295. Thus, increasing 

influenza immunisation of children could provide herd immunity to fellow classmates and adults 

who do not receive the vaccine296.  

The importance of reducing annual influenza burden is clear, as asthma is one of the most common 

risk factors for hospitalisation with seasonal influenza297–299. Observational studies show that 1.5% 

to 23% of samples tested from patients admitted to hospital presenting with an asthma 

exacerbation were positive for the influenza A virus70,300–303. The systematic review by 

Papadopolous et al. (2011) previously discussed in Section 1.1.5, identified a lower proportion of 

exacerbations associated with influenza in children. However, a more recent analysis of the 2003 – 

2009 influenza seasons found that 32% of children aged 17 years or younger hospitalised due to 

influenza also had asthma304. The variation in influenza detection rates could be due to differences 

in sample size, demographics, seasonality and the methodologies used. Dawood et al. (2011) 

suggest that changes in testing practices, increased influenza awareness and availability of sensitive 

PCR testing for influenza viruses, may have resulted in a higher proportion of hospitalisations and 

exacerbations to be associated with the influenza virus304. 

The most recent 2009 H1N1 pandemic caused an estimated 575,000 deaths305,306, which has 

resulted in the 2009 pandemic being labelled as ‘mild’ when compared to the estimated 50 million 

deaths caused by the infamous H1N1 pandemic in 1918260. Despite the ‘mild’ label, asthma was the 

most common risk factor associated with hospitalisation during the 2009 H1N1 influenza 

pandemic307–309, with some studies suggesting that between 22-29% of patients admitted to 

hospital with influenza also had asthma310,311. Asthmatics appear to be more susceptible to 

influenza infection, perhaps as a consequence of the chronic inflammation that is characteristic of 

the asthmatic airway, resulting in damaged airways better allowing for IAV attachment and entry 
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into host cells. Conversely, the IFN response in asthma airway bronchial epithelial cells is impaired, 

with lower amounts of IFNs produced following viral stimulation312. Given that innate IFN responses 

are crucial in restricting influenza infection313, this IFN defect in the asthmatic airway could account 

for the susceptibility of asthmatics to viral infections such as influenza.  

1.4.6 Macrophage immune response to influenza  
Macrophage depletion studies have shown that macrophages are crucial responders to influenza. 

In influenza-infected animal models, macrophage depletion resulted in reduced viral clearance and 

increased morbidity and mortality314,315. As described previously, GM-CSF is a cytokine that 

promotes the survival, proliferation and function of lung macrophages166. Treatment of mice with 

GM-CSF increased numbers of macrophages and conferred protection against influenza, 

highlighting the fundamental role of macrophages in controlling influenza infection316,317.  

Macrophages detect influenza infection through RIG-I and TLR7, however the gene expression of 

these PRRs vary between early and late infection, suggesting these receptors play different roles 

during infection318. RIG-I detects the 5′-triphosphorylated RNA of the replicating influenza genome 

within the cytosol of infected cells, whereas TLR7 detects viral RNA that has been taken up into the 

endosome319,320. Following detection of influenza, macrophages respond by secretion of a number 

of cytokines including TNF-α, IL-1β, IL-6, IL-12, IL-15, IL-18, IL-27 and IL-29318,321,322 and increased 

expression of the chemokines CCL2, CCL4, CCL5, CXCL8, CXCL9, CXCL10 and CXCL11318,322,323. 

Influenza induces the expression and release of interferons from macrophages, with IFN-α and IFN-

β both upregulated following influenza infection318. Interferons stimulate the expression of ISGs in 

neighbouring cells, which prime cells into an antiviral state319. 

Despite the fundamental role of macrophages in controlling influenza infection, excessive 

responses or immune cell infiltration could in fact contribute to the pathology caused by the 

virus324. In murine models, immune cell infiltration by macrophage and neutrophils and increased 

release of pro-inflammatory mediators including TNF-α, IL-1β, IL-6, IL-12, CXCL10 and IFN-β 

following influenza infection were associated with severe lung pathology324–326. Despite increased 

immune cell infiltration and inflammatory responses, viral titres in the lungs of mice were not 

reduced324.  

An important immune function of macrophages to reduce viral tires is phagocytosis of influenza-

infected cells. Macrophages phagocytose influenza-infected cells undergoing apoptosis which 

prevents the virus from producing new virions and therefore limits viral spread327. Using a mouse 

model, Hashimoto et al. (2007) showed that inhibiting phagocytosis increased the mortality rate of 

mice infected with influenza328. Given the previously described deficiency in asthmatic macrophage 

phagocytosis and the dysregulated immune response observed during influenza infection, 
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macrophage impairment could dually contribute to the chronic inflammation of the asthmatic 

airway and susceptibility to a viral infection, resulting in a viral-driven exacerbation. 

1.4.7 Co-infection in the airway 
With the expanding knowledge of the lung microbiome71, and the increasing number of airway 

observational studies reporting the presence of bacteria and virus simultaneously329–333, the original 

paradigm of infection models only using a single pathogen to model airway host-pathogen 

interactions needs to be reconsidered. It is apparent that influenza infection does not occur in 

isolation, but rather on a background of bacterial colonisation. In asthma, NTHi is detected in up to 

60% of patients with severe, neutrophilic, steroid resistance asthma46. Co-infection of bacteria and 

virus results in more severe exacerbations and hospital readmission of individuals with chronic 

respiratory disease334. As individuals with more severe forms of asthma account for up to 80% of 

the health care burden and associated costs46, the impact of NTHi colonisation and viral infections 

on the immune response and development of exacerbations requires urgent investigation. 

Interactions between bacteria and viruses in asthma have been investigated more widely in early 

life development studies. Early life viral respiratory tract infections have been suggested to lead to 

development of asthma in later life335. The majority of studies investigating this have focussed on 

RSV and more recently rhinovirus infection. However, a recent study suggests that no specific viral 

trigger, but rather, the number of respiratory episodes predisposes individuals to asthma in later 

life335. As Bisgaard et al. (2007) demonstrated that presence of Proteobacteria such as NTHi resulted 

in increased risk of asthma development in later life24, the modulation of host immune 

development and responses by colonising bacteria prior to early life viral infection must be 

considered more extensively. 

Given the observation of increased NTHi in the asthmatic airway and the increased risk associated 

for individuals with asthma for hospitalisation with influenza infection24,25,46,304, the interactions of 

these two pathogens and implications for the host airway immune response requires further 

investigation. Observational studies have identified the presence of H. influenzae during influenza 

infection65,336–338. Co-infection with influenza and H. influenzae increases severity of disease, 

compared to infection by each pathogen alone252. It is not clear how NTHi modulates the immune 

response to viral infection in asthma, however associations between NTHi and viral infection have 

been demonstrated in COPD, with presence of NTHi and rhinovirus associated with lower lung 

function, increased exacerbation risk and increased airway inflammation332,339.  

Traditionally, investigations of co-infection in the airway have focussed on influenza and secondary 

bacterial infection, of which H. influenzae is often implicated252. However, it is now clear that the 

presence of bacteria precede viral infection. As a result, studies are now beginning to investigate 
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the influence of the microbiome and specific bacteria on shaping the immune response to a viral 

challenge. Ichinohe et al. (2011) found mice commensal gut microbiota regulate the immune 

defence against influenza. After oral antibiotics were used to deplete commensal bacteria, 

defective anti-viral immunity from CD4+ T-, CD8+ T- and B-cells was detected, which resulted in 

increased viral titres88. Building on this work Abt et al. (2012) used transcriptional profiling and 

functional assays following antibiotic depletion of gut commensal bacteria in mice, and found a 

defect in macrophage anti-viral immune signalling, particularly in the interferon signalling 

pathway340. This defect was apparent prior to viral infection as decreased macrophage 

responsiveness to virus was associated with a reduction in steady-state transcription of anti-viral 

pathways. In these murine studies, it is not clear which specific commensals are involved in 

attenuating the immune response, and how the gut-lung microbiome axis influences lung immune 

responses. However, it is implied that dysbiosis of the microbiome could render individuals more 

susceptible to viral infection. More functional studies in the human lung are required to determine 

whether the shift in the structure of the asthmatic microbiome towards an overgrowth of 

Proteobacteria, in particular increased presence of NTHi25, also results in modulation of host 

immune responses to viral infection that was observed in the aforementioned murine studies.  

Limited studies specifically investigating NTHi-influenza-macrophage interactions have been 

performed, however different combination of pathogens and host cells indicate the potential for 

prior bacterial colonisation or infection of the host to affect the subsequent immune response to a 

viral infection. For example, the potential of macrophage-bacteria interactions shaping the immune 

response has been shown by Wang et al. (2013) who demonstrated that S. aureus priming recruits 

monocytes which mature into a macrophage phenotype capable of inhibiting influenza-mediated 

inflammation341. More recently, two studies have investigated the effect of host cell co-infection 

with the influenza A virus (IAV) and respiratory tract pathogens such as S. pneumoniae and NTHi. 

Both studies demonstrated a physical interaction between bacteria and IAV which enhanced S. 

pneumoniae adherence to epithelial cells342, influenza infection of Madin-Darby Canine Kidney 

(MDCK) cells and influenza uptake and internalization by THP-1 cells343. In contrast, earlier work did 

not pre-incubate pathogens prior to infection of host cells and found differing results in infection 

dynamics. One study found no effect of prior NTHi infection of epithelial cells on IAV replication344, 

whereas another study found NTHi infection inhibited subsequent RSV replication and infection345, 

but rendered epithelial cells more susceptible to rhinovirus infection346. Overall, there appears to 

be contrasting results of protection or synergism between different combinations of pathogens 

depending on the experimental infection model used. Further work is required to fully elucidate 

the modulation of macrophage responses to influenza infection by pre-colonising NTHi. 
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1.5 Summary  
The role of the lung microbiome in the development and modulation of immune responses are not 

well understood. In chronic respiratory diseases such as asthma, the microbiome is perturbed, with 

an increased abundance of potentially pathogenic Proteobacteria, such as NTHi, detected even 

during stable periods of disease25,65,86,347. In particular, NTHi is associated with more severe forms 

of asthma and a neutrophilic, steroid-resistant asthma inflammatory phenotype54,293,347. It is not 

clear how NTHi is able to persist in the respiratory tract, but has been suggested to reside 

intracellularly within host cells, such as macrophages147,149,348 and is able to regulate gene 

expression to enhance intracellular persistence150. It is unknown whether NTHi intracellular 

persistence modulates the macrophage immune response and contributes to asthma progression 

or exacerbations. Although up to 80% of exacerbations are virally driven67,68, increasing evidence 

suggests the presence of potentially pathogenic bacteria precedes the arrival of a virus in the 

respiratory tract. It is unclear whether this colonising bacteria modulates host responses to a virus, 

potentially resulting in dysregulation of inflammatory responses and exacerbation of disease.  

1.6 Aims and hypothesis 

This project has two main hypotheses: 

1) Both macrophage and NTHi gene expression will be modulated during intracellular 

infection.  

2) NTHi infection of macrophages compromises the ability of macrophages to respond to a 

subsequent viral challenge. 

The specific aims for this project are: 

1. Develop a model of NTHi intracellular persistence within monocyte-derived macrophages 

(MDM) 

2. Characterise the MDM response to NTHi infection  

3. Determine changes in the gene expression of MDM during infection with NTHi by dual 

RNASeq 

4. Validate macrophage genes of interest in the NTHi-MDM infection model  

5. Determine changes in the gene expression of NTHi during infection of MDM by dual 

RNASeq 

6. Validate NTHi genes of interest in the NTHi-MDM infection model using additional clinical 

strains of NTHi  

7. Assess the ability of influenza to infect macrophages following NTHi infection of 

macrophages  

8. Investigate MDM and NTHi gene expression in severe asthma BAL samples 



Chapter 1 

32 

 

To achieve these aims, the impact of NTHi intracellular infection of macrophages will be explored 

using dual RNASeq to determine transcriptomic changes in both host and pathogen gene expression 

during infection. Firstly, an NTHi-macrophage infection model will be optimised using a MDM 

model. MDM have previously been extensively used to model macrophage-pathogen interactions 

for a variety of organisms including NTHi, M. catarrhalis, S. pneumoniae, RSV and IAV240,349–352. 

However in order to ensure successful sequencing of NTHi-MDM infection, various factors require 

optimisation. Most importantly, MDM and NTHi need to remain viable throughout infection, 

allowing for sufficient RNA to be recovered for sequencing. Once optimised, multiple clinical strains 

will be used to assess MDM responses, to ensure comparable responses are detected to 

heterogeneous NTHi strains.  

Transcriptomic analysis of MDM and NTHi gene expression will be performed using R packages such 

as edgeR and DESeq2 for differential gene expression analysis353,354. The biological relevance of 

differentially expressed genes will be explored using freely available online gene ontology tools. 

Validation of the top differentially expressed genes will confirm whether the expression of MDM 

genes in response to additional clinical strains of NTHi is conserved, assessing whether 

macrophages are able to mount similar transcriptomic responses to diverse clinical NTHi strains. 

Additionally, validation of NTHi gene expression across multiple NTHi strains, as well as comparing 

expression of genes between intracellular and extracellular, planktonic state NTHi will identify 

conserved genes important for intracellular survival which could potentially be therapeutically 

targeted to reduce the burden of chronic NTHi infection.  

Once NTHi-MDM interactions have been characterised by bioinformatic analysis of the dual 

RNASeq data, the impact of NTHi infection of macrophages prior to influenza A infection will be 

assessed. MDM previously infected with NTHi will be incubated with IAV and assessed for viral 

replication, regulation of immune responses and NTHi viability by flow cytometry, quantitative PCR 

(qPCR), Lactate Dehydrogenase (LDH) assay, Luminex/Enzyme-Linked Immunosorbent Assay 

(ELISA) and live viable counting.  

Finally, the expression of MDM and NTHi genes identified in the dual RNASeq analysis and 

subsequent modelling with IAV will be investigated in severe asthma BAL samples to determine 

whether NTHi modulation of macrophage gene expression during a stable period of asthma can be 

detected and correlate with patient symptoms and clinical characteristics.
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Chapter 2 Materials and Methods 
2.1 Ethics and patient recruitment  
Blood was collected from healthy volunteers in accordance with the Leukocytes: Inflammation 

Model Systems (LIMS) protocol approved by the Hampshire A Research Ethics Committee 

(13/SC/0416). The inclusion criteria for healthy donors includes a) individuals between the ages of 

18 - 65, b) individuals able to give informed consent and c) individuals who the research team 

believe will comply with the study. The exclusion criteria include a) individuals who have had 

respiratory infection in the previous month, b) individuals using anti-inflammatory, antibacterial or 

antiviral medication currently or in the previous month, c) individuals that have evidence of drug 

abuse and d) individuals the research team deem unsuitable for the study.  

Bronchoalveolar lavage (BAL) samples were obtained from a sub cohort of patients undergoing 

bronchoscopy as part of the Wessex Asthma Cohort of Difficult Asthma (WATCH) study in 

accordance with the protocol approved by the West Midlands – Solihull Research Ethics Committee 

(REC reference: 14/WM/1226), as per Azim et al. (2019)355. 

2.2 Isolation and differentiation of monocyte derived macrophages 
(MDM) 

After individuals gave written informed consent, 120 ml blood was obtained using BD vacutainer 

lithium heparin blood collection tubes (BD Biosciences, Oxford, UK). Blood was diluted with 

Dulbecco’s Phosphate-Buffered Saline (PBS) (Sigma-Aldrich, Gillingham, UK) before carefully 

layered onto Ficoll Plaque-Plus (GE Healthcare, Little Chalfont, UK) and subjected to density 

centrifugation at 800 g for 30 min at 20°C. Peripheral blood mononuclear cells (PBMC) were 

harvested from the interface and washed in PBS and centrifuged at 400 g for 10 min. Harvested 

PBMC were counted on a haemocytometer and washed in PBS, followed by centrifugation at 400 g 

for 5 min before being resuspended in 80 µl magnetic-activated cell sorting (MACS) buffer (2mM 

EDTA, 0.5% (v/v) Bovine Serum Albumin (BSA) in PBS) per 107 PBMC and 10 μl CD14+ magnetic 

microbeads (Miltenyi Biotec, Surrey, UK) per 107 PBMC. PBMC were incubated on ice for 20 min 

before washing with MACS buffer and centrifuged at 400 g for 5 min. PBMC were resuspended in 

500 µl MACS buffer per 108 PBMC and run through a pre-washed LS MACS column (Miltenyi Biotec). 

To flush unlabelled cells through the column, 3 ml MACS buffer was washed through the column 

three times. To remove the retained CD14+ positive cells from the column, the column was 

transferred to a fresh falcon tube and 5 ml of MACS buffer was added before firm application of 

the plunger. The 5 ml cell suspension was made up to 10 ml with PBS and counted on a 

haemocytometer. CD14+ monocytes were resuspended at 106 cells per ml in RPMI media (Sigma-

Aldrich) supplemented with 2 mg/ml L-glutamine, 0.05 U/ml penicillin, 50 μg/ml streptomycin, 0.5 

μg/ml amphotericin B (all Sigma-Aldrich), 10% (v/v) heat-inactivated foetal bovine serum (FBS) and 

2 ng/ml GM-CSF (R&D Systems, Abingdon, UK), known as MDM culture media. Monocytes were 



Chapter 2 

34 

seeded at 5 x 105 cells per well in 48-well culture plates, incubated at 37℃, 5% CO2, and 

differentiated into MDM over 12 days, with culture media replaced every 48 h. This method of 

differentiation generates macrophages exhibiting a ‘lung-like’ macrophage phenotype which has 

previously been described to resemble human alveolar macrophages250,356,357. GM-CSF 

differentiated MDM and human alveolar macrophages (AM) are phenotypically comparable, 

including similar phagocytic capacity250, cytokine production356 and expression of functional cell 

surface markers358. Furthermore, GM-CSF is crucial in regulating AM function in vivo166,167 and is 

abundantly expressed in the asthmatic lung359, thus the use of GM-CSF to generate MDM 

phenotypically similar to AM from asthma was chosen to better represent macrophage-pathogen 

interactions in asthma using an in vitro model. 

2.3 Lung sample processing from WATCH study 
BAL was collected from patients and stored on ice until processing by members of the WATCH study 

team. Briefly, samples were filtered using a 100 μm cell strainer and centrifuged at 790 g for 10 min 

at 4°C. The cell pellet was resuspended in PBS and a cell count using the trypan blue exclusion 

method was performed to assess cell viability, which identified a median BAL cell viability of 77% 

(Figure 2.1). Subsequently, the cell suspension was adjusted to 5 x 105 cells per ml in PBS. Cell 

cytospins were generated, with 75 μl of the cell suspension added to a cytospin funnel and 

subjected to centrifugation using a Shandon Cytospin® centrifuge at 450 rpm for 6 min. Slides were 

left to air dry at room temperature for at least 2 h before use or stored at -20°C until required for 

Fluorescence in situ hybridization (FISH, as described in 2.24). The remaining cell suspension was 

resuspended to allow for a minimum of 5 x 105 cells per ml and centrifuged at 790 g for 10 min at 

4°C. The sample was resuspended in 500 μl QIAzol and vortexed for 30 s. Samples were stored at -

80°C until RNA isolation was performed (as described below in 2.9).  

Sputum was also collected and processed for each patient, and although sputum samples were not 

used in this thesis, the differential sputum cell counts were used to determine patient inflammatory 

phenotypes. Briefly, sputum was obtained by members of the WATCH study team and was stored 

on ice until processing. Sputum was weighed and diluted with 2 volumes of 0.2% (w/v) dithiothreitol 

(DTT) to processed sputum weight (g) and vortexed for 15 s. Sample was placed on a bench roller 

in ice for 30 min. The sample was then passed through a 100 μm cell strainer and centrifuged at 

790 g for 10 min at 4°C. The cell pellet was resuspended and a cell count using the trypan blue 

exclusion method was performed to assess cell viability, which indicated a median sputum cell 

viability of 70% (Figure 2.1). Cells were resuspended to a concentration of 5 x 105 cells per ml to 

generate cytospin slides, with 75 μl of the cell suspension added to a cytospin funnel and subjected 

to centrifugation using a Shandon Cytospin® centrifuge at 450 rpm for 6 min. Slides were left to air 

dry at room temperature for at least 2 h before use or stored at -20°C until required.  
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Figure 2.1. Viability of BAL and sputum cells. The trypan blue exclusion method was used to assess cell 

viability of cells obtained from both BAL and sputum. The median percentage cell viability for 

BAL cells (77%) and sputum cells (70%) indicate good viability was retained during sampling and 

processing. N=25. 

2.3.1 Enumeration of cells in lung samples 
For both BAL and sputum differential cell counts using the stored cytospin slides, a rapid 

Romanowsky stain was used to visually identify cells360. Cytospin slides were fixed in methanol for 

30 s and left to air dry. Slides were next stained for 30 s in eosin, blotted to remove excess solution 

before staining in methylene blue solution for 1 min. Slides were then rinsed under running tap 

water and left to air dry overnight. Once dry, slides were manually counted under a light 

microscope, with a total of 400 cells manually counted to determine the proportion of 

macrophages, neutrophils, eosinophils, lymphocytes and epithelial cells present in each sample. 

Sputum cell counts were used to determine the inflammatory phenotype of patients using 

published cut off values361–363: 

Inflammatory phenotype  Sputum percentage cut off 

Neutrophilic asthma    ≥40% neutrophils 

Eosinophilic asthma    ≥3% eosinophils 

Mixed granulocytic asthma  ≥40% neutrophils and ≥3% eosinophils 

Paucigranulocytic asthma  <40% neutrophils and <3% eosinophils 

 

2.4 Culture and storage of NTHi strains 
The NTHi strains used in this study were ST942, 203, 103, 1447, 408, 14, 201 and a Green 

Fluorescent Protein (GFP)-labelled strain 375SR. All NTHi were cultured from Southampton COPD 

patients352,364, apart from GFP-375SR, which was received as a kind gift from Dr. Derek Hood (MRC 

Harwell). GFP-375SR is a GFP-tagged streptomycin resistant strain of NTHi-375, a clinical otitis media 

isolate from a Finnish study on children undergoing tympanocentesis between 1994 to 1995365,366. 

Characterisation of the Southampton NTHi strains, including whole genome sequencing and 

antimicrobial resistance testing, was performed by Dr. K. Osman and Rebecca Anderson (University 
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of Southampton)367,368. Only ST14, ST201, ST408 and GFP-375SR were used for in vitro experiments. 

NTHi stocks of these four strains were grown and frozen for long term storage according to an 

established method published by Kirkham and colleagues369. Briefly, NTHi was cultured from frozen 

stock on to chocolate blood agar plates (CHOC, Oxoid, Basingstoke, UK) and incubated overnight at 

37°C, 5% CO2. Single NTHi colony forming units (CFU) were selected and inoculated in 

supplemented Brain Heart Infusion (BHI) media (30 mg/L Hemin (Sigma-Aldrich, Paisley, UK), 10 

mg/L β-Nicotinamide adenine dinucleotide (β-NAD, Sigma) and 44 ml/L glycerol at 37°C, 5% CO2 

for 8 hours before addition of heat inactivated FBS (20%) for storage at -80°C in 1 ml aliquots. 

Kirkham et al. (2013), have shown that NTHi retains viability when stored this way369. Counts of 

frozen NTHi stocks were routinely performed to determine the concentration of aliquots prior to 

use and to ensure NTHi viability remained stable over time (Figure 2.2). 

 

 

 

Figure 2.2. Live viable counts of frozen stocks of the four NTHi strains used for in vitro infection experiments 

throughout this thesis.  Frozen stocks of NTHi ST14, ST408, ST201 and GFP-375SR were grown 

as per Kirkham et al.369. Three aliquots of each strain were thawed at each indicated time point 

and assessed for viability by live viable counting. Dots indicate median values of three individual 

replicate aliquots for each strain at each time point, with lower and upper lines of the colour 

band for each strain show interquartile range (IQR, 25th and 75th percentile respectively). 
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2.5 Assessment of NTHi strain diversity 
To assess NTHi strain diversity, the ParSNP package from the Harvest suite370 was used to analyse 7 

clinical isolates of NTHi that had previously been whole genome sequenced367. Strain 86-028NP was 

used as a reference genome, as it was the first NTHi strain to be completely sequenced and as such 

as been extensively used as a reference strain in the literature104,371,372. The 86-028NP genome file, 

(GenBank number CP000057.2), was downloaded from https://www.ncbi.nlm.nih.gov/nuccore. 

Default parameters were used to analyse these strains to construct an assembly-based core-SNP 

phylogeny. The resulting data file was inputted to FigTree version 1.4.4 to visualise results as a 

phylogenetic tree. From this analysis, three strains isolated from different anatomical locations and 

identified on three different clades of the constructed phylogenetic tree were chosen to infect 

MDM as described below for strain comparison infection experiments.  

2.6 Infection of MDM  
2.6.1 NTHi infection of MDM 
For infection assays using NTHi, MDM culture media was removed and wells were washed twice 

with PBS. This removed any remaining antibiotics that could hamper NTHi infection. Infection media 

containing 2 mg/ml L-glutamine and 0.1% (v/v) FBS in RPMI was added to wells. This media is known 

as Reduced Serum (RS) RPMI due to the decreased amount of FBS and was only used for infection 

assays, not for routine MDM culturing. The appropriate number of NTHi vials required to achieve 

the desired multiplicity of infection (MOI) for experiments were defrosted and transferred to a fresh 

tube containing 500 µl PBS and centrifuged at 800 g for 10 min, 4°C to pellet the bacteria. The 

remaining supernatant was discarded and the pellet was resuspended in RS-RPMI. The appropriate 

amount of NTHi was added to each well depending on the MOI required. Wells were made to a 

total volume of 500 µl with RS-RPMI.  

To stop the infection, the RS-RPMI media was removed and cells washed twice with PBS before RS-

RPMI with 1% (v/v) gentamicin was added to wells for 90 min in order to kill and remove 

extracellular bacteria. Depending on the type of experiment, cells were washed and left in RS-RPMI 

either with or without gentamicin until 24 h, or a gentamicin protection assay was performed 

(described in 2.7). For experiments incorporating subsequent IAV infections, cells were incubated 

in gentamicin for 2 h.  

2.6.2 Influenza A virus (IAV) infection of MDM 
At 24 h post initial NTHi infection, NTHi- infected or uninfected MDM were washed twice with PBS 

before 450 μl of RS-RPMI was added to the wells. Frozen aliquots of H3N2 Influenza 

A/Wisconsin/67/2005 (Virapur, San Diego, CA) supplied at a TCID50 (Tissue Culture Infectious Dose 

required to kill 50% of cells) of 3.6 x 108 IU/ml (infectious units/ml) MDM were infected with 3.6 x 

104 Plaque Forming Units (PFU)/ml for 2 h. After 2 h of infection, extracellular IAV was removed by 

washing twice with 500 μl PBS and replacement of antibiotic free RS-RPMI for a further 22 h. At 24 

h post IAV infection (final endpoint time 48 h), cells were harvested either for viable NTHi counting 

https://www.ncbi.nlm.nih.gov/nuccore


Chapter 2 

38 

by gentamicin protection assay (as described below in 2.7), or MDM were harvested into 

polypropylene FACS tubes (BD Biosciences, Oxford, UK) using 200 μl non-enzymatic cell dissociation 

solution (Sigma) for flow cytometry staining (described in 2.23). 

2.7 Gentamicin protection assay 
MDM were infected as described in Section 2.6. After 90 min incubation with RS-RPMI containing 

gentamicin, cells were washed twice with PBS and incubated with PermWash™ (PW, BD 

Biosciences), diluted to a 1 x solution (v/v) for 20 min. Cells were then scratched gently from wells 

and 25 μl of serially diluted cell suspension was plated on CHOC agar plates (Oxoid) and incubated 

at 37°C, 5% CO2 overnight. CFU on each plate were counted and final counts were expressed as 

CFU/ml following correction for dilution and amount (25 μl) plated.  

2.8 Visualisation of infected MDM 
For visualisation of NTHi-infected MDM, MDM were infected with GFP-375SR as described in 2.6.1. 

MDM were harvested following the gentamicin wash at 6 h or at 24 h post initial infection and were 

incubated with 200 μl Cell Dissociation Solution (Sigma) for 20 min at 37℃. The wells were lightly 

scratched with a pipette to gently remove cells. The cell suspension was transferred to a fresh tube 

with 800 μl fresh PBS and centrifuged at 800 g for 10 min, 4℃. The supernatant was removed and 

the subsequent cell pellet was resuspended in 50 μl PBS and mixed well. From this, 10 μl was added 

onto PolyFrost Microslides (Solmedia, Shrewsbury, UK) and left until completely dried. Once dry, 

4% paraformaldehyde (PFA) was added to the spot for 15 min. Excess PFA was removed and slides 

were quickly washed in PBS and left until completely dry. Once dry, 25 μl Vectashield® Mounting 

Medium solution containing DAPI nuclear stain (1.5 μg/ml) (Vector Laboratories, Inc. Burlingame, 

CA) was added to each spot and a glass coverslip mounted on top. Slides were visualised using 

Axioscope KS400 fluorescence microscope using Carl Zeiss Axioscope 3.0 software.  

2.9 RNA isolation 
Following infection, MDM samples were harvested in 500 μl TRIzol® (Thermo Fisher Scientific, MA, 

USA) and frozen at -80°C. BAL cell pellets in 500 μl QIAzol were kindly provided by the WATCH study 

team. When required, samples were thawed and 0.2 ml chloroform (Sigma) per 1 ml TRIzol/QIAzol 

was added to the sample and vortexed. Tubes were left at room temperature for 8 min before 

centrifugation at 12,000 g at 4°C for 10 min. The resulting aqueous phase was harvested into 0.5 

ml isopropanol (Sigma) per 1 ml TRIzol and 4 μl glycogen (Applied Biosystems, Paisley, UK) to 

precipitate the RNA. Following incubation at -20°C for a minimum of 1 h, the samples were 

centrifuged at 12,000 g at 4°C for 10 min. The resulting RNA pellet was washed twice with 75% 

ethanol (Sigma) for at least 1 h each time. After ethanol removal, the pellet was air dried and 

resuspended in RNase free water (Sigma). RNA concentration was determined using NanoDrop 

1000 software (Thermo Fisher Scientific).  
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For samples to be used for dual RNASequencing, RNA extraction was performed using a miRNeasy 

kit (QIAGEN®, Manchester, UK), according to the manufacturer’s instructions. Due to the 

differences in protocol between the standard phenol-chloroform extraction (above) and the 

column extraction method, it is possible that these different methods could be a source of variation. 

However, the column method was used in order to ensure high quality extraction of total RNA and 

successful sequencing of samples.  

Briefly, 0.1 ml chloroform per 0.5 ml TRIzol® was added to each sample and shaken vigorously by 

hand for 30 s before incubation at room temperature for 3 min prior to centrifugation at 12,000 g 

at 4°C for 15 min. The resulting aqueous phase was harvested into fresh tubes and washed with a 

volume of 100% ethanol determined as 1.5 x the total amount of aqueous phase recovered. This 

mixture was transferred to RNeasy MinElute spin column and centrifuged at 10,000 g for 15 s at 

room temperature. At this stage, samples were treated with DNase I (QIAGEN®), to remove any 

contaminating genomic DNA which could impact on sequencing. DNAse I stock was prepared as per 

the manufacturer’s instructions, with the lyophilized DNase I (1500 Kunitz units) dissolved with 550 

μl RDD buffer. Briefly, 350 μl RWT buffer was added to the spin column and centrifuged at 10,000 

g for 15 s at room temperature. The collection tube was discarded and replaced with a fresh tube, 

with 10 μl of DNase stock diluted with 70 μl RDD buffer, with 80 μl added to each column and 

incubated at room temperature for 15 min. After this incubation, 500 μl of RWT buffer was added 

to each column prior to centrifugation at 10,000 g for 15 s at room temperature. The flow through 

in the collection tube was re-applied to the spin column and again centrifuged at 10,000 g for 15 s 

at room temperature. The collection tube containing flow through was discarded and the miRNeasy 

protocol re-commenced, with 500 μl RPE buffer added to the columns and centrifuged at 10,000 g 

for 15 s at room temperature. The flow through was discarded and 500 μl ethanol (80%) was added 

to the columns and centrifuged at 10,000 g for 2 min at room temperature. The flow through was 

again discarded and samples centrifuged at 10,000 g for 5 min at room temperature. A new 

collection tube replaced the old tube and samples were left to air dry for up to 15 min at room 

temperature. Samples were resuspended with 15 μl pre-heated RNase-free water (QIAGEN®) for 

10 min at room temperature. Samples were centrifuged at 10,000 g for 1 min at room temperature 

twice, with the flow through reapplied to the column between centrifugations. Isolated RNA was 

stored at -80°C until required. 
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2.10 Assessment of RNA quality and quantity for dual RNASeq samples 
The guidelines from the sequencing company chosen to carry out sequencing of samples for this 

project (Novogene, Hong Kong) stated several specifications that were required to be met in order 

for the isolated RNA to be sequenced. This included: 

1. RNA concentration >50 ng/µl in a minimum of 20 µl RNase free water 

2. Total RNA content >2.5 µg 

3. A260/280 >2.0  

4. RNA Integrity Number (RIN) score >6.5 

2.10.1 Assessment of RNA concentration, total RNA content and A260/280 ratios: NanoDrop 
RNA concentration and total RNA content was assessed using NanoDrop 1000 software 

(ThermoFisher Scientific). In order to meet the minimum requirements for total RNA per sample 

for sequencing, each biological replicate (n=5) was performed in quadruple for each condition 

(uninfected at 6 h, NTHi-infected at 6 h, uninfected at 24 h and NTHi-infected at 24 h). Immediately 

following RNA isolation, samples in 15 µl RNAse free water (QIAGEN®) representing four technical 

repeats for each experiment were combined. This resulted in total RNA diluted in approximately 60 

µl RNase-free water, which ensured sufficient sample was present to be used for quality control 

checks prior to shipping, upon arrival at Novogene for further quality checks and finally sequencing. 

The measured RNA concentration, total RNA content and A260/280 ratios met the required 

guidelines (Table 2.1).  

2.10.2 Assessment of RNA quality: RNA Integrity Score (RIN) 
The Agilent 2100 Bioanalyzer System (Agilent Technologies, Cheshire, UK) with the Agilent RNA 

6000 Nano Kit (Agilent Technologies) was used to assess the quality of the RNA from samples to be 

sent for sequencing. Briefly, all required reagents were brought to room temperature, in the dark, 

for 30 min prior to use. A 65 μl aliquot of pre-prepared filtered gel was combined with 1 μl of RNA 

6000 Nano dye concentrate and mixed thoroughly. The gel-dye mix was centrifuged for 10 min at 

13000 g. Meanwhile, a new RNA Nano chip with 16 wells was installed onto the chip priming station 

and once centrifuged, 9 μl of the gel-dye mix was added to the indicated well. The priming station 

was closed and the plunger of the syringe was pressed down until it was held by the priming station 

latch. After exactly 30 s, the plunger was released and allowed to move upwards for 5 s, until it was 

manually pulled back up to the 1 ml position. A further 9 μl of gel-dye mix was added to the two 

remaining wells. In the other 13 wells that did not contain the gel-dye mix, 5 μl of the RNA 6000 

Nano marker was added. RNA ladder aliquots that were heat denatured for 2 min at 70°C prior to 

freezing, were thawed on ice and 1 μl of RNA ladder was added to the well which was marked with 

a ladder symbol. In the remaining 12 wells, 1 μl of sample was added. The RNA chip was vortexed 

for 1 min before being inserted into the receptacle of the Agilent 2100 Bioanalyzer and the run was 

processed using the 2100 expert software. The software output also allows for visual inspection of 
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the run as a gel (Figure 2.3A) or as an electropherogram (Figure 2.3B) which indicates two ribosomal 

peaks (18S and 28S) for eukaryotic RNA. An NTHi-only control was used as a marker to determine 

the presence of prokaryotic RNA (Figure 2.3A), which can also be faintly observed in some of the 

infected MDM samples. The presence of both prokaryotic and eukaryotic RNA in mixed samples, 

such as infected cells, has been suggested to erroneously lower the RIN quality score373. The 

guidelines given by Novogene for sequencing instructed that samples should have a minimum of 

6.5 RIN score to be of sufficient quality to be successfully sequenced. All samples received high RIN 

scores, ranging between 9.3 to 10 (Table 2.1).  

Table 2.1. RNA quantity and quality for sequencing. RNA was isolated from MDM from 5 individual healthy 

donors infected with NTHi MOI 100 for 6 h, or left uninfected, followed by a 90 min gentamicin 

wash and left to incubate in antibiotic free media until 24 h. Samples were harvested using 

TRIzol at either 6 h or 24 h, resulting in a total of 20 samples, with 4 conditions per donor. 

Nucleic acid concentration and A260/280 ratios were determined by NanoDrop, RNA integrity 

number (RIN) was determined using Agilent Bioanalyser. 

Sample Number Nucleic Acid (ng/µl) Total RNA (µg) A260/A280 RNA Integrity 
number (RIN) 

Sample 1 119.76 7.18572 1.99 10 
Sample 2 99.05 5.943 1.99 9.5 
Sample 3 119.81 7.18866 2.01 10 
Sample 4 74.43 4.46556 2.04 9.3 
Sample 5 126.22 7.57302 1.99 10 
Sample 6 118.15 7.08918 2.03 10 
Sample 7 111.05 6.66312 2.01 10 
Sample 8 78.05 4.68312 2.00 10 
Sample 9 80.36 4.82172 2.02 10 

Sample 10 105.20 6.31194 2.01 9.6 
Sample 11 110.66 6.63978 2.00 10 
Sample 12 71.62 4.2969 2.02 10 
Sample 13 80.69 4.8414 1.99 10 
Sample 14 110.20 6.61212 1.99 10 
Sample 15 66.93 4.01574 1.97 10 
Sample 16 84.69 5.08128 2.03 10 
Sample 17 104.52 6.27114 2.02 10 
Sample 18 113.18 6.79056 2.03 9.5 
Sample 19 121.23 7.27392 2.03 10 
Sample 20 92.25 5.53506 2.00 9.8 
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Figure 2.3. Output of the Agilent 2100 Bioanalyzer run for RNA integrity analysis, generated by Agilent 

expert software.(A) Representative gel image of run showing the ladder (Ladder), a mixture of 

uninfected (MDM) and NTHi-infected (MDM-NTHi) samples and NTHi-only control (NTHi). (B) 

Representative electropherogram of a MDM sample with a RIN score of 10, highlighting the 18S 

and 28S eukaryotic ribosomal peaks. 

2.10.3 Novogene Quality Control of RNA 
Upon arrival at Novogene, samples again underwent quality control checks to ensure the RNA was 

of sufficient quality and quantity post-shipping to Hong Kong. RNA degradation and contamination 

was assessed using 1% agarose gel (Figure 2.4). Novogene also assessed RNA integrity using the 

RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Figure 2.5). Although the RIN scores 

assessed by Novogene ranged from 7.10 to 9.50, which were lower than the RIN scores generated 

before shipping (Table 2.1), they were still above the required standard for sequencing. 

 

Figure 2.4. Agarose gel of samples run by Novogene to determine RNA degradation and contamination. 

Samples 1 – 20 are mixed MDM/NTHi. M is DNA ladder. Gels were 1% agarose and run for 16 

min at 180v using 1 µl of sample.  
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 Figure 2.5. Representative output of the Agilent 2100 Bioanalyzer run by Novogene for determination of 

RNA integrity. Electropherogram of a MDM sample with a RIN score of 9.4, highlighting the 18S 

and 28S eukaryotic ribosomal peaks. 

 

RNA quantification was assessed using the Bioanalyzer to ensure a sufficient quantity of RNA was 

present in each sample. The median RNA concentration across samples measured by Novogene 

was slightly lower (95 ng/µl compared to 104.9 ng/µl, not significant, Table 2.2) as was the total 

RNA measured (5.7 µg compared to 6.3 µg, not significant, Table 2.2). The RIN scores measured by 

Novogene were significantly lower for all samples (median RIN score of 9 versus 10, p<0.001). 

However, these differences could be attributed to different sensitivities of the lab equipment used, 

rather than any degradation or loss of samples during transport to Novogene in Hong Kong. 

Nonetheless, all 20 samples were deemed to be of satisfactory quality and quantity to proceed with 

sequencing. 

 

Table 2.2. Comparison of quality control measures.  Pre- (in Southampton) and post- (Novogene) shipping 

quality control checks including RNA concentration per sample, RIN scores, and the total 

amount of RNA per sample. Values shown are medians [IQR]. 

 Southampton Novogene 
Concentration (ng/µl) 104.9  

[80.4 – 117] 
95 

[79.5 – 116] 

Total amount of RNA (µg) 6.3  
[4.8 – 7] 

5.7 
[4.7 – 6.9] 

RIN score 10 
[9.9 – 10] 

9 
[8.4 – 9.3] 

 

 

 



Chapter 2 

44 

2.11 Library preparation and RNA sequencing 
All samples successfully passed quality control (QC) checks and underwent library preparation by 

Novogene. Briefly, ribosomal RNA (rRNA) was removed from all samples using Ribo-Zero™ Magnetic 

Kit (New England BioLabs (NEB), USA). Next, libraries were generated using the NEBNext®Ultra™ 

Directional RNA Library Prep Kit for Illumina® (NEB, USA) following manufacturer’s instructions. 

Library quality was assessed on the Agilent Bioanalyzer 2100 system and quantified using a Qubit 

2.0 fluorometer (Life Technologies) which determined the amount of each sample to be fed into 

the Illumina machine for sequencing. Sequencing was performed using NovaSeq 6000 Illumina 

platform and 150-base pair (bp) paired end reads were generated in a FASTQ format using a 

sequencing depth of 90 million reads. 

2.11.1 Quality control of sequenced data 
An overview of the workflow used to analyse the sequenced data is shown as a flow chart in Figure 

2.6. For clarity, the analysis performed solely by Novogene is highlighted. For quality control of the 

sequenced data, Novogene used an in-house Perl script to obtain clean reads by removing reads 

containing adapter sequences, reads containing poly-N and reads with low quality. The overall 

contribution of these reads to total number of reads was low, indicating good sequencing quality 

(Figure 2.7). The overview of data quality measurements performed by Novogene is shown in Table 

2.3. The error rate for each base call was determined using the Illumina CASAVA software. Each 

nucleotide base call is assigned a Phred score during sequencing, also known as a Quality or Q score, 

which is given as an integer indicating the probability that the base call is incorrect. The scores given 

here are Q20 and Q30 which indicates that the reads respectively have a 1% (or 1 in 100) or 0.1% 

(1 in 1000) probability of being called incorrectly; more than 92% of reads achieved a Q30 score, 

indicating good sequencing accuracy (Table 2.3).  
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Figure 2.6. Workflow overview of the analysis performed on the dual RNASeq data set. As indicated, 

Novogene performed read quality control (QC), trimming, mapping and quantification. The 

analysis described in this thesis commenced from the filtering step using the read count file 

generated by Novogene during read count quantification. Figure created using BioRender.com 
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Figure 2.7. Summary of the raw read classification.  Clean reads (orange) passed quality control and were 

taken forward for downstream analysis. The remaining low number of discarded reads where 

reads containing uncertain nucleotides (N) was more than 10% of the read (grey), reads where 

low quality nucleotides constituted more than 50% of the read (green) and reads with adapter 

contamination (blue).  

Sequencing errors can arise as a result of the sequencing machinery, reagent availability and quality 

of samples, which can lead to errors in base incorporation at the end of the run when sequencing 

reagents begin to run out or particularly when longer read lengths are being used. Additionally, 

these factors can affect the nucleotide distribution at the start of the run, where higher number of 

errors occur due to the use of random primers during library construction. However, the error rate 

remained low at 0.04% for all samples sequenced (Table 2.3).  

Table 2.3. Overview of raw data quality. The raw reads indicate the original number of read counts, whereas 

clean reads indicate the number of reads left after filtering. Q20 and Q30 indicate the 

percentage of bases whose correct base recognition rates were greater than 99% and 99.9% 

respectively. 

Sample Raw reads Clean reads Error rate (%) Q20 (%) Q30 (%) GC content (%) 
C_6h_005 99652897 98039267 0.04 98.05 94.24 52.3 
T_6h_005 107614701 106636728 0.04 97.77 93.51 48 
C_24_005 94189759 92754579 0.04 97.8 93.79 54.12 
T_24_005 92516671 91154148 0.04 97.75 93.69 52.53 
C_6h_016 99552909 97818883 0.04 97.37 92.78 49.6 
T_6h_016 100745342 99225211 0.04 97.35 92.65 46.97 
C_24_016 97327140 95733486 0.04 97.44 92.95 50.03 
T_24_016 97676657 96311615 0.04 97.6 93.26 49.49 
C_6h_082 102249423 100538771 0.04 97.94 94.1 54.09 
T_6h_082 110185024 108971501 0.04 97.43 92.84 49.57 
C_24_082 112923232 111135717 0.04 98.06 94.36 53.75 
T_24_082 99235578 97693743 0.04 98.2 94.59 52.31 
C_6h_104 92938591 91489427 0.04 98.07 94.39 54.02 
T_6h_104 94238136 93125481 0.04 97.59 93.15 49.24 
C_24_104 100189134 98954889 0.04 97.73 93.62 51.76 
T_24_104 114876917 113157353 0.04 97.66 93.43 51.25 
C_6h_124 92353829 91092015 0.04 97.37 92.84 53.32 
T_6h_124 113796943 112442213 0.04 97.89 93.76 45.95 
C_24_124 112035097 110546365 0.04 97.55 93.25 52.91 
T_24_124 93527361 91611161 0.04 97.66 93.48 52.55 
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2.12 Mapping to reference genome 
Mapping of the raw data to the each reference genome was performed separately by Novogene, 

with only clean reads used for mapping. The Spliced Transcripts Alignment to a Reference (STAR) 

software (version 2.5)374 was used to map reads to the human genome (hg38, from 

NCBI/UCSC/Ensembl), whereas Bowtie2 (version 2.2.3)375 was used to map reads to the NTHi 

genome. The genome sequence of the exact NTHi strain used for the sequencing (ST14) was 

generated by Dr. K. Osman367 and was kindly provided by Dr. D Cleary following annotation of this 

strain using the command line software tool Prokka376 as follows: 

prokka Genomes/MICA_10_contigs.fasta --outdir MICA_10_ann --
force --prefix MICA_10 --compliant --cpus 0 --genus 
Haemophilus --species influenzae --strain MICA_10 --usegenus 
--locustag UoS_HiMICA_10 
 

It is expected that 70-90% of RNASeq reads will map to the human genome377. The total mapping 

percentages here vary from 67.58% - 97.59% (Figure 2.8A, Table 2.4). The lower total mapping 

percentages occur when the samples have been infected with NTHi, as the total read population 

will also include NTHi reads. As the bacterial RNA will not be mapped to the human genome, this 

will result in lower mapping percentages to the human genome. Samples that were not infected 

with NTHi consistently mapped over 90% to the human genome, ranging from 90.42% to 93.94%. 

Conversely, the samples that were not infected with NTHi had very low mapping to the NTHi ST14 

genome (Figure 2.8B, Table 2.4). The total mapping percentages to the NTHi genome of uninfected 

samples varied from 0% to 1.95%, whereas the NTHi-infected samples total mapping percentages 

ranged from 2.11% - 19.08%.  

 

  
Figure 2.8. Percentage of the total sequenced reads mapped to hg38 or NTHi ST14 reference genomes. (A) 

Reads mapped to hg38, representing MDM reads for each samples and (B) Percentage of reads 

mapped to ST14, representing NTHi reads for each sample. Green = unmapped reads, blue = 

multiple mapped reads, purple = uniquely mapped reads. 

Table 2.4. Summary of number of reads mapped to NTHi ST14 or hg38 reference genomes.  
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 Total  
reads 

Total  
mapped 

Multiple  
mapped 

Uniquely  
mapped 

Sample ID 
 

ST14 hg38 ST14 hg38 ST14 hg38 
C_6h_005 196078534 7760 191127978 7620 6940438 140 184187540 

T_6h_005 213273456 45129607 159183320 15113398 4763874 30016209 154419446 

C_24_005 185509158 11653 180036244 11500 7026036 153 173010208 

T_24_005 182308296 15721523 159983084 5714574 6661024 10006949 153322060 

C_6h_016 195637766 4353 189116938 4221 7014188 132 182102750 

T_6h_016 198450422 46667409 142590574 15841418 4654314 30825991 137936260 

C_24_016 191466972 804365 179985314 781401 6863826 22964 173121488 

T_24_016 192623230 6878041 179801994 2811869 7496056 4066172 172305938 

C_6h_082 201077542 5304 195777696 5126 12424384 178 183353312 

T_6h_082 217943002 55195640 153124456 17928964 8088254 37266676 145036202 

C_24_082 222271434 6375 216800092 6224 8206182 151 208593910 

T_24_082 195387486 18858689 170352376 8527572 7355278 10331117 162997098 

C_6h_104 182978854 5651 178569730 5505 8795118 146 169774612 

T_6h_104 186250962 42369625 136169134 14218699 5788696 28150926 130380438 

C_24_104 197909778 4201 192401562 4100 7253916 101 185147646 

T_24_104 226314706 26550693 190915920 10040812 7693880 16509881 183222040 

C_6h_124 182184030 3559174 172213550 1323198 7403058 2235976 164810492 

T_6h_124 224884426 63428580 151971478 20525200 4679512 42903380 147291966 

C_24_124 221092730 5606 214390472 5460 9393454 146 204997018 

T_24_124 183224322 12967154 163929522 4859983 6962114 8107171 156967408 

2.13 Visualisation of data distribution and variance 
Following mapping and alignment of clean, raw data to the respective reference genomes by 

Novogene, a read count table was produced and from this point, I analysed the RNASeq data using 

Rstudio® (version 3.6.1) and code developed with Dr. A. Heinson (University of Southampton). To 

inspect the quality and distribution of the data, multiple methods were used including basic quality 

control plots, IQR vs median plots, hierarchical clustering and principal component analysis (PCA). 

As the initial macrophage read count data file provided by Novogene was extensive (60k genes), it 

became apparent that this file included long non coding (lnc) RNA and pseudogenes. As these genes 

were not of interest to the main analysis, these genes were removed using the grep command line 

function and the dual RNASeq analysis proceeded with a read count data set containing 19795 

genes.  
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2.13.1 Basic quality control plots 
The distribution of the raw count data for each sample was first plotted as a boxplot, using the 

inbuilt boxplot function in R. The data distribution appeared to be skewed, likely due to the high 

amount of genes in the data set that were lowly or not expressed (Figure 2.9). Therefore filtering 

of the data set was next performed to remove these lowly expressed genes. The MDM data was 

filtered using a cut-off value of 10, and the NTHi data was filtered using a cut-off value of 5. These 

values determine that a gene must have a read count of greater than 10 (MDM) or 5 (NTHi) across 

all samples to be retained in the data set; essentially it must be expressed in half of the samples in 

the respective data set. The code used for filtering MDM data in R is below: 

> values<-t(values) 
> Filter <-10 
> keep_tags<-rowSums(values>1)>=Filter 
> values_filtered<-values[keep_tags,] 

The code used for filtering NTHi genes was the same, apart from the filter was set to 5, rather than 

10. Prior to filtering, the MDM count matrix contained 19795 genes. After lowly expressed genes 

were filtered out and removed, 15048 genes remained. Similarly, after filtering, 1611 genes were 

retained in the NTHi data set from a starting count matrix of 2148 genes. These filtered genes were 

separately saved as a new count matrix (known as values_filtered) and were used for further data 

exploration.  

 
Figure 2.9. Filtering of lowly expressed genes. Genes were filtered from the MDM data set to reduce the 

number of lowly expressed genes impacting on downstream differentially expressed genes 

analysis. MDM data set (top), NTHi data set (bottom). 
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2.13.2 IQR vs median plot 
The IQR vs median plots can be used to visually inspect the spread of data across samples in both 

data sets separately, and identify any potential outliers. The filtered count matrix was set as 

values_filtered, with the following code used:  

> IQR_samples<- apply(values_filtered, 1, IQR) 
> Median_samples<- apply(values_filtered, 1, median) 
> SD_IQR<-sd(IQR_samples) 
> SD_Median<-sd(Median_samples) 
> Mean_IQR<-mean(IQR_samples) 
> Mean_Median<-mean(Median_samples) 
# for 1 standard deviation: 
> SD_1_IQR<-c((Mean_IQR - SD_IQR), (Mean_IQR + SD_IQR)) 
> SD_1_Median<-c((Mean_Median - SD_Median), (Mean_Median + 
SD_Median)) 
# for 2 standard deviations: 
> SD_2_IQR<-c((Mean_IQR - (2 * SD_IQR)), (Mean_IQR + (2 
*SD_IQR))) 
> SD_2_Median<-c((Mean_Median - (2 * SD_Median)), 

(Mean_Median  
  + (2 * SD_Median))) 

2.13.3 Hierarchical clustering 
To observe the similarities between the samples, hierarchical clustering using the Euclidean method 

and Ward linkage was performed on the filtered data (values_filtered) using the packages amap 

and dendextend: 

> hc_euc_ward<-hcluster(values_filtered, method='euclidean', 
link="ward") 
> plot(hc_euc_ward, main="genes_filtered Euclidean Ward", 
hang=-1) 

2.13.4 Principal component analysis (PCA) 
To visualise the variance in the data, PCA was used on the filtered MDM and NTHi data sets. PCA 

reduces the dimensions of the data set and allows visualisation of the variance in the data as 

discrete principal components. PCA was performed on the filtered count matrix (values_filtered) 

using the prcomp function in R studio®, with the Proportion of Variance Explained (PVE) by the 

principal components (pcs) also determined: 

> pcs<-prcomp(values_filtered) 
> PC1<-pcs$x[,1] 
> PC2<-pcs$x[,2] 
> PC3<-pcs$x[,3] 
> PCA_details<-cbind(PC1,PC2,PC3) 
> pca<-merge(PCA_details,info,by="row.names",all=FALSE) 
> row.names(pca)<-pca$Row.names 
> pca<-pca[,-1] 

 
> PC1<-pca$PC1 
> PC2<-pca$PC2> PC3<-pca$PC3 
> plot(PC1,PC2) 
# Plotting the proportion of variance explained by the PCs 
> pve<-data.frame(summary(pcs)$importance) 
> prop<-pve[3,] 
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> barplot(as.numeric(prop),names.arg = colnames(prop), las=2,  
cex.names=0.7, xlab="Principal Components", ylab="Percentage 
of Variance Explained", main="PCA Percentage of Variance 
Explained") 

2.14 Data normalisation and differential gene expression analysis 
Normalisation of the RNASeq data was performed using two Bioconductor packages: edgeR353 and 

DESeq2378. Both methods were used to normalise the RNASeq data set and perform differentially 

expressed gene (DEG) analysis for both the MDM and NTHi data set. The code for both packages is 

below, with pheno representing the sample information file and values_filtered the filtered count 

matrix. 

2.14.1 MDM differential gene expression analysis 
> # edgeR for MDM # 
> # Setting up confounding variables 
> Condition<-as.factor(paste(pheno$Condition,"_",pheno$Time,
 sep="")) 
> Donor<-as.factor(pheno$Donor) 
># Create model 
> design<-model.matrix(~0+Condition+Donor) 
> eds<-t(values_filtered) 
 > eds_filtered<-DGEList(counts=eds, genes=rownames(eds)) 
> ## Normalise the data to account for different library 
sizes 
> eds_filtered<-calcNormFactors(eds_filtered,method="TMM") 
> # Calculate Differentially Expressed Genes: 
> eds_filtered<- estimateDisp(eds_filtered, design) 
> # Fit data to model 
> fit <- glmQLFit(eds_filtered, design) 
> my.contrasts<-makeContrasts( 

Infection_v_Control_6=ConditionT_6-ConditionC_6,  
Infection_v_Control_24=ConditionT_24- 
ConditionC_24,levels=design) 

>#Pull out comparisons from model 
> qlf6h <- glmQLFTest(fit,contrast=my.contrasts 
  [,"Infection_v_Control_6"]) 
>qlf24h <- glmQLFTest(fit, contrast=my.contrasts 
  [,"Infection_v_Control_24"]) 
> all_genes6h<-as.data.frame(topTags(qlf6h, 
  n=nrow(eds_filtered))) 
> all_results6h<-(all_genes6h) 
> all_genes24h<-as.data.frame(topTags(qlf24h, 
  n=nrow(eds_filtered))) 
> all_results24h<-(all_genes24h) 
> #Extract only the genes differentially expressed with an 
FDR  
  corrected p-value <0.05 
>#6h comparison 
> DE_results6h<-all_results6h[all_results6h[,"FDR"]<=0.05,] 
> # 24h comparison  
> DE_results24h<-
all_results24h[all_results24h[,"FDR"]<=0.05,] 
> # END edgeR # 
> # DESeq2 for MDM # 
> #Setting up confounding variables 
> Condition<-as.factor(paste(pheno$Condition,"_",pheno$Time,  
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  sep="")) 
> Donor<-as.factor(pheno$Donor) 
> pheno$Condition_Time<-as.factor 
  (paste(pheno$Condition,"_",pheno$Time,sep="")) 
> pheno$Donor<-as.factor(pheno$Donor) 
> # Setting up a DESeqDataSet 
> dds <- DESeqDataSetFromMatrix(countData = t_matrix, colData 
= pheno,design = ~ Condition_Time +Donor) 
> # Performing differential expression testing. 
> dds <- DESeq(dds) 
> # END DESeq2 # 
 

2.14.2 NTHi differential gene expression analysis 
 > # edgeR for NTHi #  

> #Setting up confounding variables 
> Time<-as.factor(pheno$Time) 
> Donor<-as.factor(pheno$Donor)  
> # Create model 
> design<-model.matrix(~0+Time+Donor) 
> eds<-t(values_filtered) 
> eds_filtered<-DGEList(counts=eds, genes=rownames(eds)) 
> ## Normalise the data to account for different library 
sizes  
> eds_filtered<-calcNormFactors(eds_filtered,method="TMM") 
> #Calculating Differentially Expressed Genes: 
> eds_filtered<- estimateDisp(eds_filtered, design) 
> # Fit data to model 
> fit <- glmQLFit(eds_filtered, design) 
> my.contrasts<-makeContrasts(Time24-Time6,levels=design) 
> #Pull out comparison from model 
> qlf <- glmQLFTest(fit, contrast=my.contrasts) 
> all_genes<-as.data.frame(topTags(qlf, 
n=nrow(eds_filtered))) 
> all_results<-(all_genes) 
> #Extract only the genes differentially expressed with an 

FDR  
  p-value <0.05 
> all_genes<-as.data.frame(topTags(qlf, 

n=nrow(eds_filtered))) 
> DE_results<-all_results[all_results[,"FDR"]<=0.05,] 
> # END edgeR # 
 
> # DESeq2 for NTHi # 
> # Setting up confounding variables 
> Condition<-as.factor(paste(pheno$Condition,"_",pheno$Time, 
sep="")) 
> Donor<-as.factor(pheno$Donor) 
> pheno$Condition_Time <- 
as.factor(paste(pheno$Condition,"_",pheno$Time, sep="")) 
> pheno$Donor<-as.factor(pheno$Donor) 
> # Setting up a DESeqDataSet 
> dds <- DESeqDataSetFromMatrix(countData = t_matrix, colData   
  = pheno, design = ~ Condition_Time + Donor) 
> # Performing differential expression testing. 
> dds <- DESeq(dds) 
> # END DESeq2 # 
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A normalised data set containing counts per million (CPM) values was extracted from the edgeR 

analysis method for the MDM and NTHi data sets using:  

> # Extracting edgeR normalized / filtered cpm matrix 
> counts.per.m <- cpm(eds_filtered, 
normalized.lib.sizes=TRUE) 

Similarly, normalised counts were extracted from the DESeq2  

> # Extracting DESeq2 normalised counts 
> counts<-counts(dds, normalized=TRUE) 

The data sets containing the CPM values were used to visualise data distribution as a box plot, 

using the inbuilt R boxplot function to inspect the normalisation process of each method. 

2.15 Weighted gene correlation network analysis (WGCNA) 
To identify genes important for the MDM response to NTHi infection, weighted gene correlation 

network analysis (WGCNA) was performed using the WGCNA R package379. The expression data 

required for this analysis were the normalised CPM values generated during the edgeR analysis 

(Section 2.14). MDM CPM values were log transformed in R using the function (log2(data +1) before 

using WGCNA. Sample trait data were also loaded into R, which contained information about the 

samples (donor ID, infection status and time point). The expression file was termed datExpr and 

sample data file was termed traitData. Data were first checked for outliers by plotting a clustering 

dendrogram using hierarchical clustering and the average linkage method, as suggested by the 

WGCNA guide: 

 > sampleTree = hclust(dist(datExpr0), method = "average") 

2.15.1 Automatic network construction and module detection. 
Construction of the gene network was performed using the WGCNA automatic network 

construction method, which is a 1-step network construction and module detection function. To 

construct the network, WGCNA uses Pearson’s correlation to assess gene expression profiles. The 

resulting correlation matrix was used to calculate the adjacency matrix by selecting a soft 

thresholding power for analysis of network topology. A soft thresholding power was chosen based 

on the scale-free topology fit output of the pickSoftThreshold function using default values provided 

by the WGCNA package:  

> # Choose a set of soft-thresholding powers 
> powers = c(c(1:10), seq(from = 12, to=20, by=2)) 
> # Call the network topology analysis function 
> sft=pickSoftThreshold(datExpr,powerVector=powers,verbose=5) 
> # Plot the results  
># Sclae-free fit index  
> plot(sft$fitIndices[,1], -
sign(sft$fitIndices[,3])*sft$fitIndices[,2], xlab="Soft 
Threshold (power)",ylab="Scale Free Topology Model Fit,signed 
R^2",type="n", main = paste("Scale independence")); 
> text(sft$fitIndices[,1], -
sign(sft$fitIndices[,3])*sft$fitIndices[,2], 



Chapter 2 

54 

labels=powers,cex=cex1,col="red"); 
> # this line corresponds to using an R^2 cut-off of h 
> abline(h=0.90,col="red") 
> # Mean connectivity  
> plot(sft$fitIndices[,1], sft$fitIndices[,5],  xlab="Soft 
Threshold (power)",ylab="Mean Connectivity", type="n",  main 
= paste("Mean connectivity")) 
> text(sft$fitIndices[,1], sft$fitIndices[,5], labels=powers, 
cex=cex1,col="red") 

The trade-off between a higher R2 value and mean connectivity could result in a low number of 

connections and thus render it difficult to identify modules. However, a power of 18 was chosen 

for construction of the gene network as it was the lowest power to completely intersect the high 

value red line (R2 = 0.9) on the scale independence plot (Figure 2.10A), whilst maintaining a mean 

connectivity score above 0 (Figure 2.10B). The following code was used to construct the gene 

network using default values, except the above pre-specified soft thresholding power (power = 18) 

and the maxBlockSize, which was increased to 16000 in order to analyse all the genes (15048) in 

the data set concurrently, not as separate ‘blocks’: 

> # Construct gene network 
> net = blockwiseModules(datExpr, power = 18,  maxBlockSize = 
16000, TOMType = "unsigned", minModuleSize = 30, 
reassignThreshold = 0, mergeCutHeight = 0.25, numericLabels = 
TRUE, pamRespectsDendro = FALSE, saveTOMs = TRUE, 
saveTOMFileBase = "MDM_TOM", verbose = 3) 

 

  
Figure 2.10. Network topology analysis for determining the soft-threshold power to be used for 

construction of the gene network . (A) scale-free fit index (y axis) as a function of the soft-

thresholding power (x axis). (B) Mean connectivity degree (y axis) as a function of the soft 

thresholding power (x axis). Red line indicates R2 = 0.9. 
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To visualise the clustering of modules and strength of gene connections, the TOM matrix was 

transformed to a dissimilarity TOM (dissTOM), which was transformed for better visualisation and 

to make moderately strong connections more visible in the heatmap (Figure 2.11): 

> dissTOM = 1-TOMsimilarityFromExpr(datExpr, power = 18); 
> plotTOM = dissTOM^7 
> diag(plotTOM) = NA 
> # plot heatmap 
> TOMplot(plotTOM, geneTree, moduleColors, main = "Network 
heatmap plot, all genes") 
 
 

 
Figure 2.11. Visualisation of the Topological Overlap Matrix (TOM) of the MDM gene set.  Accompanying 

gene module colour assignments and dendrogram are shown along the side and top of the 

heatmap. Lighter yellow colour indicates low overlap (low connections between genes), 

whereas darker colours (darker orange/red) represent higher overlap (higher connections 

between genes). 
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2.15.2 Relating modules to sample traits  
Identification of modules that are associated with sample traits was performed by correlating 

module eigengenes (first principal component of the module) with trait information.  

> # Relating modules to external clinical traits 
> # Quantifying module-trait associations 
> nGenes = ncol(datExpr) 
> nSamples = nrow(datExpr) 

 
> # Recalculate MEs with color labels 
> MEs0 = moduleEigengenes(datExpr, moduleColors)$eigengenes 
> MEs = orderMEs(MEs0) 
> moduleTraitCor = cor(MEs, traitData, use = "p") 
> moduleTraitPvalue = corPvalueStudent(moduleTraitCor,  ) 
> # Display the correlation values within a heatmap plot 
> textMatrix = paste(signif(moduleTraitCor, 2),   
  "\n(",signif(moduleTraitPvalue, 1), ")", sep = "") 
> dim(textMatrix) = dim(moduleTraitCor) 
> labeledHeatmap(Matrix = moduleTraitCor, xLabels =  
names(traitData), yLabels = names(MEs), ySymbols = 
names(MEs), colorLabels = FALSE, colors = blueWhiteRed(50), 
textMatrix = textMatrix, setStdMargins = FALSE, cex.text = 
0.5, zlim = c(-1,1), main = paste("Module-trait 
relationships")) 
 

2.15.3 Association of gene significance and module membership 
To identify whether a gene assigned to a module is a significant member of the module, the gene 

significance (GS) and module membership (MM) was calculated. GS is the correlation between the 

gene and sample trait (e.g. infection status, time point). The MM is the correlation of the module 

eigengene and the gene expression profile. The relationship between MM and GS is important to 

ascertain gene importance in a specific module; a higher and more significant positive correlation, 

the more important the gene. The association of individual genes with the trait Infection was 

quantified using the code below.  

> Infection = as.data.frame(traitData$Infection); 
> names(Infection) = "Infection" 
> # names (colors) of the modules 
> modNames = substring(names(MEs), 3) 
> geneModuleMembership = as.data.frame(cor(datExpr0, MEs, use 
= "p")) 
>MMPvalue=as.data.frame(corPvalueStudent(as.matrix(geneModule
Membership), nSamples)) 
> names(geneModuleMembership) = paste("MM", modNames, sep="") 
> names(MMPvalue) = paste("p.MM", modNames, sep="") 
> geneTraitSignificance = as.data.frame(cor(datExpr0, 
Infection, use = "p")) 
> GSPvalue=as.data.frame(corPvalueStudent(as.matrix 
(geneTraitSignificance), nSamples)) 
> names(geneTraitSignificance) = paste("GS.", names(Time), 
sep="") 
> names(GSPvalue) = paste("p.GS.", names(Infection), sep="") 
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2.15.4 Identifying intra-modular relationships with sample traits 
To study the relationships between modules, the module similarity by eigengene correlation was 

quantified and visualised as a dendrogram and heatmap. Additionally, the sample trait of infection 

was added to the analysis to identify which module, or cluster of modules, NTHi infection was most 

highly associated with. The module eigengenes were recalculated to include the infection trait to 

determine where the trait clusters within the eigengene dendrogram and heatmap.  

> # Recalculate module eigengenes 
> MEs = moduleEigengenes(datExpr0, moduleColors)$eigengenes 
> # Isolate trait (Infection or infection) from the clinical 
traits 
> Infection = as.data.frame(traitData$Infection) 
> names(Infection) = "Infection" 
> Infection = as.data.frame(traitData$Infection) 
> names(Infection) = "Infection" 
> # Add the trait to existing module eigengenes 
> METInfection = orderMEs(cbind(MEs, Infection)) 
> METinfection = orderMEs(cbind(MEs, Infection)) 
> # Plot the relationships among the eigengenes and the trait 
> > plotEigengeneNetworks(MEinfection, "", marDendro =    

c(0,4,1,2), marHeatmap = c(3,4,1,2), cex.lab = 0.8,  
xLabelsAngle= 90) 
 

2.15.5 Export of networks for visualisation in Cytoscape 
In order to visualise the gene networks within each module, the network file was exported into 

Cytoscape. As each module contained differing number of genes, topological overlap thresholds 

were manually judged for each module to ensure a minimum of 40 nodes and 100 edges were 

present; too low a threshold and the network would be indecipherable and too high a threshold 

would remove any meaningful network interactions. The code below is using the ‘blue’ module as 

an example of network export from R into a file format usable by Cytoscape. To assess the most 

highly connected genes in the exported networks, the cytoHubba plugin in Cytoscape was used, 

with the Maximal Clique Centrality (MCC) scoring method used to rank all nodes present in the 

network380. 

2.16 Gene ontology analysis 
To explore the biological relevance of the significant differentially expressed genes found in the 

WGCNA and DEG analysis, gene list enrichment analysis and Kyoto Encyclopaedia of Genes and 

Genomes (KEGG) pathway analysis was performed using online tools such as ToppFunn, which is 

part of the ToppGene Suite381 and ShinyGo382 using default parameter settings (FDR multiple 

correction method and enrichment significance cut off level 0.05). Both online tools use 

hypergeometric distribution with False Discovery Rate (FDR) correction as the method for 

determining statistical significance of functionally enriched pathways. Clustering of the top gene 

ontology terms was performed in Cytoscape using the EnrichmentMap and AutoAnnotate plugins. 
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2.17 Reverse transcription 
Reverse transcription to produce complementary DNA (cDNA) was carried out in 20 μl volumes with 

the following reagents; 2 μl 10 x RT random primers, 2 μl 10 x RT buffer, 0.8 μl deoxyribonucleotide 

triphosphate (dNTP) mix, 1 μl RNAse inhibitor and 1 μl Multiscribe Reverse Transcriptase (all 

Applied Biosystems) with 250 ng RNA added to each reaction and the remaining volume (up to 20 

μl) supplemented with RNase-free water (Sigma). Reverse Transcription was performed at 25°C for 

10 min, 37°C for 2 h and 85°C for 5 min using a DNA Engine Thermal Cycler (MJ Research/Bio-Rad 

Laboratories CA, USA).  

2.18 Quantitative PCR (qPCR) 
Quantitative PCR (qPCR) was performed in 5 μl reactions using previously generated cDNA (as 

described in Section 2.17). Briefly, for qPCR to analyse MDM or NTHi gene expression, 2.5 μl 

TaqMan Universal Master Mix II (Applied Biosystems) was added to 1.25 μl RNAse-free water 

(Sigma) and 0.25 μl of appropriate TaqMan primers. MDM primers are shown in Table 2.5 and NTHi 

primer sequences are shown in Table 2.6 and were designed by Applied Biosystems using the gene 

sequences from the ST14 draft genome assembly. The qPCR reactions were performed at 95°C for 

10 min and 40 cycles of 95°C for 15 s and 60°C for 1 min using a 7900HT Fast Real-Time PCR System.  

 
 Figure 2.12. Assessment of housekeeping gene stability for qPCR. Three commonly used housekeeping 

genes were assessed for stability across the conditions used in this thesis (Section 2.6). The Ct 

values for 18S (A), B2M (B) and ACTB (C) were measured across 6 healthy MDM donors 

individually, due to the inherent variability between donors. Each donor sample consists of 8 

conditions: 6h uninfected, 6h NTHi infected, 24h uninfected, 24h NTHi infected, 48h 

uninfected, 48h NTHi infected, 48h IAV-infected and 48h co-infected (NTHi+IAV). (D) Ct values 

for all donors and conditions were combined to assess stability of housekeeping genes including 

donor variability. Lines indicate mean and error bars and values show standard deviation. 
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Host gene expression results were normalised to housekeeping gene beta-2-microglobulin (B2M) 

using the delta-delta cycle threshold (Ct) method:  

2^-(experimental gene of interest – experimental housekeeping gene) - (uninfected gene of 

interest – uninfected housekeeping gene). 

Use of B2M as a suitable housekeeping gene for macrophages has been demonstrated previously 

in the literature383–385 and has routinely been used in the lab199,234,240,351,352 as a housekeeping gene 

for MDM gene expression work. Comparison of housekeeping gene stability across individual MDM 

donors in response to the infection conditions and time points used in this thesis (Section 2.6) 

confirmed stability of B2M in this model. B2M (Figure 2.12A) outperformed 18S (Figure 2.12B) and 

ACTB (Figure 2.12C), maintaining the lowest variability as measured by the standard deviation 

(Figure 2.12D). As such, B2M was pragmatically chosen as the single housekeeping gene of choice 

for this work, in order to minimise the cost of reagents. NTHi gene expression results were either 

normalised to B2M (chapter 3) or the NTHi rho gene (chapter 5 onwards), as expression of rho was 

determined not to significantly change between 6 h and 24 h in the dual RNASeq analysis. Statistical 

analysis was performed on delta-delta Ct values. Values were then transformed using 2^- deltadelta 

Ct to graphically express results as fold change.  

Table 2.5. List of MDM primers for qPCR. All from Applied Biosystems.  

Gene Accession Number 
18s Hs09003631_g1 

ACOD1 Hs00985781_m1 
ACTB Hs99999903_m1 
B2M Hs00984230_m1 

CASP4 Hs01031951_m1 
CXCL10 Hs00171042_m1 
DDX58 Hs01061436_m1 
GBP1 Hs00977005_m1 
IFNA Hs00256882_s1 
IFNB Hs01077958_s1 
IFNG Hs00989291_m1 
IL1B Hs01555410_m1 
IRF1 Hs00971965_m1 
IRF3 Hs01547288_m1 
IRF7 Hs00185375_m1 

LAMP3 Hs01111316_m1 
MX1 Hs00895608_m1 

PNRC1 Hs00199095_m1 
RELA Hs01042010_m1 

SGPP2 Hs00544786_m1 
TLR2 Hs00152932_m1 
TLR4 Hs00152939_m1 
TLR7 Hs01933259_s1 
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Table 2.6. List of NTHi primers for qPCR. All NTHi primers were from Applied Biosystems. Primer sequences 

for bioC, mepM, dps, yadA and rho were obtained using sequences from the ST14 draft 

assembly genome and were used by Applied Biosystems to design primers. The specific 

primer/probe sequences for hel were from Coughtrie et al.386. 

Gene Assay ID Forward Primer Reverse Primer Probe 
bioC APH6EPN GCACTGGAGGGCATTTACAACTTTA TCGGAAAGATCGGTTCCAATTACTTT CCGCCCCTCGTTCTAA 

mepM APKA9AK GGCGAACGTATTGCACTTTCTG ACAGCTCGACCGTTAATATGAAATTCA TAACACGGGCATTTCT 
yadA APNKWFF GTGAGGCATCGAAAAGCTATACAGT CGGCTGATGATTTTAAGGCTTTTGC CCCCTTACCAATTGCT 

hel APKA9AH CCGGGTGCGGTAGAATTTAATAA CTGATTTTTCAGTGCTGTCTTTGC ACAGCCACAACGGTA
AAGTGTTCTACG 

dps APMF2VH GAGGCTATCACTGGAACATTAAAGGT AGCCACTTCATCAACTCTAGCAATT ACACGCAAAATTTG 
rho AP2XDRH AGGCAATGGCTCAACAGAAGATTTA CAAACCACGTTGACCTTTACCAATT ACCGCACGTATTTTG 

2.19 Lactate Dehydrogenase (LDH) assay  
LDH release into culture supernatants was assessed by the CytoTox 96® Non-Radioactive 

Cytotoxicity Assay according to the manufacturer’s instructions (Promega, Madison, USA). Briefly, 

50 μl of harvested supernatant and 50 μl CytoTox 96® Reagent was added to a 96 well plate and 

incubated for 30 min in the dark at room temperature. 50 μl of stop solution was added and the 

absorbance read on a microplate reader at 490 nm (Multiskan Ascent, Agilent Technologies, 

Wokingham, UK). Optical Density (OD) reading of the media only control was regarded as 

background and subtracted from sample values.  

2.20 Metabolic activity assay  
To assess MDM metabolic activity, a CellTiter 96® AQueous One Solution Cell Proliferation Assay 

(Promega), known as a MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium, inner salt) assay, was used according to the manufacturer’s 

instructions. Briefly, MDM were seeded at 2.5 x 104 cells per well, which was pre-determined by 

optimisation of the cell number required to allow accurate absorbance reading. MDM were 

infected with NTHi or left uninfected, as described in 2.6.1. At 24 h, media was removed and 100 µl 

fresh RS-RPMI was added, along with 20 µl MTS Solution Reagent, to each well and incubated for 1 

h at 37°C, 5% CO2. After 1 h, absorbance was read on a microplate reader (Multiskan Ascent) at 490 

nm.  

2.21 Enzyme-Linked Immunosorbent Assay (ELISA) 
To determine release of MDM inflammatory mediators, culture supernatants were harvested 

frozen at -80°C until needed. IL-1β, IL-6, IL-8 and CXCL10 release was determined by use of a 

DuoSet® ELISA kit (R&D Systems) according to manufacturer’s instructions. Briefly, Nunc™ 

MaxiSorp™ ELISA plates (Biolegend) were coated with 100 µl capture antibody and incubated 

overnight at room temperature. Plates were washed in PBS containing 0.05% Tween-20 (known as 

Wash Buffer). Plates were blocked using 200 µl PBS containing 1% (v/v) BSA at room temperature 

for 1 h. Plates were again washed with Wash Buffer before addition of 100 µl of appropriately 

diluted samples and standards and incubated at room temperature for 2 h. Plates were then 
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washed with Wash Buffer and incubated with 100 µl appropriate detection antibody at room 

temperature for 2 h. Following washing with Wash Buffer, 100 µl streptavidin-horseradish 

peroxidase (streptavidin-HRP) was added and incubated in the dark at room temperature for 20 

min. After a final wash with Wash Buffer, 100 µl 3,3′,5,5′-Tetramethylbenzidine (TMB) substrate 

solution was added to wells and incubated in the dark at room temperature for up to 20 min. The 

reaction was stopped by addition of 50 µl ‘stop solution’ / 1M H2SO4. Absorbance was read on a 

microplate reader (Multiskan Ascent) at 450 nm using 550 nm wavelength correction.  

2.22 Luminex Assay 
Analysis of MDM cell culture supernatants was also performed using a customised 14-plex Luminex 

Human Magnetic Assay according to the manufacturer’s instructions (R&D Systems). Briefly, 50 µl 

of the premixed microparticle cocktail was added to each well of a 96 well plate and incubated with 

50 µl of neat MDM culture supernatant or the pre-prepared standard at 4°C overnight. The plate 

was then washed with 100 µl Wash Buffer (R&D Systems) whilst attached to a Handheld Magnetic 

Washer, which held the microparticles and bound sample analytes to the bottom of the plate to 

prevent them washing away. The biotin antibody cocktail provided was diluted with the provided 

diluent concentrate (R&D Systems) and 50 µl was added to each well and incubated for 1 h on a 

plate shaker. The plate was again washed as described above, before 50 µl of Streptavidin-PE was 

added and again incubated for 30 min on a plate shaker. The plate was read using a Bio-Plex 200 

system (Bio-Rad), with the concentration of each analyte calculated from the concentration of the 

1 in 3 diluted standard curve for each analyte. The lower and upper limit of quantitation (LLOQ and 

ULOQ) for each analyte is indicated in Table 2.7.  

Table 2.7. The lower and upper limit of quantitation (LLOQ and ULOQ) for each analyte (pg/ml).

Analyte Lower Limit of 
Quantification 

Upper Limit of 
Quantification 

CCL20 8.558 2169.997 
IFN-α 3.497 2657.992 
IFN-β 3.786 2999.998 
IFN-γ 18.040 13434.827 
IL-1β 5.801 4347.716 
IL-10 1.313 942.046 
IL-15 2.171 1540.061 

IL-17C 4.919 4085.088 
IL-23 45.919 34817.527 
IL-27 92.344 72333.779 
IL-33 3.791 2824.383 
IL36β 1.026 829.974 
TLSP 0.862 630.293 

TNF-α 2.190 1660.525 
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2.23 Flow Cytometry 
Flow cytometry was used to assess IAV or GFP-NTHi infection of MDM. For GFP-NTHi infections, 

MDM were infected with GFP-NTHi as described in Section 2.6.1 and harvested at 6 h (after the 90 

min gentamicin wash) and 24 h. To analyse IAV infection of MDM, MDM were infected as described 

in 2.6.2 and harvested 24 h post initial IAV incubation (at 48 h). MDM were harvested in both 

instances using 200 µl non-enzymatic cell dissociation solution (Sigma) for 20 min at 37°C. After 20 

min, cells were gently removed from wells into 5 ml polypropylene tubes (BD). Cells were washed 

and centrifuged at 400 g, 4°C for 5 min in Fluorescence-Activated Cell Sorting (FACS) buffer (2mM 

EDTA, 0.5% (w/v) BSA in PBS) and resuspended in 200 µl Cytofix/Cytoperm™ Fixation and 

Permeabilization Solution (BD Biosciences) and incubated on ice for 20 min. At this point, for the 

GFP-NTHi infections, cells were washed and resuspended in 250 µl FACS buffer, as no antibody 

staining was necessary due to the GFP-tag present on the GFP-NTHi strain. For analysis of IAV 

infection, cells were washed and centrifuged and stained with 2 µl Fluorescein isothiocyanate (FITC) 

labelled anti-NP-1 antibody (Abcam) in 100 µl 1 x PermWash™ (BD Biosciences) for 30 min on ice. 

Cells were washed in 2 ml 1 x PermWash™ and resuspended in 250 µl FACS buffer. Acquisition was 

performed using 9-colour FACSAria (BD Biosciences), with FlowJo software (Version 10) used for 

analysis. A reference gating strategy for determining IAV or GFP-NTHi infection is shown in Figure 

2.13. Firstly, gating was used to select MDM and not debris (Figure 2.13A). Subsequently, the 

uninfected MDM at the appropriate time point for each experiment was used as the gating control 

for negative FITC-fluorescent signal to assess GFP-NTHi infection at 6 h (Figure 2.13B) or 24 h (Figure 

2.13C) or IAV infection at 48 h (Figure 2.13D).  

 

  
Figure 2.13. Representative flow cytometry gating strategy for determining NP-1+ MDM. Cells were first 

gated by size to exclude any debris. Uninfected MDM were then used to gate as a negative 

control to identify NP-1+ MDM. 
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2.24 Fluorescent in situ hybridisation (FISH) 
Stored BAL cytospin slides (Section 2.3) were thawed and allowed to come to room temperature. 

Slides were washed in PBS before being fixed in a paraformaldehyde-acetic acid fixative solution 

(36.5M paraformaldehyde and 5% acetic acid in PBS) for 15 min. Slides were subsequently washed 

twice in PBS for 5 min, before two final quick washes in water. Slides were dehydrated using an 

ethanol gradient of 70% ethanol for 5 min, 90% ethanol for 5 min and 100% ethanol for 5 min before 

being left to completely air dry. The NTHi specific probe HAIN16S1251 and the pan-bacteria probe 

EUB338A (Table 2.8) were diluted to a concentration of 50 μg/μl in hybridization buffer (0.9 M NaCl, 

20 mM Tris/HCl, 0.01% SDS, and 30% formamide pH 7.5) and 20 μl added to each slide. 

Hybridization was performed for 2 h at 46˚C using a ThermoBrite StatSpin humid chamber before 

being washed for 15 min in wash buffer (80 mM NaCl, 20 mM Tris- HCl pH 8, 5 mM EDTA, and 0.01% 

SDS) at 48˚C. Slides were again washed in PBS before addition of 150 μl of Vector® TrueVIEW® 

Autofluorescence Quenching reagent (Vectorlabs) for 4 min. Slides were washed in PBS before glass 

coverslips were added using Vectashield mounting solution containing 4',6-Diamidino-2-

Phenylindole (DAPI) nuclear stain (Vectorlabs). Slides were stored at 4˚C until visualisation occurred 

using a Zeiss Axioskop2 Mot fluorescence microscope using x 40 magnification immersion oil 

objective. Images were acquired using Micro-Manager and analysed in ImageJ. Bacteria-only 

controls were used to ensure specific binding of the NTHi-specific probe to NTHi. All bacteria used 

were stained by DAPI. Escherichia coli BL21 (kindly provided by Dr. A Watson, University of 

Southampton) and Streptococcus pneumoniae D39 serotype 2 (kindly provided by Dr. G Cooper, 

University of Southampton240) were detected by the FITC-pan probe, but not the CY3 NTHi-specific 

probe (shown as green only in the merged images, Figure 2.14A-B). In contrast, NTHi was detected 

by both probes, as indicated by the yellow-orange colour in the merged images (Figure 2.14C). 

Table 2.8. Probe sequences used for FISH. HAIN16S1251 is an NTHi-specific probe and EUB338A is a pan-

bacteria probe. FITC= Fluorescein isothiocyanate. 

 

  

Probe Probe Sequence Fluorophore 

HAIN16S1251 5’ TCGCAGCTTCGCTTCCCT 3’ CY3 

EUB338A 5’ GCTGCCTCCCGTAGGAGT 3’ FITC 
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Figure 2.14. Bacteria only controls for FISH. To determine whether any signal from the Cy3 NTHi specific 

probe could be detected in the presence of other bacteria, slides containing bacteria only were 

prepared using (A) Escherichia coli, (B) Streptococcus pneumoniae and (C) Nontypeable 

Haemophilus influenzae as a positive control. FISH was performed using the pan bacteria probe 

(FITC) and the NTHi-specific probe (Cy3). All slides were counterstained with the nuclear stain 

DAPI. Images taken using 40x oil immersion objective. Scale bar shows 10 µm. FITC= Fluorescein 

isothiocyanate, DAPI = 4',6-Diamidino-2-Phenylindole. 
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2.24.1 Quantification of NTHi colonisation in BAL samples 
FISH was performed as described above. For quantification, all images were acquired using the 

same exposure settings for each individual fluorescent channel. Quantification of the presence of 

NTHi for each individual was performed in ImageJ/FIJI (National Institutes of Health, USA, version 

1.53c) 387,388. The number of macrophages in each image, represented by DAPI staining of single cell 

nucleus, was quantified using the Analyse Particles in-built ImageJ tool (Figure 2.15A). This was 

achieved by setting the threshold for each image and running the ‘Convert to Mask’ and ‘Erode’ 

functions before the ‘Analyse Particles’ function to count the individual nuclei. The CY3 NTHi-

specific signal was next quantified using the Find Maxima in-built ImageJ tool (Figure 2.15B). Firstly, 

each image was adjusted using the ‘Enhance Contrast’, ‘Smooth’ and ‘Gaussian Blur’ in-built ImageJ 

functions. The ‘Find Maxima’ function was then used to identify the CY3 signal that passed a set 

‘prominence’ level, which was set to reduce potential background or autofluorescence being 

counted as NTHi. The output of DAPI and CY3 signal quantification (Figure 2.15D) was then used to 

determine the number of DAPI-stained cells associated with the CY3-NTHi signal, which was 

expressed as a percentage of cells colonised with NTHi. 

  
Figure 2.15. Quantification analysis of a representative FISH image. (A) The number of host cells was first 

quantified using the Analyse Particles function, which returned a count for each DAPI-stained 

nuclei, which represents a single cell. (B) The CY3 signal was quantified using the in-built Find 

Maxima Image J tool and the Gaussian Blur filter function, in order to only count a single Cy3 

signal for each cells. The crosses present on the image show the Cy3 signal passing the set 

prominence level, which was set to reduce the potential of autofluorescence or background 

signal counting as NTHi. (C) The colour composite merged image showing the CY3-NTHi signal 

associating with a single DAPI-strained nuclei. (D) The count output for this individual sample 

indicates that out of the 51 total cells detected, 11 were colonised with NTHi = 22% NTHi+ cells. 

DAPI = 4',6-Diamidino-2-Phenylindole 
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2.25 Crystal violet staining to detect NTHi in cell culture wells 

To visualise and quantify NTHi viability in the absence of MDM, wells that did not contain MDM 

were incubated with NTHi at MOI 10, 100 or infection media alone for 2 h, 6 h or 24 h at 37℃, 5% 

CO2. After each time point, the supernatant was removed and wells washed twice with PBS and left 

to air dry for 15 min. Once dry, 200 μl of 0.2% crystal violet (v/v) (Sigma) was added and incubated 

at 37℃ for 15 min. After 15 min, the crystal violet solution and wells were washed three times with 

500 μl PBS to remove excess crystal violet. To quantify NTHi presence in wells, 200 μl 75% ethanol 

was added to solubilise the crystal violet stain and 100 μl was removed and added to a fresh 96 well 

plate and read on a plate reader at 590nm (Multiskan Ascent). 

2.26 Overview of packages and software 
All packages and software used for analysis in this thesis are displayed in Table 2.9. As not all 

packages have citable publications, the URL link to the package description page is included 

alongside the version number of the tool used in this thesis, with references included in the author 

list where available. 

2.27 Statistical Analysis 
Statistical analysis was performed using GraphPad Prism (version 8 GraphPad Software, San Diego, 

USA) and statistical significance was determined as p<0.05. Due to low sample sizes throughout this 

thesis, data were treated as non-parametric for statistical analysis. For paired data, Wilcoxon 

matched-pairs signed rank test between two groups or Friedman test with Dunn’s post hoc test for 

multiple comparison testing between more than two groups for one independent variable were 

used. For analysis of data with more than one independent variable, a two way ANOVA, with 

Tukey’s multiple comparisons post hoc test was used. For unpaired data, Mann Whitney U test 

between two groups or Kruskal-Wallis with Dunn’s post hoc test for multiple comparison testing 

between more than two groups were used. Correlation analyses were performed using Spearman 

rank correlation coefficient. For analysis of categorical data, Fisher’s exact test was used.  

For analysis of DEG and enrichment analysis, statistically significant differentially expressed genes 

were determined as FDR corrected p<0.05, using the Benjamini-Hochberg correction method. 

  



Chapter 2 

67 

Table 2.9. Overview of the bioinformatic tools and software used in this thesis.The version number indicates 

the version of the software/tool that was used at the time of analysis so may not represent the 

most up to date version available. The URL included is the software or package website which 

has more information about how to download and use the software, including vignettes or 

manuals detailing the functions and uses of the package and associated code. References for 

published literature are included where available, if not, the names of the authors/creators for 

each package/tool are included. NA = Software version not available 

R packages Version URL Author and/or reference 
amap 0.8-18 https://CRAN.R-project.org/package=amap  A.Lucas 

corrplot 0.84 https://CRAN.R-project.org/package=corrplot T.Wei, V.Simko V, M.Levy et al. 
dbplyr 2.0.0 https://CRAN.R-project.org/package=dbplyr  H.Wickham and E.Ruiz 

dendextend 1.13.4 https://cran.r-project.org/package=dendextend T.Galili, Y.Benjamini, G.Simpson et al.389 
DESeq2 1.24.0 https://bioconductor.org/packages/DESeq2 M.Love, C.Ahlmann-Eltze, K.Forbes et al.378 

dplyr 1.0.2 https://CRAN.R-project.org/package=dplyr H.Wickham, R.François, L.Henry et al. 
edgeR 3.26.8 https://bioconductor.org/packages/edgeR Y.Chen, A.T.L Lun, D.J.McCarthy et al.353 
ellipse 0.4.2 https://CRAN.R-project.org/package=ellipse  D.Murdoch and E.D.Chow 

EnhancedVolcano 1.2.0 https://bioconductor.org/packages/EnhancedVolcano K.Blighe 
factoextra 1.0.7 https://CRAN.R-project.org/package=factoextra  A. Kassambara and F.Mundt 

FactoMineR 2.3 https://CRAN.R-project.org/package=FactoMineR F.Husson, J.Josse, S. Le and J.Mazet 
ggalluvial 0.12.2 https://CRAN.R-project.org/package=ggalluvial J.C.Brunson and Q.D.Read 
ggplot2 3.3.2 https://CRAN.R-project.org/package=ggplot2  H.Wickham, W.Chang, L.Henry et al. 
ggpubr 0.4.0 https://CRAN.R-project.org/package=ggpubr A.Kassambara 
ggrepel 0.8.2 https://CRAN.R-project.org/package=ggrepel  K.Slowikowski, A.Schep, S.Hughes et al. 
ggridges 0.5.2 https://CRAN.R-project.org/package=ggridges C.O.Wilke 
GOplot 1.0.2 https://CRAN.R-project.org/package=GOplot W.Walter and F.Sanchez-Cabo390 
gplots 3.0.4 https://CRAN.R-project.org/package=gplots G.R.Warnes, B.Bolker, L.Bonebakker et al. 
Hmisc 4.4-0 https://CRAN.R-project.org/package=Hmisc F.E.Harrell Jr 

hrbthemes 0.8.0 https://CRAN.R-project.org/package=hrbrthemes  B.Rudis, P.Kennedy, P.Reiner et al. 
RcolorBrewer 1.1-2 https://CRAN.R-project.org/package=RColorBrewer E.Neuwirth 

rgl 0.103.5 https://CRAN.R-project.org/package=rgl D.Adler and D.Murdoch 
scales 1.1.1 https://CRAN.R-project.org/package=scales H.Wickham, D.Seidel and RStudio 
stats 3.6.1 https://www.rdocumentation.org/packages/stats R Core Team and contributers worldwide 

viridis 0.5.1 https://CRAN.R-project.org/package=viridis  S.Garnier, N.Ross, B.Rudis et al. 
WGCNA 1.69 https://CRAN.R-project.org/package=WGCNA  P.Langfelder and S.Horvath379 

Command 
line tools 

Version URL Author and/or reference 

Gingr 1.3 https://github.com/marbl/gingr B.D.Ondov, T.J.Treangen, A.M.Phillippy370 
Harvest 1.1.2 https://github.com/marbl/harvest-tools B.D.Ondov, T.J.Treangen, A.M.Phillippy370 
ParSNP 1.2 https://github.com/marbl/parsnp B.D.Ondov, T.J.Treangen, A.M.Phillippy370 

Software Version URL Author and/or reference 

AutoAnnotate 1.3 http://apps.cytoscape.org/apps/autoannotate M.Kucera, R.Isserlin, A.Arkhangorodsky et al.391 
clusterMaker2 0.9.5 http://apps.cytoscape.org/apps/clustermaker2 J.H.Morris, L.Apeltsin, A.M.Newman et al.392 

cytoHubba 0.1 http://apps.cytoscape.org/apps/cytohubba Chia-Hao Chin, Shu-Hwa Chen, Hsin-Hung Wu.380 
Cytoscape 3.8.2 https://cytoscape.org P.Shannon, A.Markiel, O.Ozier et al.393 

EnrichmentMap 3.3 http://apps.cytoscape.org/apps/enrichmentmap D.Merico,R.Isserlin, O.Stueker, A.Emili and G.Bader394 
WordCloud 3.1.0 http://apps.cytoscape.org/apps/wordcloud L.Oespe, D.Merico, R.Isserlin and G.D.Bader.395 

VennDIS 1.0.1 http://kislingerlab.uhnres.utoronto.ca/projects V.Ignatchenko, A.Ignatchenko, A.Sinha et al.396 

Online tools Version URL Author and/or reference 

Intererome 2.01 http://www.interferome.org/interferome/ I.Rusinova, S.Forster, S. Yu et al.397 
PresRAT NA http://www.hpppi.iicb.res.in/presrat/ K.Kumar, A.Chakraborty and S.Chakrabarti398  
ShinyGo 0.61 http://bioinformatics.sdstate.edu/go S.X.Ge, D.Jung and R.Yao.382 

ToppGene NA https://toppgene.cchmc.org J.Chen, E.Bardes, B.Aronow and A.G.Jegga.381 
Venny 2.1 https://bioinfogp.cnb.csic.es/tools/venny/ J.C.Oliveros.399 

https://cran.r-project.org/package=amap
https://cran.r-project.org/package=corrplot
https://cran.r-project.org/package=dbplyr
https://cran.r-project.org/package=dendextend
https://bioconductor.org/packages/DESeq2
https://bioconductor.org/packages/DESeq2
https://cran.r-project.org/package=dplyr
https://bioconductor.org/packages/edgeR
https://bioconductor.org/packages/edgeR
https://cran.r-project.org/package=ellipse
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Chapter 3 Optimisation of an NTHi-MDM intracellular 
infection model 

3.1 Introduction 
The main aim of this thesis was to investigate NTHi-macrophage interactions and the impact on 

subsequent viral infection, which is a main driver of asthma exacerbations. Although NTHi presence 

in the airways of individuals with asthma is now being widely reported during both stable and 

exacerbated periods of disease, NTHi presence is associated with more severe disease, steroid 

resistance and neutrophilic inflammation86,400. It is not understood whether NTHi infection and 

residence with airway macrophages modulates the immune response, contributing to chronic 

airway inflammation and exacerbations in asthma. As such, this chapter will focus on optimisation 

of an in vitro monocyte-derived macrophage (MDM)-NTHi infection model. This model will be 

subsequently used to investigate both host and pathogen transcriptomic changes associated with 

infection by dual RNASeq. 

A challenging and limiting factor of dual RNASeq is that bacterial RNA can make up less than 1% of 

the total RNA in an infected cell373. Furthermore, 95% of total RNA in an infected cell is host 

ribosomal RNA, further reducing the ratio of bacterial RNA of interest401. Therefore, it is likely that 

in this system, macrophage RNA will vastly outweigh the amount of NTHi RNA present. To overcome 

this, the NTHi transcriptome must be sequenced in enough depth to determine biologically 

significant changes in NTHi gene expression above any noise in the data set402.  

A MDM infection model previously established in the lab comprises of a 2 h infection period with 

either a virus or bacteria, followed by a 22 h incubation period in antibiotic containing 

media199,240,349,350,352,403. However, this infection model was primarily used to investigate the MDM 

response to the pathogen in question, with only low amounts of viable NTHi recovered from 

MDM234. In order to reduce the potential increased costs that occur with increasing sequencing 

depth to ensure adequate coverage of the NTHi transcriptome, in addition to the host 

transcriptome, the infection model first required optimisation. This chapter will detail optimisation 

of an intracellular infection model, ensuring a sufficient amount of live, viable NTHi was present for 

sequencing, without compromising the viability of the macrophage.  

3.2 Results 
3.2.1 Optimising recovery of NTHi from infected MDM 
A commonly used method of quantifying live intracellular NTHi is the gentamicin protection 

assay123,141,142,144,149. Gentamicin has been reported to be less able to cross the cell membrane of 

the host cell than other antibiotics and therefore not impact on the viability of intracellular 

bacteria147,404. Previously published studies using gentamicin protections assays to assess the 

number of intracellular bacteria have used a variety of infection times, ranging from 1 h to 24 

h123,140,405–407. As mentioned above, the previous work in the lab using MDM demonstrated only 
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approximately 1 x 103 CFU/ml of NTHi was able to be recovered after infection of MDM for 2 h using 

a MOI of 1234. Therefore, to ensure sufficient quantities of NTHi will be present within MDM to 

accurately quantify and identify changes between the desired tested conditions, the infection 

model was optimised using higher MOIs of 10 and 100 using an intermediate time point of 6 h.  

To investigate the effect of antibiotics on the recovery of viable intracellular NTHi, MDM were 

infected with NTHi at MOI 10 or MOI 100 for 6 h before being incubated with either 

penicillin/streptomycin or gentamicin for 90 min. MDM were then lysed using 1 x PermWash™ (PW) 

and plated onto CHOC agar plates overnight at 37°C, 5% CO2. The amount of NTHi recovered from 

MDM incubated with gentamicin was significantly higher compared to MDM incubated with 

penicillin/streptomycin (Figure 3.1A & B, p=0.0313 for both MOIs).  

The gentamicin concentration was tested to ensure the effectiveness of concentrations used to kill 

all extracellular NTHi. MDM were incubated for 90 min in concentrations ranging from 5 µg/ml to 

500 µg/ml following infection with NTHi for 6 h (Figure 3.2A and B). For both MOIs, lower amounts 

of NTHi were recovered using higher gentamicin concentrations, however this was not significant. 

To ensure that extracellular NTHi was removed or killed during the antibiotic wash, culture 

supernatants were harvested and plated onto CHOC agar plates. NTHi was still detectable at the 

lower concentration of gentamicin (Figure 3.2C and D). NTHi counts were observed in particular for 

MDM infected with NTHi at MOI 100 and then incubated with the lower concentration (5 µg/ml) of 

gentamicin compared to 500 µg/ml (p=0.0104), suggesting that the slightly higher counts recovered 

from within MDM at the lower gentamicin concentrations may be due to the presence of 

extracellular NTHi in culture supernatants (Figure 3.2A and B)  

 

Figure 3.1. Comparing the effects of penicillin/streptomycin (PS) and gentamicin on intracellular NTHi 

counts. MDM were infected with NTHi at MOI 10 (A) or MOI 100 (B) for 6 h before incubation 

with either penicillin/streptomycin or gentamicin for 90 min before being lysed for plate 

counting. Recovered counts are expressed as CFU/ml. Uninfected controls were also performed 

but NTHi was not detected (not shown on graphs). Graphs show paired data and lines indicate 

medians. N=5. Where fewer data points are shown, NTHi was not detected (ND). Data were 

analysed by Wilcoxon signed-rank test; *p<0.05. 
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 Figure 3.2. Optimising gentamicin concentration for recovery of intracellular NTHi. MDM were infected 

with NTHi at either MOI 10 or 100 for 6 h before incubation with different concentrations of 

gentamicin for 90 min. (A) and (B) counts recovered from lysed MDM following incubation with 

different gentamicin concentrations for 90 min. (C) and (D) the supernatants from the wells 

were plated to determine presence of live NTHi in and is expressed as a percentage of the initial 

inoculum. (E) and (F) culture supernatants were harvested, centrifuged and the resulting pellet 

resuspended in PBS and plated out. Results are expressed as a percentage of the initial 

inoculum. N=4. Uninfected controls were also performed but NTHi was not detected (not 

shown on graphs). Graphs show paired data and lines indicate medians. Data were analysed by 

Friedman test with Dunn’s multiple comparison test; *p<0.05 

As this experiment was performed by directly harvesting the contents of the gentamicin-containing 

infection culture media and plating on CHOC agar plates, the presence of gentamicin could 

potentially prevent the growth of NTHi on CHOC agar plates and result in an underestimation of the 

amount of live, extracellular NTHi present in the supernatants. To determine the presence of 

remaining live NTHi, culture supernatants were harvested into sterile tubes and subjected to 

centrifugation for 10 min at 800 x g to pellet bacteria. The gentamicin-containing supernatant was 

discarded and the cell pellet was resuspended in fresh PBS before being plated onto CHOC agar 

plates. Unlike previously, presence of NTHi was detected in supernatants containing the higher 
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concentrations of gentamicin (Figure 3.2E & F). Nonetheless, higher NTHi counts were still detected 

using the lower concentration of gentamicin compared to the highest concentration (p=0.0104 for 

MOI 10, p=0.04 for MOI 100). These results suggest that the gentamicin present in the supernatants 

impacted on NTHi growth on plates. However, when comparing the amount of NTHi detected in 

the supernatant to the initial amount of NTHi (MOI) added, the amount was negligible as the highest 

percentage recovery was less than 0.15% (Figure 3.2C).  

These data indicate that 500 µg/ml gentamicin was the optimum concentration to remove 

extracellular NTHi, therefore infected MDM were incubated with 500 µg/ml gentamicin for 30, 60 

or 90 min to determine the length of time required to kill all extracellular NTHi, without impacting 

on intracellular NTHi viability. No significant differences in the amount of NTHi recovered from 

MDM after 30, 60 or 90 min of gentamicin treatment was detected (Figure 3.3A and B). However, 

the presence of NTHi was still detected in the supernatants after 30 and 60 min of gentamicin 

treatment, but not 90 min (Figure 3.3C & D). Therefore, 30 and 60 min were not sufficient 

gentamicin incubation times for removal of all extracellular NTHi. In contrast, no extracellular NTHi 

was detected in the supernatants after 90 min and no significant decrease in intracellular NTHi 

viability was detected.  

  

Figure 3.3. Optimisation of gentamicin incubation time. MDM were infected with NTHi at MOI 10 or 100 for 

6 h before incubation with gentamicin for either 30, 60 or 90 min. (A) and (B) to determine 

intracellular NTHi, MDM were lysed after each incubation time and plated out. (C) and (D) to 

ensure that no extracellular NTHi remained following gentamicin incubation, MDM 

supernatants were harvested and plated out. N=3, where there are fewer data points, NTHi 

was not detected (ND). Uninfected controls were also performed but NTHi was not detected 

(not shown on graphs). Graphs show paired data and lines indicate medians. Data were 

analysed by Friedman test. 

30 60 90
100

101

102

103

104

105

106

Antibiotic incubation time (min)

C
FU

/m
l

MOI 10

30 60 90
100

101

102

103

104

105

106

Antibiotic incubation time (min)

C
FU

/m
l

MOI 100

30 60 90
100

101

102

103

104

105

106

Antibiotic incubation time (min)

C
FU

/m
l

ND

30 60 90
100

101

102

103

104

105

106

Antibiotic incubation time (min)

C
FU

/m
l

ND

A B

C D



Chapter 3 

72 

 
Figure 3.4. Optimisation of MDM lysis for NTHi recovery. MDM were infected with either MOI 10 (A) or MOI 

100 (B) NTHi for 6 h and incubated in gentamicin for 90 min. To lyse MDM, cells were incubated 

with different PermWash™ (PW) concentrations for 20, min and plated onto CHOC agar plates. 

Both (A) and (B) indicate that 1x PW allowed for highest recovery of NTHi. Graphs show paired 

data and lines indicate medians. Uninfected controls were also performed but NTHi was not 

detected (not shown on graphs). Data were analysed by Friedman test with Dunn’s multiple 

comparison test; *p<0.05 

The final factor optimised to enable effective assessment of intracellular NTHi was the 

concentration of PW used to lyse and release intracellular NTHi from MDM. PW contains saponin, 

and previous work by Morey et al. (2011) indicated that lower concentrations of saponin increased 

bacterial recovery140. To assess the concentrations required for adequate MDM lysis to release and 

recover NTHi, PW concentrations ranging from 0.01 to 1 x PW were used. In contrast to the 

aforementioned work by Morey et al. (2011), significantly higher NTHi CFU counts were recovered 

using higher concentrations of PW (Figure 3.4A and B, p=0.0370 between 0.1 x PW and 1 x PW at 

MOI 10, and p=0.0155 between 0.01 x PW and 1 x PW at 100 MOI). Henceforth, experiments 

involving the use of the gentamicin protection assay, used conditions of 500 µg/ml gentamicin for 

90 min before lysis of MDM with 1 x PW. 

3.2.2 NTHi viability decreases over time in the absence of MDM 
As previously mentioned, the formerly established infection model developed in the laboratory 

used a 2 h infection period, with minimal amounts of NTHi detected199,240,349,350,352. To determine 

the duration of the infection period required for the highest amount of NTHi to be recovered from 

MDM and therefore be detected by sequencing, a time course experiment was performed. 

However, the ability of NTHi to be cultured over an extended period of time in the presence of 

MDM first required testing. To assess this, NTHi was incubated with either MDM (+MDM) or 

infection media alone (-MDM)(Figure 3.5). The amount of NTHi recovered from culture 

supernatants was measured at early (2 h), intermediate (6 h) and late (24 h) infection time points 

by live viable counting. Intriguingly, lower NTHi counts were recovered from MDM-free 

supernatants, compared to counts obtained from supernatants containing NTHi cultured with 

MDM, which was significant at 6 h and 24 h (p=0.0183 and 0.0073, respectively), but not 2 h. This 

suggests that over time, NTHi viability decreases when not cultured with host cells such as MDM. 
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Figure 3.5. NTHi viability decreases in the absence of MDM. NTHi viable counts recovered from well 

supernatants with (+MDM, circles) or without (-MDM, triangles) MDM present. Infections 

occurred as previously described, but here, NTHi at MOI 10 was incubated in wells containing 

MDM or wells that just contained infection media. Graphs show paired data and lines indicate 

medians. N=4. Asterisk indicates statistical significance performed by Friedman test with 

Dunn’s multiple comparison test; *p<0.05, **p<0.01 

To determine whether the decrease in CFU/ml counts was simply due to NTHi adherence to the 

plastic of the culture plate or forming aggregates, at each time point the well culture media was 

removed and 0.2% crystal violet added to visualise NTHi. However, even at the longer 24 h time 

point, no crystal violet staining was observed, with absorbance values below the culture media-only 

control well (n=2, data not shown). This suggests that the lower NTHi counts in supernatants from 

MDM-free wells were not due to NTHi adherence to the well plastic. Nonetheless, viable NTHi was 

able to be recovered from wells containing MDM from the early 2 h time point to the late 24 h time 

point.  

3.2.3 NTHi intracellular recovery was highest after 6 h infection 
Following confirmation of live, viable NTHi presence following incubation with MDM until 24 h, a 

time course experiment was performed whereby MDM were infected with NTHi at MOI 1, 10 or 

100 for 2, 6 or 24 h. At each time point several variables were assessed. Firstly, the amount of NTHi 

present in the culture supernatants was determined by sampling the media and plating out (Figure 

3.6A). Secondly, to account for NTHi associated with MDM, which includes intracellular and 

membrane-bound extracellular NTHi (regarded as ‘associated’ NTHi), cells were washed with PBS 

only and immediately incubated with PW and plated (Figure 3.6B). Finally, MDM were subjected to 

the fully optimised gentamicin protection assay protocol described above, washed again with PBS 

to remove any remaining antibiotics and then incubated in 1 x PW prior to being plated out for 

viability counting (Figure 3.6C). The counts recorded here are regarded as ‘intracellular’ NTHi. For 

clarity, Figure 3.6D, E and F are graphical representations of NTHi location for each condition.  
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Figure 3.6. Time course of NTHi-MDM infection. MDM were infected with NTHi at MOI 1, 10 or 100 for 2 h, 

6 h or 24 h. (A) Supernatants were harvested at these time points to show the amount of NTHi 

in the well not in contact with the MDM (B) MDM were washed with PBS and immediately lysed 

to determine the amount of NTHi associated with the macrophage (both extracellular 

membrane-bound and intracellular NTHi). (C) MDM were washed and incubated for 90 min 

with gentamicin to remove extracellular NTHi in order to recover only intracellular NTHi. D-F 

show the locations of NTHi sampled in graphical format for clarity. Uninfected controls were 

also performed but NTHi was not detected (not shown on graphs). Each point represents the 

median of 4 experiments and lower and upper whiskers indicate IQR (25th and 75th percentile). 

Data were analysed by Two-Way ANOVA, with Tukey’s multiple comparisons test to compare 

the effect of infection time on NTHi number for each MOI; *p<0.05. For B, significance is for 

MOI 1, 2 h v 24 h. For C, the top line row is for MOI 1 comparisons, middle line is for MOI 10 

and the bottom line row is for MOI 100 comparisons. Bottom panel created using 

Biorender.com 

No significant differences in the amount of NTHi recovered from the culture supernatants at 2 h, 6 

h or 24 h for any MOI was detected (Figure 3.6A). However, the recovery of NTHi associated with 

MDM significantly increased between the 2 h and 24 h time point for MOI 1 (Figure 3.6B, p=0.0458), 

whereas counts for MOI 10 and 100 appeared to be consistent between 6 h and 24 h. Finally, the 

amount of intracellular NTHi peaked at 6 h compared to 2 h (p = 0.0684 and p = 0.0552 for MOI 10 

and 100 respectively) and 24 h (p=0.0624 for MOI 100) whereas higher amounts of NTHi were 

recovered at 24 h compared to 2 h for MOI 1 (Figure 3.6C, p=0.0213). 

3.2.4 Live NTHi was not detected following an extended incubation period with antibiotics 
As the aim of developing the current model is to assess both NTHi and MDM responses, it is possible 

that investigating a single 6 h time point may be too early to characterise the MDM response to 

NTHi infection408,409. This infection model was adapted further to include an extended period of 

incubation following the initial 6 h NTHi infection, to better model persistent NTHi infection. As 

mentioned in Section 3.1, this current model is being adapted from models previously used in-
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house, which often used a ’24 h’ end time point for immune response readouts. As 24 h has 

previously proven successful to investigate MDM responses, this current model was extended to 

include a 24 h time point. In contrast to the previously established models that incubated MDM in 

penicillin-streptomycin containing media following the initial 2 h infection period234,240,349,352,403, 

gentamicin was used as this current work has shown the viability of intracellular NTHi is less affected 

when gentamicin is used (Figure 3.1). 

Previous optimisation of gentamicin concentration found that using 500 µg/ml gentamicin for 90 

min was sufficient to kill all extracellular NTHi. However, continually using this high concentration 

of gentamicin for 18 h could impact the ability of NTHi to persist within MDM. To test this, MDM 

were infected with NTHi at MOI 10 or 100 for 6 h, before incubation with either 5, 50 or 500 µg/ml 

gentamicin for 18 h. MOI 1 was not used as the time course experiment indicated that low amounts 

of intracellular NTHi were recovered at 6 h compared to MOI 10 and 100. The gentamicin-containing 

media was removed and cells were washed twice with PBS to remove any residual gentamicin in 

the well and cells were lysed with PW for plate counting. NTHi was recovered at 6 h, but NTHi was 

unable to be detected at 24 h for either MOI 10 or 100, despite the inclusion of lower gentamicin 

concentrations (Figure 3.7A & B). This indicates that the continued presence of gentamicin in this 

model does not allow for NTHi persistence. 

  

Figure 3.7. Viable NTHi was not recovered from MDM following an extended incubation period in 

antibiotic-containing media. Comparison of gentamicin concentration during extended 

gentamicin incubation period. MDM were infected with either MOI 10 (A) or 100 (B) NTHi for 6 

h and then incubated with 5, 50 or 500 µg/ml gentamicin for a further 18 h, before MDM were 

harvested for live plate counting of NTHi. Despite lower concentrations of gentamicin, no NTHi 

was recovered at the 24 h time points. ND = Not Detected. N=3. Uninfected controls were also 

performed but NTHi was not detected (not shown on graphs). Graphs show paired data and 

lines indicate medians.  
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3.2.5 NTHi can persist until 24 h post infection in the absence of antibiotics 
As the presence of gentamicin hinders NTHi infection and persistence in MDM, the infection model 

was further altered to remove the extended period of antibiotic incubation. However, as the aim 

of the dual RNA-sequencing is to determine changes associated with intracellular infection, a 90 

min gentamicin wash (500 µg/ml) will still be used at 6 h in order for only NTHi that has been 

internalised within MDM to remain within the culture well and subsequently be sequenced.  

To determine whether removing the extended antibiotic incubation period allowed for NTHi 

persistence, MDM were infected with NTHi at MOI 10 or 100 for 6 h. Four separate conditions were 

then investigated: i) NTHi counts at 6 h (6h); ii) NTHi counts at 24 h after an extended gentamicin 

incubation period (24h+G); iii) NTHi counts at 24 h after a 90 min gentamicin wash at 6 h and 

extended incubation in antibiotic free media (24h-G); and iv) NTHi counts at 24 h after a 90 min 

gentamicin wash, extended incubation in antibiotic free media and a final gentamicin wash at 24 h 

(24h-G+G). For clarity, these conditions are shown as a graphical explanation (Figure 3.8A). 

  
Figure 3.8. Viable NTHi was recovered from MDM not subject to an extended gentamicin incubation period. 

MDM were infected with NTHi for 6 h before being subjected to various conditions (A) at either 

MOI 10 (B) or MOI 100 (C). After 6 h NTHi infection, MDM were either i) subject to a 90 min 

gentamicin wash, lysed and plated out (6h), ii) incubated in gentamicin for 18 h and lysed and 

plated out at 24 h (24h+G), iii) incubated in gentamicin for only 90 min, then left in antibiotic 

free media until 24 h when MDM were lysed and plated (24h-G) or iv) incubated in gentamicin 

for only 90 min, then left in antibiotic free media until 24 h when MDM were subject to a 90 

min gentamicin wash and then lysed and plated out (24h-G+G). ND = Not Detected. N=6. 

Uninfected controls were also performed but NTHi was not detected (not shown on graphs). 

Graphs show paired data and lines indicate medians. Data were analysed by Friedman test with 

Dunn’s multiple comparison test; *p<0.05 
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NTHi was recovered at 6 h for both MOIs (Figure 3.8B & C). Similarly to previous results, no counts 

were recovered at 24 h using MOI 10 and a low number of NTHi were recovered using MOI 100 

following an extended period of gentamicin incubation. However, when a gentamicin wash was 

used to remove extracellular NTHi at 6 h prior to an extended incubation period in antibiotic free 

media, NTHi was detectable at both MOIs (Figure 3.8B & C, 24h-G). The final condition (24h-G+G) 

was used to determine whether the NTHi detected in the third condition was intracellularly located. 

To achieve this, prior to MDM lysis and plating at 24 h, a 90 min gentamicin wash was used to kill 

extracellular NTHi. Live counts were not obtained for all experiments in this condition for either 

MOI (Figure 3.8B & C). 

 Importantly, higher levels of NTHi were recovered at 24 h following a 90 min gentamicin wash and 

extended incubation in the absence of gentamicin, compared to NTHi counts obtained in the 

continued presence of gentamicin (p=0.0437). Therefore, the 6 h time point (with a 90 min 

gentamicin wash) and a 24 h time point (with a 90 min gentamicin wash and extended incubation 

period in antibiotic-free media) will be taken forward in this work (shown in Figure 3.8A iii).  

As live NTHi was detected at both 6 h and 24 h by viable counting, it was next determined whether 

NTHi RNA was also detectable at both of these time points. Detection of NTHi RNA was crucial, 

given that the aim of optimising this model was to sequence NTHi during infection. MDM were 

infected as before at MOI 10 or 100 for 6 h, followed by a 90 min gentamicin wash and were either 

harvested or further incubated in antibiotic-free media until 24 h. RNA was harvested at both 6 h 

and 24 h. The NTHi hel gene was used to detect NTHi RNA by PCR. The hel gene codes for a 

conserved outer membrane lipoprotein expressed by NTHi and has been used previously for 

detection of NTHi in clinical samples386,410.  

  
Figure 3.9. Detection of NTHi presence in the absence of antibiotics was detected by qPCR. MDM were 

infected with NTHi at MOI 10 or 100 for 6 h, subject to 90 min gentamicin and then either 

immediately harvested or were subject to a further incubation period in antibiotic free media 

until harvest at 24 h. Expression of the NTHi hel gene was normalised to MDM B2M 

housekeeping gene. N=5. Uninfected controls were also performed but NTHi RNA was not 

detected (not shown on graphs). Graphs show paired data and lines indicate medians. Data 

were analysed by Friedman test.  
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NTHi was detected by qPCR at both time points, with higher levels of hel expression detected using 

MOI 100 compared to MOI 10, however this was not statistically significant at either time point 

(Figure 3.9). Nonetheless, higher levels of NTHi RNA will be more suitable for sequencing, therefore 

MOI 100 will be used for the remainder of this thesis. 

3.2.6 MDM viability was not affected, but metabolic activity increased in response to 
infection. 

To ensure that the infection conditions deemed to be suitable to assess intracellular NTHi infection 

were not detrimental to macrophages, MDM viability during infection was assessed. For this, a 

lactate dehydrogenase (LDH) assay was used to assess LDH release into the culture supernatants 

over the course of infection. LDH release is a commonly used marker of cytotoxicity, with increased 

LDH release suggesting that cells are less viable and less structurally intact and therefore releasing 

LDH into the culture environment. LDH release was normalised to the uninfected control at the 

appropriate time point to express the results as fold change relative to the control. No statistically 

significant changes in LDH release were detected between 6 h and 24 h, suggesting that NTHi 

persistence does not impact MDM viability (Figure 3.10).  

Slight increases in LDH release were detected for some samples at 6 h, therefore the ability of NTHi 

to contribute to the overall LDH levels was tested. As a lower level of LDH release by NTHi was 

expected compared to MDM, multiple MOIs of NTHi were used to ensure that NTHi LDH release 

could be quantified. Thus, NTHi was cultured in the absence of MDM for 6 h at an equivalent of 

MOI 1, 10 or 100. At 6 h, the supernatants were harvested and assessed for LDH release. A positive 

lysis control demonstrated the maximal capability of NTHi to produce LDH at each MOI, which 

confirmed LDH produced by this particular strain of NTHi was able to be measured by the LDH assay 

(Figure 3.11).  

  
Figure 3.10. Assessment of MDM viability by LDH assay. MDM were infected with NTHi at MOI 100 for 6 h, 

subject to 90 min gentamicin and then either immediately harvested or were subject to a 

further incubation period in antibiotic free media until harvest at 24 h. Supernatants were 

harvested at both time points and assessed for differences in LDH release, with LDH release 

normalised to the uninfected control for each time point.  N=5. Graphs show paired data and 

lines indicate medians. Data were analysed by Wilcoxon signed rank test. 
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 Figure 3.11. LDH release by NTHi during 6 h incubation. NTHi was incubated in the absence of MDM for 6 h. 

The amount of NTHi used was equivalent to the MOI used to infect MDM. To determine the 

ability of NTHi to release LDH, NTHi at each MOI were lysed with the provided lysis control (LC). 

The remaining data at each MOI indicate the amount of LDH released by NTHi over 6 h and is 

expressed as the OD value. The red line indicates the OD reading of the negative media control. 

N=3. Graphs show paired data and lines indicate medians.  

However, minimal amounts of LDH were released during culture for MOI 1 and MOI 10, with higher 

amounts of LDH release detected using MOI 100 most likely due to the increased number of NTHi 

present. Due to the inability of the LDH assay to discriminate between host and pathogen LDH 

release, the change in NTHi LDH release during co-culture with MDM was unable to be assessed. 

Nonetheless, the presence of NTHi, particularly MOI 100, may contribute to the overall level of LDH 

released into supernatants, which could falsely indicate modulation of MDM viability during 

infection.  

Although increased LDH release is suggested to relate to decreased cell viability, LDH is an 

important enzyme in cellular glycolysis411. Therefore, modulation of LDH release could also be due 

to increased metabolism of MDM in response to NTHi infection, rather than decreased MDM 

viability. To assess MDM metabolic activity, a colorimetric MTS assay was next used. As the quantity 

of final product in the MTS assay is directly proportional to the number of viable cells, the number 

of MDM to be used for this assay first required optimisation. To optimise MDM number, cells were 

seeded in a 96 well culture plate ranging from 5 x 103 to 1 x 105 MDM per well. As the manufacturer 

instructions stated the MTS reagent incubation time could vary depending on cell type used, optical 

density readings were taken at hourly intervals to determine the optimum assay end point. As such, 

1 h incubation provided sufficient time to assess the colorimetric change, particularly using MDM 

quantities ranging from 2.5 x 104 to 1 x 105 per well (Figure 3.12A). As 5 x 104 MDM were the highest 

quantity of cells at the 1 h time point still on the exponential phase of the curve and had not yet 

plateaued, this number was chosen to take forward and infect with NTHi to determine whether 

there are any changes in metabolic activity due to infection.  
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Figure 3.12. Metabolic activity of MDM increases following infection.  (A) Optimisation of MTS assay using 

different quantities of MDM (5x103 – 1x105 MDM) and reagent incubation times (1 h – 4 h). (B) 

5x104 MDM were infected with NTHi at MOI 100 for 6h, washed with gentamicin for 90 min 

and incubated in antibiotic free media until 24 h. At 24 h, MDM were washed and incubated in 

100 µl antibiotic free media and 20 µl MTS reagent for 1 h. After 1 h, absorbance was read at 

490 nm on a microplate reader. Graphs show paired data, shapes (A)/lines (B) indicate medians 

and error bars show IQR. Data were analysed by Wilcoxon signed-rank test; *p<0.05 

 

Following infection with NTHi at MOI 100, a significant increase in metabolic activity was measured 

in infected MDM compared to uninfected MDM at 24 h (Figure 3.12B). This suggests that the 

increased LDH measurements do not necessarily indicate decreased MDM viability, but rather 

increased metabolic activity as a result of NTHi infection.  

3.2.7 NTHi infection of MDM can be visualised using GFP-NTHi 
To demonstrate that NTHi was physically associated with MDM at 6 h and 24 h, a fluorescently 

labelled NTHi strain (GFP-NTHi-375SR, a kind gift from Dr. Derek Hood, MRC Harwell) was used to 

visualise infection of MDM by fluorescence microscopy. The fluorescent label is a green fluorescent 

protein (GFP) that NTHi-375 has been genetically modified to constitutively express. MDM were 

infected as previously described and were harvested at 6 h and 24 h before being streaked and 

fixed onto glass sides and stained with DAPI.  

Using fluorescent microscopy, it was evident that uninfected MDM did not have any presence of 

green fluorescent bacteria and instead, only the blue DAPI-stained nucleus was visible (Figure 

3.13A). In contrast, MDM infected with GFP-NTHi had clear evidence of GFP fluorescence at both 6 

h (Figure 3.13B) and 24 h (Figure 3.13C), which was closely associated with the macrophage nuclei. 

The use of a gentamicin wash indicates that NTHi present in this model have resided intracellularly 

within MDM, which was further confirmed by recovery of live GFP-NTHi at 6 h and 24 h by viable 

counting (Figure 3.13D).  

To quantify the percentage of GFP-NTHi+ MDM, MDM were infected as described and harvested 

for analysis by flow cytometry. The uninfected MDM at each time point was used as a GFP-NTHi 

negative gating control (Figure 3.13E). The number of GFP-NTHi+ MDM at 6 h was 18.9%, which 
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decreased at 24 h to 12.4% (Figure 3.13F).Together, these results suggest that when sequenced not 

only will a number of MDM be infected by NTHi, but the NTHi sequenced will have been associated 

with MDM over the course of the infection period. This will allow for assessment of NTHi and MDM 

interactions through analysis of transcriptomic changes during infection.  

 

 

  
Figure 3.13. Use of GFP labelled NTHi to visualise NTHi infection of MDM.  MDM were infected with GFP-

NTHi at MOI 100 for 6 h, subject to 90 min gentamicin and then either immediately harvested 

or were subject to a further incubation period in antibiotic free media until harvest at 24 h. 

MDM were streaked and fixed onto glass sides and then stained with DAPI and visualised using 

the AxioScope KS400 fluorescence microscope at 100 x magnification. (A) Uninfected MDM, (B) 

GFP-NTHi infected MDM at 6 h and (C) GFP-NTHi infected MDM at 24 h. White arrows indicate 

NTHi associated with the MDM nuclei. (D) MDM were infected as described and harvested for 

live plate counting to quantify GFP-NTHi recovery from MDM. Graph (N=6) shows paired data 

and lines indicate medians, 6 h = purple, 24 h = green. Data were analysed by Wilcoxon signed-

rank test. (E) To quantify the number of infected MDM at 6 h and 24 h, flow cytometry was 

used, with the uninfected MDM acting as the negative gating control. (E) Representative 

histogram plot showing uninfected MDM (grey) 6 h GFP-infected MDM (purple) and 24 h GFP-

infected MDM (green). (F) Quantification of MDM infectivity by GFP-NTHi, n=2. Bar shows 

median and lines indicate interquartile range. Due to low sample number (2) no statistical 

testing was performed. 
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3.2.8 MDM responses were observed at both 6 h and 24 h 
As the work in this thesis so far has focused on optimising the NTHi-MDM infection model to ensure 

a sufficient amount of live, viable NTHi could be recovered from MDM, with minimal impact on 

MDM viability, it is not clear whether macrophage responses to NTHi are detectable at the chosen 

two time points (6 h and 24 h). To assess activation of MDM responses, the gene expression of the 

RELA subunit of NFκB, the central transcription factor for a variety of immune response pathways, 

was measured by qPCR. Upregulation of RELA was detected at both 6 h and 24 h compared to the 

uninfected controls (Figure 3.14A). Expression levels did not change between 6 h and 24 h, 

suggesting continual macrophage activation throughout the infection period in response to the 

presence of NTHi.  

To determine whether changes in protein release by MDM could be detected in response to NTHi, 

the release of the pro-inflammatory cytokine, IL-1β, was assessed at 6 h and 24 h by ELISA. 

Detectable levels of IL-1β were measured in culture supernatants, even at the earlier 6 h time point 

(Figure 3.14B), with levels significantly higher at the 24 h time point (p=0.0312). Together, increased 

MDM gene expression and inflammatory mediator release in response to NTHi can be detected at 

both 6 h and 24 h, indicating that this optimised infection model is suitable for assessing MDM-

NTHi interactions during persistent infection by sequencing.  

 

 

  

Figure 3.14. MDM inflammatory immune responses are detected in response to NTHi at both 6 h and 24 h. 

MDM were infected with NTHi at MOI 100 for 6 h, subject to a 90 min gentamicin wash and 

then either immediately harvested or were subject to a further incubation period in antibiotic 

free media until harvest at 24 h. RNA was harvested at both time points and the expression of 

RELA (A) was measured by qPCR. Gene expression was normalized to housekeeping gene B2M 

and is expressed as fold change relative to the uninfected MDM control. Supernatants were 

harvested at both time points and assessed for levels of IL-1β (B) release by MDM. No release 

was detected for the uninfected MDM control. Graphs show paired data and bars indicate 

medians. Data were analysed by Wilcoxon signed-rank test; *p<0.05 
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3.2.9 Analysis of NTHi strain diversity using ParSNP 
NTHi is a heterogeneous organism with vast genetic diversity that has proven challenging to 

successfully development treatments against. It is not clear whether the diversity of NTHi strains 

causes a differential immune response, contributing to difficulties in successfully identifying targets 

for therapeutics. To ensure that the current strain used in this work so far is not extreme in its ability 

to elicit an immune response (i.e. extremely virulent or not pro-inflammatory at all), MDM 

responses to different clinical strains of NTHi were assessed.  

Seven clinical strains of NTHi that had been isolated either during bronchoscopy sampling, nasal 

brushing or sputum induction from patients with chronic respiratory disease were available for this 

work (Figure 3.15A)364. These strains had previously undergone whole genome sequencing so the 

sequences were available as FASTA files. For strain diversity analysis, the ParSNP package from the 

Harvest Tools suite was used. The sequence files were analysed using the package default 

parameters and the NTHi reference genome (86-028NP), which is publicly available 

(https://www.ncbi.nlm.nih.gov) and is a reference strain commonly used104,371,372,412.  

ParSNP is core-genome aligner and uses differences in single nucleotide polymorphisms (SNPs) to 

infer evolutionary relationships between strains. ParSNP produces output files that can be 

visualized using the second component of the Harvest Tools suite, Gingr. This output file was input 

to FigTree (v.1.4.4) to visualize the diversity of these strains as a phylogenetic tree, with no 

clustering of strains due to sample location apparent (Figure 3.15B). 

  
Figure 3.15. Diversity of NTHi strains isolated from individuals with chronic respiratory disease. (A) 

Sequence type of the NTHi strains used for strain diversity analysis and the sample location 

from which each strain was isolated. Strains were isolated from either from sputum sample, 

nasal brushing or protected bronchial brushes of the lung. (B) Phylogenetic tree created in 

FigTree using ParSNP output files. Strain 86-028NP is the reference NTHi strain used. Strains 

highlighted in red (ST14, ST408 and ST201) indicate the strains chosen for further in vitro 

experimental analysis. 
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To determine whether the response of MDM to NTHi is strain-dependent, three strains were 

chosen for in vitro MDM infections based on the diversity inferred from both the phylogenetic tree. 

Three strains from each clade were chosen, and each strain chosen represents a different 

anatomical sampling location: ST408 (nasal brushing), ST14 (lung protected brushing), ST201 

(sputum). Of note, ST14 was the strain used for the initial set up of this MDM infection model. 

3.2.10 NTHi persistence within MDM was strain dependent 
The ability of each strain to infect and persist within MDM at MOI 100 was assessed. MDM were 

infected with either ST408, ST14 or ST201 for 6 h, washed with gentamicin for 90 min and either 

harvested for live viable counting (6 h time point) or incubated in antibiotic free media until 24 h 

and harvested for live viable counting (24 h time point). 

At 6 h, significantly less ST408 was present compared to ST201 (p=0.0016, Figure 3.16A). At 24 h, 

higher CFU/ml of ST201 was detected compared to ST14 and ST408 (both p = 0.0281, Figure 3.16B). 

Although ST14 and ST408 counts slightly increased by 37% (1.353 x 105 CFU/ml at 6 h compared to 

1.855 x 105 CFU/ml at 24 h) and 69% (2.58 x 104 CFU/ml at 6 h compared to 4.35 x 104 CFU/ml at 24 

h) respectively, ST201 counts increased by a higher margin of 1171% (5.56 x 105 CFU/ml at 6 h to 

7.07 x 106 CFU/ml at 24 h, not statistically significant, p = 0.1563). 

  

 

Figure 3.16. Infection and persistence within MDM by different strains of NTHi measured by live viable 

counts. MDM were infected with ST14 (green), ST408 (yellow) or ST201 (blue) at MOI 100 for 

6 h, subject to a 90 min gentamicin wash and then either immediately harvested or subject to 

a further incubation period in antibiotic free media until harvest at 24 h. Recovered live counts 

expressed as CFU/ml were detected at both (A) 6 h and (B) 24 h. N=6. Uninfected controls were 

also performed but NTHi was not detected (not shown on graphs). Graphs show paired data 

and lines indicate medians. Data were analysed by Friedman test with Dunn’s multiple 

comparison test; *p<0.05, **p<0.01. 
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Figure 3.17. MDM immune response to additional clinical strains of NTHi measured by qPCR. MDM were 

infected with ST14 (green), ST408 (yellow) or ST201 (blue) at MOI 100 for 6 h, subject to 90 min 

gentamicin and then either immediately harvested or were subject to a further incubation 

period in antibiotic free media until harvest at 24 h. Expression of (A) TLR2 and (B) TLR4 were 

normalised to MDM B2M housekeeping gene. N=6. Graphs show paired data and lines indicate 

medians. Data were analysed by Friedman test with Dunn’s multiple comparison test. 

3.2.11 The MDM immune response to NTHi was not strain-dependent 
To determine whether MDM responded to NTHi in a strain-dependent manner, MDM were infected 

with either ST408, ST14 or ST201 as previously described and harvested for RNA at 6 h and 24 h. 

Firstly, the expression of MDM immune response genes was assessed by qPCR and normalized to 

the housekeeping gene B2M and respective uninfected control at each time point.  

The expression of TLR2, a cell surface receptor for bacterial lipoproteins, was upregulated at 24 h 

compared to 6 h in response to all three strains (Figure 3.17A), whereas in comparison, TLR4, a cell 

surface receptor for LPS, was downregulated at 24 h compared to 6 h for all strains (Figure 3.17B). 

However, when comparing expression levels of TLR2 and TLR4 induced between strains at 6 h or 24 

h, no strain-dependent differences were evident.  

To investigate whether strain-dependent differences in the MDM immune response could be 

observed at the protein level, the release of the pro-inflammatory mediators IL-6 and IL-1β by MDM 

was measured by ELISA using the harvested supernatants from the previously described infections.  

Both mediators were detected at 6 h and 24 h, with significantly higher release of both IL-6 (Figure 

3.18A; p<0.05 for ST14, p<0.01 for ST408 and ST201) and IL-1β (Figure 3.18B; p<0.05 for ST14 and 

ST408, p<0.01 for ST201) at 24 h compared to the uninfected control. No statistically significant 

differences in the level of either pro-inflammatory mediator between strains were detected, 

suggesting the immunogenicity or pathogenesis of the NTHi strain used to optimize the NTHi-MDM 

infection model (ST14) is not divergent from other respiratory tract NTHi strains and will continue 

to be used for the remainder of this current work. 
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Figure 3.18. Release of MDM pro-inflammatory mediators did not differ between different strains of NTHi. 

MDM were infected with ST14 (green), ST408 (yellow) or ST201 (blue) at MOI 100 for 6 h, 

subject to a 90 min gentamicin wash, incubated in antibiotic free media until 24 h. Well 

supernatants were harvested at 6 h and 24 h for analysis of pro-inflammatory mediator release 

of IL-6 (A) and IL-1β (B). N=5. Graphs show paired data and bars indicate medians. Data were 

analysed by Friedman test with Dunn’s multiple comparison test. 
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3.3 Discussion 
There is increasing evidence for NTHi persistent colonisation in the airway of individuals with 

chronic respiratory diseases, such as asthma64,65,86,400. One method of persistence that has been 

suggested is intracellular residence within host immune cells, with NTHi detected in CD14+ cells 

isolated from adenoid tissue147,348. Further in vitro studies have confirmed the ability of NTHi to 

infect and reside within a number of host cells including epithelial cells, monocytes and 

macrophages133,149,150,406,413. Exactly how NTHi modulates the host cell response and adapts to 

intracellular persistence is not well understood, thus, one of the main aims of this thesis was to 

investigate NTHi-MDM interactions using dual RNASeq. The work in this chapter involved 

optimisation of an NTHi-MDM infection model for dual RNASeq to allow for analysis of both host 

and pathogen transcriptomic changes during intracellular infection. As such, harvesting only NTHi 

associated with MDM was essential. If extracellular NTHi that had not interacted with MDM were 

to be sequenced, the noise of the data set could increase and create difficulties in defining any 

meaningful NTHi gene signature during infection. Additionally, as previously mentioned, the 

amount of RNA able to be recovered from live, viable NTHi could be a limiting factor in this model. 

As such, to ensure the NTHi transcriptome was captured in enough detail to determine differential 

gene expression during infection, the infection model required careful optimization. 

To only recover intracellular NTHi from infected MDM, the gentamicin protection assay was 

optimised based on an assay protocol utilized previously240, to ensure that all extracellular NTHi 

was killed or removed. Although the range of gentamicin concentration in the literature used for 

this type of assay varies between 50 µg/ml and 300 µg/ml140,149,150,405, in this model only use of 500 

µg/ml clearly showed that extracellular NTHi was no longer detectable. Once this factor was 

optimised, it was crucial to determine the infection time required to recover the maximum amount 

of viable NTHi for sequencing. The time points 2 h, 6 h and 24 h were selected to cover a range of 

early, intermediate and late infection times; similarly to those previously reported by Baddal et al. 

for their dual RNASeq work involving NTHi and epithelial cells151. In contrast to continual infection 

of MDM for 24 h, MDM infection for 6 h yielded the highest recovery of NTHi. Lower amounts of 

NTHi could be present at 24 h for three reasons; firstly, the macrophages have had sufficient time 

to respond to the presence of NTHi and are effectively phagocytosing and clearing the bacteria, as 

shown by Craig et al.149. Secondly, sequestering of essential nutrients occurs as part of the host 

immune response to bacteria414. As NTHi survival relies on external environmental nutrient sources, 

the extended infection period could result in fewer nutrients being available to NTHi over time, 

resulting in decreased NTHi viability and lower amounts of NTHi recovered at 24 h. Thirdly, after a 

longer infection period, NTHi residing intracellularly could switch to an altered growth state to allow 

for continued persistence within MDM. This could change the ability of NTHi to be cultured on agar 
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plates, resulting in lower number of visible colonies, a scenario previously postulated by Clementi 

and Murphy413. 

Although sequencing of intracellular NTHi will allow for deeper exploration of Clementi and 

Murphy’s postulation, it could be speculated that NTHi intracellular adaptation was already 

observed in this work by decreased expression of the hel gene at 24 h (Figure 3.9, not significant), 

despite live counts showing only a small decrease in viable NTHi. The hel gene encodes for an outer 

membrane protein lipoprotein e/P4 and has shown to be important in colonisation of the airway 

by adhering to components of the extracellular matrix124,125. Downregulation of genes encoding 

outer membrane proteins during NTHi infection of epithelial cells has been previously 

demonstrated151. Furthermore, following phagocytosis by macrophages, Craig et al. showed that 

NTHi exhibits differential gene expression, with intracellular survival of NTHi dependent on 

increased expression of sigma factor σE, which promoted the transcription of genes required by 

NTHi to be able to adapt to an intracellular environment150. Together, these studies indicate that 

NTHi is able to respond to a variety of environmental stimuli through genetic adaptations leading 

to increased intracellular survival. Changes in the NTHi transcriptome during persistent infection of 

macrophages will be explored further in this thesis following analysis of the sequencing data. 

Of initial concern was the finding that upon extending the infection model to include an extended 

incubation period in gentamicin-containing media until 24 h, NTHi was unable to be recovered using 

live counts. Adapting the model to include a 90 min gentamicin wash to remove extracellular 

bacteria following the initial 6 h infection period, resulted in NTHi persistence up to 24 h. A similar 

duration of persistence has been previously shown by Craig et al., with persistence even detected 

up to 72 h after the initial infection149. Intracellular persistence has also previously been shown by 

Forsgren et al. who observed intracellular presence of viable NTHi in macrophages derived from 

adenoid tissue147. In this current work, a 90 min gentamicin wash was demonstrated to kill 

extracellular NTHi at 6 h, therefore, any NTHi recovered at 24 h must have resided intracellularly 

during the infection process, with any NTHi located extracellularly at 24 h potentially having 

escaped the antibacterial action of the macrophage. NTHi escaping the immune response has 

previously been shown, with NTHi residing between epithelial cells protected from antibiotic and 

antibody action145. More recently, it was demonstrated that bacterial pathogens phagocytosed by 

macrophages resulted in shielding from neutrophils and prevention of excessive inflammation415. 

The macrophage phagocytic impairment in asthma could reduce the number of bacteria ‘shielded’ 

within macrophages, with higher numbers of extracellular bacteria present in the airway accounting 

for the increased influx of neutrophils observed in those with severe asthma and NTHi colonisation. 

Although macrophage phagocytosis and subsequent shielding of pathogens from neutrophils was 

suggested to contribute to the macrophage role in maintaining lung homeostasis, intracellular 
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pathogens able to circumvent the phagocytic process could exploit this to evade the host immune 

response.  

The use of MOI 100 was required to ensure a sufficient amount of NTHi would be present within 

MDM for sequencing, and changes in NTHi gene expression would be able to be assessed. Although 

the ratio of macrophage to NTHi during persistent infection in the lung is not known, the MOI used 

in vitro may not be representative of a biologically relevant infection and thus represents a potential 

limitation of this work373. Nonetheless, a similarly high MOI was used by Baddal et al. to infect 

epithelial cells which also allowed changes in NTHi gene expression to be investigated by dual 

RNASeq151.  

Even though the optimized conditions for NTHi infection allowed for a sufficient amount of viable 

NTHi to be recovered from MDM, macrophage viability was also an important concern; there would 

be little point in sequencing an infection model that allowed for sufficient NTHi numbers but was 

severely detrimental to the macrophage. Despite LDH cytotoxicity assays being commonly used to 

assess cell viability416, increases in LDH release could potentially be misleading. Release of LDH into 

the culture supernatants typically indicates that cells are less structurally intact and thus less 

viable417. However, as LDH is an important enzyme for glycolysis418, increased presence of the 

lactate dehydrogenase enzyme could therefore also be due to increased metabolic activity of the 

macrophage in response to infection. Increased metabolic activity was observed by use of the MTS 

assay, indicating increased macrophage activity in response to NTHi infection. If MDM were dying, 

metabolic activity readouts would decrease as fewer MDM would be present, indicating cell 

viability did not decrease during NTHi infection. 

In this system, increased LDH and metabolic activity as assessed by MTS was likely due to activation 

of the macrophage immune response to NTHi, as LDH has recently been shown to regulate the 

immune response. Daifuku and colleagues showed that LDH supplementation enhances production 

of IL-6 and TNF-α, suggesting a role of LDH in regulation of the inflammatory response419. Song et 

al. further confirmed this role by inhibiting LDH expression, resulting in a decrease in the production 

of IL-6, TNF-α and IL-1β418. Moreover, microarray results suggest that lactate metabolism is 

correlated with inflammatory responses418. Immunometabolism is an emerging field, with links 

between modulation of host cell metabolism and intracellular survival of pathogens becoming 

apparent420. The modulation of macrophage metabolic genes in response to infection will be 

investigated further following sequencing of this infection model. 

Although increased metabolic activity suggests increased macrophage activation, it was important 

to determine whether a detectable immune response to NTHi at the two chosen time points could 

be measured before sequencing. Upregulation of macrophage responses at 6 h and 24 h was 

detectable at the gene level and protein level, indicating the validity of the two chosen time points. 
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This chapter also explored whether there were any NTHi strain-dependent effects on the 

macrophage immune response. NTHi strains are heterogeneous and it is not clear how this 

heterogeneity impacts on the ability of NTHi to persist within the airway. The seven strains of NTHi 

that were available for phylogenetic analysis were all clinical isolates cultured from either lung 

protective brushings, induced sputum or nasal brushings. Despite these diverse anatomical 

locations, when the sequenced genome of these strains were analysed to determine strain 

diversity, the strains did not cluster based on sample location. Although this is a small sample size 

to draw conclusions from, dissimilarity of NTHi strains derived from the same clinical source has 

also been shown in two larger studies by Erwin et al. and De Chiara et al.372,412. NTHi evolution 

perhaps depends on environmental and niche pressures that uniquely vary between individuals, 

rather than variation between anatomical locations. 

The ability of macrophages to clear NTHi infection has been suggested to be strain-dependent149,406. 

Differences in strain persistence in vitro were also found in this chapter, further suggesting the 

varying capability of macrophages to clear NTHi strains. Importantly, strain-dependent persistence 

has been observed in vivo by Pettigrew et al. (2018), who found the duration of NTHi airway 

persistence between strains varied from 2 – 1422 days (median 161 days)421. Differences in 

transcriptomic profiles observed between NTHi could account for the varying ability between NTHi 

strains to respond to environmental stresses422. Elucidating survival mechanisms that are conserved 

across the majority of NTHi strains could better direct future therapeutics to reduce the burden of 

NTHi persistence in the airway of individuals with chronic respiratory disease. 

Although it is clear that NTHi heterogeneity must be considered, the dual RNASeq work in this thesis 

was undertaken using only a single strain due to technical and financial limitations. However, 

validation of the dual RNASeq analysis used the additional clinical strains to determine whether the 

responses observed for both host and pathogen are conserved. The primary strain that was used 

for the remainder of this work was ST14, because unlike ST408 and 201, this strain was directly 

isolated from the human lung. Although ST201 is a sputum isolate, it cannot be definitely stated 

that this strain is of lung origin. The induced sputum could potentially be contaminated by NTHi 

located in the upper respiratory tract71,423,424, resulting in the isolation of NTHi that may not be a 

true lung-resident strain. As the aim of this work was to model NTHi infection of the lung, the 

sputum and nasal brushing strains were not as clinically relevant as a lung-derived strain. 

3.4 Summary 
In this chapter, an NTHi-MDM infection model was optimised for dual RNASeq to investigate 

changes in both host and pathogen gene expression associated with NTHi intracellular infection of 

macrophages. This resulted in an infection model comprising of 6 h NTHi infection, a 90 min 

gentamicin wash to remove all extracellular NTHi, followed either by harvesting of cells for analysis 

(6 h time point) or an extended incubation in antibiotic-free media until 24 h (24 h time point). At 
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both 6 h and 24 h, live, viable NTHi was recovered, with NTHi RNA also detected. Macrophage 

immune responses were detectable and upregulated in response to NTHi at 6 h and 24 h, reflected 

by increased macrophage metabolic activity. The next chapter will focus on the analysis of the 

sequenced macrophage transcriptome in response to NTHi infection at 6 h and 24 h.  
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Chapter 4 Transcriptomic analysis of the macrophage 
response to NTHi infection 

4.1 Introduction 
The previous chapter detailed optimisation of an NTHi-MDM infection model for dual RNASeq, 

comprising of NTHi infection of MDM at MOI 100 for 6 h, followed by a 90 min gentamicin wash 

and an extended incubation period in antibiotic free media up until 24 h. Subsequently, this 

infection model was performed using MDM isolated from five different healthy blood donors and 

the RNA from each experiment was isolated, and the technical repeats were combined and 

assessed to ensure the RNA was of sufficient quantity and quality prior to shipping to Novogene 

(Hong Kong) for sequencing. The methodology used by Novogene for quality control of RNA, library 

generation, quality control of sequenced data and mapping to reference genomes are described in 

Section 2.10 onwards. This chapter describes the analysis of the macrophage transcriptomic data 

set performed by myself using Rstudio® (version 3.6.1) and code developed with Dr. A. Heinson 

(University of Southampton) on the raw, unfiltered read count table generated by Novogene. 

4.2 Results  
4.2.1 Exploratory data analysis 
The starting number of protein-coding genes in the raw MDM data set was 19795, however, as a 

number of these genes were likely to include lowly expressed genes, the data was filtered (Section 

2.13.1). Subsequently, 15048 genes remained in the data set for differential gene expression 

analysis. The distribution of the expression levels of these 15048 genes was assessed to ensure no 

sample outliers were present in the dataset. This analysis was performed by creating an 

interquartile range (IQR) versus median plot, hierarchical clustering and principal component 

analysis (PCA).  

4.2.1.1 Interquartile range (IQR) versus median exploratory plot 
The spread of data across samples was visually inspected to determine the presence of any sample 

outliers. Plotting an IQR vs median graph shows whether any samples fall outside the limit of 2 

standard deviations (SD). All samples remained within ± 2SD, indicating data distribution for each 

sample did not significantly vary and no outliers were present (Figure 4.1).  
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Figure 4.1. Interquartile range (IQR) vs median plot of the filtered MDM data. The IQR of each MDM sample 

was plotted on the y axis and the median of each sample was plotted on the x axis. The inner 

red box indicates ± 1 standard deviation (SD) and the outer box indicates ± 2 SD.  

 

4.2.1.2 Hierarchical clustering 
Hierarchical clustering allows for visualisation of gene expression patterns between samples425, as 

a sample with a gene expression profile too dissimilar from the whole data set would independently 

cluster and could potentially be considered an outlier. MDM samples clustered depending on 

infection status (uninfected or infected). However, within these two clusters no clustering of 

samples based on infection time point (6 h or 24 h) was apparent (Figure 4.2). No sample outliers 

were detected using this data visualisation method.  

  
 Figure 4.2. Hierarchical clustering of the filtered MDM data. MDM samples clustered based on infection 

status (infected samples = red, uninfected samples = blue) using Ward linkage and Euclidean 

distance method. 
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4.2.1.3 Principal Component Analysis 
Principal component analysis (PCA) is another method used to visualise variance in the data set by 

reducing the data dimensions into discrete principal components426. As a result, the first principal 

component explains the largest source of variation in the data, the second component explains the 

second largest source of variation and so on427. PCA analysis identified two distinct sample clusters 

separated by the first principal component (PC1, 69.3%, Figure 4.3). Overlaying the associated 

metadata for each sample indicated these two clusters were infected or uninfected MDM samples 

(Figure 4.3A) with no clustering associated with time point (Figure 4.3B), in agreement with the 

previous hierarchical clustering result. Of note, some donors appeared to be clustering together 

within the individual clusters defined along PC1 (Figure 4.3.C), indicating that the innate biological 

variance amongst donors remained despite the presence of technical effects of infection and 

culture time. The Proportion of Variance Explained (PVE) plot indicates that PC1 accounts for the 

majority of variance in the MDM data (Figure 4.3D). 

  
Figure 4.3. Principal component analysis performed on the filtered MDM data. The 2D PCA plots are 

coloured based on overlaid metadata. (A) PCA coloured by infection status (uninfected = blue, 

infected = red), (B) PCA coloured by time point (6 h samples = green 24 h samples = purple), (C) 

PCA coloured by each donor as detailed in the accompanying legend. (D) Proportion of Variance 

Explained (PVE) cumulative plot, indicating the amount of variance explained by each of the 

individual principal components. PC1 accounts for the majority of the variance in the MDM data 

set.  
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Together, the visualisation of data distribution and variance did not identify any sample outliers 

requiring exclusion from the data set. Therefore, the data was able to pass to the next stage of 

processing with all 20 samples retained in the MDM data set. 

4.2.2 Data normalisation 
Normalisation of RNASeq data is important to remove any bias that may have been introduced 

during sequencing. Sources of bias include library size (between sample differences), gene length 

and GC content (both within sample differences)428. Two Bioconductor packages were used to 

perform data normalisation: edgeR and DESeq2. Although both packages work on the similar 

assumption that most genes in a given data set are not differentially expressed and use a negative 

binomial distribution model, the normalisation strategies used are different; edgeR uses the 

Trimmed Mean of M-values (TMM) method429 whereas DESeq2 uses a geometric normalisation 

strategy428. Despite differences in strategies, normalisation of the 15048 MDM genes was 

consistent across both methods as a more even spread of data was observed in the boxplots 

following normalisation (Figure 4.4B & C) compared to pre-normalisation (Figure 4.4A).  

 

  
Figure 4.4. Normalisation of the filtered MDM data. (A) Pre-normalised data, (B) data that has been 

normalised using the edgeR package, (C) data that has been normalised using the DESeq2 

package. 
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4.2.3 Differential gene expression analysis 
Following data normalisation, edgeR and DESeq2 were used to determine differentially expressed 

genes (DEGs) between uninfected and infected macrophages at 6 h and 24 h. Using multiple 

bioinformatics tools for differential gene analysis is beneficial to reduce the impact of variability 

between bioinformatics methods by obtaining a conservative DEG list430. A small percentage of 

genes were determined as differentially expressed by edgeR but not by DESeq2, and vice versa 

(Figure 4.5). The genes determined as differentially expressed by both methods represent 86.4% 

(8730 genes at 6 h, Figure 4.5A) and 95.7% (8547 genes at 24 h, Figure 4.5B) of the total number of 

DEGs (10,105 genes at 6 h, 8931 genes at 24 h), suggesting a high amount of convergence between 

edgeR and DESeq2. Only DEGs identified by both edgeR and DESeq2 were taken forward for further 

analysis.  

The large number of genes determined as differentially expressed (FDR p<0.05) could render the 

data difficult to explore in depth using commonly available gene ontology tools. Therefore, fold 

change (FC) cut offs were applied to reduce the number of DEGs (Figure 4.6A). Altering FC cut offs 

can significantly change the interpretation of the data, so must be used with caution; a larger fold 

change isn’t necessarily more biologically significant than a smaller fold change431. Previous dual 

RNASeq studies have used arbitrary log2 FC cut offs varying from 1 to 2151,432,433.  

 

   
Figure 4.5. Number of differentially expressed genes at 6 h or 24 h. Venn diagrams showing the overlap of 

genes that are determined as differentially expressed by edgeR (left), DESeq2 (right) or by both 

packages (middle) at 6 h (A) or 24 h (B). Uninfected samples are compared against infected 

samples at each time point, with genes determined as differentially expressed with an FDR 

adjusted p-value <0.05. Created using VennDIS v1.0.1. 
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Figure 4.6. Expression of MDM genes compared between uninfected or infected samples at 6 h or 24 h. 

Volcano plots created in R using the EnhancedVolcano package showing the expression profile 

of all 15048 genes. (A) Table of the number of genes determined as differentially expressed 

(FDR p<0.05) at different log2 fold change (FC) cut offs. (B) 6 h and (C) 24 h volcano plots 

highlighting the genes above the log2 FC cut off of ±2. Red = upregulated genes (log2 +FC2 and 

FDR p<0.05), blue = downregulated genes (log2 FC2 and FDR p<0.05) and black = not significant 

genes (NS). (D) Table of the number of genes (log2 FC2 and FDR p<0.05) upregulated or 

downregulated at 6 h or 24 h. 

Applying a log2 FC cut off of 1 resulted in 5005 (6 h) and 4126 (24 h) genes being retained in the 

data set (Figure 4.6.A). Increasing the FC cut off to 2 resulted in a smaller number of genes retained 

at 6 h and 24 h (1802 and 1763, respectively). As the log2 FC cut off of 2 returned a more manageable 

number of genes for each time point comparison, this cut off was chosen for determining 

significantly differentially expressed genes. Although a similar number of DEGs were present at 

both time points, higher fold changes were apparent at 24 h compared to 6 h (Figure 4.6B & C). 

Furthermore, a higher number of genes were upregulated (1249 at 6 h, 1028 at 24 h) compared to 

downregulated (553 at 6 h, 735 at 24 h) in response to NTHi infection (Figure 4.6D). The 1802 6 h 

DEGs and 1763 24 h DEGs were plotted as a heatmap, which demonstrated clustering of MDM 

samples according to infection status (Figure 4.7 A & B), suggesting the differential expression of 

these DEGs was driven by NTHi infection. 
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Figure 4.7. Heatmaps of the differentially expressed genes at 6 h or 24 h. Differentially expressed genes 

determined using log2 FC2 and FDR p<0.05 cut offs were plotted to display the expression and 

clustering of samples at 6 h (A, 1802 genes) or 24 h (B, 1763 genes). For both time points, the 

uninfected and infected samples clustered together.  

4.2.4 Time-dependent responses to NTHi infection  
To assess whether regulation of the 1802 and 1763 DEGs was conserved across time points or if 

DEGs were exclusively differentially expressed at a single time point, the 6 h and 24 h gene lists 

were compared for time-dependent gene expression. This comparison identified 863 genes 

(hereinafter designated as ‘core genes’) to be differentially expressed at both 6 h and 24 h (Figure 

4.8A). The remaining 1839 genes were differentially expressed at a single point time point only, 

with 939 genes differentially expressed at 6 h only and 900 genes differentially expressed at 24 h 

only.  

 

  
Figure 4.8. Time-dependent expression of significantly differentially expressed genes. (A) Venn diagram 

indicating the number of genes determined as significantly differentially expressed at 6h only 

(left), 24h only (right) or across both time points (middle). Created using VennDIS v1.0.1. (B) 

Table showing the number of upregulated or downregulated genes determined as DEGs at 6 h 

only, 24 h only or at 6 h and 24 h.  
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Figure 4.9. Time-dependent MDM gene expression profiles in response to NTHi infection. Heatmaps show 

the expression profile of DEGs at (A) 6 h only, (B) at 24 h only and (C) at both 6 h and 24 h for all 20 MDM 

samples. Clustering was performed using Euclidean distance and Ward linkage methods. Key indicates the 

colours used to represent the uninfected (blue) and infected (red), 6 h (purple) and 24 h (green) samples. The 

colour key and histogram boxes from top to bottom represent A, B and C respectively. 

A higher number of DEGs were upregulated (543) compared to downregulated (396) at 6 h, whereas 

the opposite was observed for 24 h; a higher number of downregulated (575) DEGs were identified 

compared to upregulated (325) DEGs (Figure 4.8B). The time-dependent expression of these DEGs 

was further highlighted by the lack of clustering of infected samples across time points. Hierarchical 

clustering of samples based on the expression of the 6 h only DEGs showed that the 6 h infected 

samples clustered together, however they also clustered independently of the 24 h infected 

samples (Figure 4.9A). Similarly, for the 24 h only DEGs, the 24 h infected samples clustered 

together but away from the 6 h infected samples and the 6 h and 24 h uninfected samples (Figure 

4.9B).  

In contrast, for the 863 core genes determined as differentially expressed at both 6 h and 24 h, all 

infected samples clustered together regardless of time point and independently of the uninfected 

samples (Figure 4.9C). The absence of a strong time point signal within this 863 core gene set was 

perhaps due to the continued expression of these genes across both 6 h and 24 h, emphasised by 

only 9 out of the 863 genes changing direction of expression between 6 h and 24 h (Figure 4.10A). 

Furthermore, 5 out of the top 20 downregulated and 8 out of the top 20 upregulated genes were 

consistently highly modulated at both 6 h and 24 h (Figure 4.10B). The majority of genes present in 

the 20 highest upregulated gene list at both 6 h and 24 h (6/8 genes) are involved in macrophage 

activation and pro-inflammatory processes (IL6, IL12B, CSF2, CSF3, CCR7 and SERPINB2) (Figure 

4.10C). The two remaining genes ACOD1 and IDO1 are involved in macrophage metabolic 

processes.  
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Figure 4.10. Consistent expression of 863 core MDM genes at 6 h and 24 h. (A) Table of the 9 genes that 

change direction of expression between 6 h and 24 h. (B) 6 h and (C) 2 4h volcano plots 

highlighting the top 20 upregulated (red) and downregulated (blue) genes, with the 13 labelled 

genes consistently highly up/downregulated at both time points.  

To determine whether the time-dependent expression of each DEG set (6 h only, 24 h only and 6 

h/24 h) was associated with specific biological responses, gene list enrichment analysis was 

performed using ToppFunn, which is part of the ToppGene Suite. The ToppGene Suite is useful for 

determining the functional enrichment of genes in a human data set with a large number of 

genes381, as was the case here.  

 

Figure 4.11. Gene Ontology analysis of the differentially expressed genes at each time point. GOPlot of 

enriched Gene Ontology terms for DEGs at (A) 6 h only, (B) 24 h only and (C) the core DEGs 

expressed at both 6 h and 24 h following gene list enrichment analysis using ToppFunn. The 

yellow line indicates significance threshold, as determined by the FDR p-value <0.05, size of 

dots indicate number of genes present in each term.  
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Table 4.1. Table of the most significantly enriched MDM gene ontology terms. This table shows the same 

terms indicated previously in Figure 4.11, but here the GO:ID numbers are accompanied with 

the GO:terms and functional enrichment FDR value. A maximum of 5 of the most significantly 

functionally enriched pathways are shown, with fewer terms meaning lower enrichment 

significance for a specific category or time point. Colours are representative of the category as 

plotted in Figure 4.11. Genes in input show the number of MDM genes assigned to each term, 

which were compared against the full gene set for each category used by ToppFunn/ToppGene.  

Category GO:ID GO:Term Enrichment 
FDR 

Genes 
in input 

Genes in 
annotation 

6h only DEGs  
GO: Biological 

Process GO:0001816 cytokine production 0.05 71 875 

GO: Cellular 
Component 

GO:0098589 membrane region 0.03 39 411 
GO:0045121 membrane raft 0.03 37 396 
GO:0098857 membrane microdomain 0.03 37 397 
GO:0016324 apical plasma membrane 0.4 35 373 
GO:0000790 nuclear chromatin 0.5 121 1923 

GO: Molecular 
Function NA NA NA NA NA 

24h only DEGs  

GO: Biological 
Process 

GO:0022610 biological adhesion 1.93E-05 116 1516 
GO:0042493 response to drug 1.93E-05 97 1194 
GO:0007155 cell adhesion 1.93E-05 115 1509 
GO:0046903 secretion 2.88E-05 132 1835 
GO:0006952 defense response 3.85E-05 132 1850 

GO: Cellular 
Component 

GO:0031226 intrinsic component of plasma membrane 4.87E-17 161 1790 
GO:0005887 integral component of plasma membrane 4.87E-17 156 1710 
GO:0031012 extracellular matrix 1.21E-04 55 598 
GO:0098797 plasma membrane protein complex 1.83E-04 61 711 
GO:0062023 collagen-containing extracellular matrix 1.83E-04 46 474 

GO: Molecular 
Function 

GO:0005178 integrin binding 1.36E-03 23 146 
GO:0015267 channel activity 1.36E-03 62 705 
GO:0022803 passive transmembrane transporter activity 1.36E-03 62 706 
GO:0022836 gated channel activity 1.36E-03 48 491 
GO:0022843 voltage-gated cation channel activity 1.73E-03 30 245 

6h24h ‘core’ DEGs 

GO: Biological 
Process 

GO:0006952 defense response 4.82E-51 228 1850 
GO:0034097 response to cytokine 1.51E-48 183 1287 
GO:0043207 response to external biotic stimulus 1.17E-44 200 1606 
GO:0051707 response to other organism 2.36E-44 199 1604 
GO:0019221 cytokine-mediated signaling pathway 2.36E-44 138 814 

GO: Cellular 
Component 

GO:0005887 integral component of plasma membrane 5.91E-07 123 1710 
GO:0031226 intrinsic component of plasma membrane 5.91E-07 127 1790 
GO:0009986 cell surface 1.51E-06 84 1036 
GO:0031012 extracellular matrix 6.59E-03 48 598 
GO:0065010 extracellular membrane-bounded organelle 1.09E-02 5 9 

GO: Molecular 
Function 

GO:0005125 cytokine activity 3.92E-32 65 225 
GO:0048018 receptor ligand activity 7.37E-23 82 497 
GO:0005126 cytokine receptor binding 7.40E-23 64 312 
GO:0030546 signaling receptor activator activity 7.40E-23 82 502 
GO:0030545 receptor regulator activity 2.10E-20 82 547 

Enrichment analysis found a lack of significantly enriched terms within the 6 h only DEG set; there 

was no enrichment of Molecular Function gene ontology (GO) terms, one enriched Biological 

Process and five enriched Cellular Component terms (Figure 4.11A, Table 4.1). The only significantly 

enriched Biological Process was ‘cytokine production’ (GO:0001816), which was only just 

determined as significant (p=0.05). In contrast, a higher number of enriched terms were identified 

for all categories for the 24 h only DEGs (Figure 4.11B, Table 4.1). The top most significantly enriched 

GO:term for each category (Molecular Function; ‘integrin binding’, Biological Process; ‘biological 



Chapter 4 

102 

adhesion’ and Cellular Component; ‘integral component of plasma membrane’) suggest enrichment 

of processes involved in macrophage adhesion at 24 h.  

Finally, enrichment analysis of the 6 h/24 h DEGs identified significant enrichment of terms in the 

GO:Biological Process category (Figure 4.11C, Table 4.1). The most significantly enriched processes 

included macrophage pro-inflammatory immune responses, with ‘defense response’ the top 

enriched Biological Process. Other top functionally enriched macrophage biological processes 

included the terms ‘response to cytokine’ (GO:0034097) and ‘response to other organism’ 

(GO:0051707), which indicated macrophage activation to NTHi infection but also to the secretion 

of cytokines, potentially in an autocrine or paracrine manner.  

4.2.5 Activation of MDM ‘intracellular pathogen’ immune response pathways in response to 
NTHi infection 

As the 6 h/24 h core DEG set was significantly functionally enriched with immune processes and the 

conserved differential expression of these 863 core genes across both time points suggests 

continual modulation in response to the persistent NTHi infection, this core DEG set was taken 

forward to be explored in further detail. More than 500 GO:terms were significantly functionally 

enriched in the Biological Process category. Such a high number of terms, combined with the 

inherent redundancies in gene ontology terms, could render it difficult to extrapolate biologically 

significant specific immune responses of the macrophage to NTHi infection434.  

 

 Figure 4.12. Enrichment of immune process across 6 h and 24 h. Clustering of the top 500 enriched 

Biological Process GO:terms using EnrichmentMap and AutoAnnotate in Cytoscape. Nodes 

represent individual GO:terms, with size relating to the number of genes in each term and the 

colour indicating enrichment significance. Larger cluster labels indicate a higher number of 

terms within the cluster. Edges represent connections between nodes that share genes.  
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Therefore, a network of the top 500 significantly enriched Biological Process terms was created, 

which generated clusters of overlapping gene terms to facilitate easier interpretation of gene 

ontology results. The resulting network further highlighted the immune response signal in the data, 

with gene terms clustering together under generic immune response phrases such as ‘immune cell 

regulation’, ‘innate response’ and ‘response to bacteria’ (Figure 4.12). However more specific 

immune processes such as ‘leukocyte migration/chemotaxis’ and ‘interleukin-1 production’ were 

also identified.  

Presence of the ‘leukocyte migration/chemotaxis’ cluster in Biological Process network could 

indicate macrophage signalling to other immune cells through secretion of inflammatory 

mediators. As this is a crucial function of the macrophage immune response, the role of NTHi-

infected macrophages in immune cell signalling was explored further. The top 10 significantly 

enriched leukocyte-related terms were extracted from the ‘leukocyte migration/chemotaxis’ 

cluster, which contained a number of terms related to leukocyte and granulocyte migration and 

chemotaxis (Figure 4.13A). For all 10 terms, gene expression was fairly consistent across the two 

time points, with expression levels appearing to be slightly lower at 24 h (Figure 4.13B). 

 

Figure 4.13. Enrichment of leukocyte-related terms in the Biological Processes category. (A) The top 10 

enriched leukocyte-related Biological Processes in the core gene list in response to NTHi 

infection. Category IDs are ordered by enrichment significance (FDR) which is indicated by the 

colour of the dot, with the size of the dot representing the number of genes assigned to each 

category. (B) The expression of genes at 6 h (purple) and 24 h (green) present in the top 10 

leukocyte-related Biological Processes show a higher number of genes are upregulated at both 

time points, compared to downregulated.  
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Figure 4.14. Upregulated genes involved in macrophage recruitment and activation of other immune cells. 

Upregulated macrophage genes encoding for secreted proteins in the leukocyte chemotaxis 

(GO:0030595) term and the suggested association of the gene product with T cells, NK cells, 

neutrophils, eosinophils and macrophages/monocytes.  

The most significantly enriched term in the cluster was ‘leukocyte chemotaxis’ (GO:0030595). Out 

of the 47 genes assigned to this category, 46 were upregulated in response to NTHi infection at 6 h 

and 24 h. The only downregulated gene was CXADR, the coxsackievirus and adenovirus receptor 

which functions as a cell adhesion molecule435. To investigate which specific leukocytes the 

macrophage may be recruiting, 29 upregulated genes encoding for secreted macrophage proteins 

within the ‘leukocyte chemotaxis’ category and the target cell type were identified. The majority of 

the identified macrophage genes were for chemoattractants for T cells (19 genes) and 

monocytes/macrophages (19), followed by neutrophils (11), NK cells (5) and eosinophils (2) (Figure 

4.14).  

  
Figure 4.15. Enrichment of MDM KEGG pathways in the core gene list in response to NTHi infection. (A) 

Pathway/category IDs are ordered by enrichment significance (FDR) which is indicated by the 

colour of each dot, with the size of the dot representing the number of genes assigned to each 

pathway/category. Enrichment significance performed using TopFunn. (B) Expression of genes 

present in the top 10 KEGG pathways at 6 h (purple) and 24 h (green) show a higher number of 

genes were upregulated at both time points, compared to downregulated. 
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Although GO enrichment analysis indicates activation of the macrophage immune response during 

NTHi infection, it is not clear which specific immune response pathways were activated. To 

determine pathway enrichment, KEGG pathway analysis was performed on the core 863 DEG list 

using ShinyGo436. A total of 75 KEGG pathways were significantly functionally enriched, with the 

majority of the top 10 functionally enriched pathways indicating activation of immune response 

pathways (Figure 4.15A). In agreement with the previously identified top enriched GO:terms, the 

top KEGG pathway was ‘cytokine-cytokine receptor interaction’. A higher number of genes in all 10 

pathways were upregulated at both time points, compared to downregulated, further showing the 

continued transcriptomic response to persistent NTHi infection (Figure 4.15B). Enrichment of 

specific intracellular immune response pathways such as the ‘NOD-like receptor signalling’, 

‘Influenza A’ and ‘Cytosolic DNA-sensing’ pathways (all FDR p<0.05) indicate activation of 

macrophage responses to intracellular NTHi. 

Enriched terms in the Cellular Component GO category also suggest intracellular presence of NTHi. 

Cellular Component GO:terms refer to the cellular position in which the product of the gene in the 

input list performs a function, rather than a process. Within the Cellular Component category, 

enrichment of the term ‘symbiont-containing vacuole’ (GO:0020003) was found (FDR p = 0.0433, 

Table 4.2). The genes enriched in this category (GBP2, GBP4, GBP6, and GBP7) are members of the 

guanylate-binding protein (GBP) family, which play a role in antibacterial defence against 

intracellular pathogens214. Although not included within this particular GO:term annotation, 3 other 

GBP family members (GBP1, GBP3 and GBP5) were also statistically significantly upregulated at 

both 6 h and 24 h (Figure 4.16).  

 

Table 4.2. Significantly enriched GO terms in the Biological Process and Cellular Component categories 

relating to host-pathogen symbiosis. Top significant functionally enriched GO terms including 

the term ‘symbiont’ for the categories Biological Process and Cellular Component for the 863 

core genes differentially expressed at 6 h and 24 h (log2 FC ±2, FDR p<0.05).  

 

 

Category ID Term Enrichment 
FDR 

Genes 
in input 

Genes in 
annotation 

GO: 
Biological 
Process 

GO:0043903 regulation of symbiosis, encompassing mutualism 
through parasitism 1.35E-10 38 232 

GO:0044403 symbiotic process 3.57E-04 67 911 

GO:0051817 modification of morphology or physiology of other 
organism involved in symbiotic interaction 1.57E-02 15 124 

GO: 
Cellular 

Component 

GO:0020005 symbiont-containing vacuole membrane 2.47E-02 4 6 

GO:0020003 symbiont-containing vacuole 4.33E-02 4 7 
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Figure 4.16. Upregulation of host GBPs involved in containing intracellular pathogens. Log fold change 

values of guanylate-binding protein (GBP) 1-7. Purple bar = 6 h, green bar = 24 h. Dotted line 

indicates log2 FC 2 cut off. All genes were statistically significantly upregulated at both time 

points (FDR p<0.05). 

4.2.5.1 Modulation of macrophage pathways involved in bacterial clearance  
Despite the data so far indicating upregulation of the macrophage response to an intracellular 

pathogen during NTHi infection, NTHi was still able to persist until 24 h, suggesting inefficient 

macrophage pathogen clearance. Macrophages play a key role in pathogen clearance by 

internalising pathogens via an endocytic or phagocytic pathway, eventually resulting in pathogen 

degradation437. However, no enrichment of bacterial internalisation pathways were identified in 

the core 6 h/24 h DEG data set. As NTHi is capable of entry into host cells through multiple 

mechanisms, the gene expression of cell surface receptors involved in bacterial internalisation was 

first investigated to determine whether any regulation of individual genes could be detected.  

A total of 30 genes for cell surface receptors were mined from the ‘endocytosis’, ‘phagosome’ and 

‘FcγR-mediated phagocytosis’ KEGG pathways. Only 3 genes at 6 h (FCGR2A, LDLR and SIGLEC1) and 

7 genes at 24 h (CAV1, CD36, FCGR2A, MRC1, OLR1, SCARB1 and TLR2) were up or downregulated 

in response to NTHi infection above the log2 FC 2 cut off originally applied to the data set (Figure 

4.17). Furthermore, only one gene (FCGR2A) passed this cut off value at both time points, so would 

have been the only gene to have been retained in the core 6 h/ 24 h data set, which could partly 

explain the lack of functional enrichment for macrophage clearance processes in this conserved 

data set. Nonetheless, a number of genes were determined to be statistically significantly regulated 

in response to NTHi infection, with a higher number of genes significantly differentially expressed 

at 24 h (25/30) compared to 6 h (16/30). Of these statistically significantly expressed genes, a similar 

number of up and down regulated genes were present at both time points; 8 genes were 

upregulated and 8 genes were downregulated at 6 h, and 13 genes were upregulated and 12 genes 

downregulated at 24 h.  
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Figure 4.17. Gene expression of macrophage cell surface receptors involved in bacterial internalisation. 

Thirty genes for cell surface receptors were mined from the ‘endocytosis’, ‘phagosome’ and 

‘FcγR-mediated phagocytosis’ KEGG pathways. Heatmap shows the log2 FC for each gene at 6 

h and 24 h, downregulated genes in blue, upregulated genes in red, as indicated in the key 

below the heatmap. The accompanying Table shows the log2 FC values and FDR p-value for 

each gene. Bold indicates genes that were statistically significantly differentially expressed (FDR 

p<0.05), with genes expressed ±log2 FC2 also shown in bold.  

Once internalised, pathogens are contained within phagosome or endosome compartments which 

undergo maturation processes, culminating in pathogen degradation. The transcriptomic 

regulation of genes involved the maturation of these compartments during NTHi infection was 

investigated by determining the expression of markers known to define ‘early’ and ‘late’ 

phagosomes/endosomes. The majority of genes for early markers were significantly upregulated at 

6 h and 24 h, with the exception of Early Endosome Antigen 1 (EEA1) which was upregulated at 6 

h, but by 24 h was downregulated (Figure 4.18A). In contrast, the majority of ‘late’ markers were 

significantly downregulated at both time points, apart from RAB7A which was upregulated at 6 h, 

but was not differentially expressed at 24 h. RAB5 encodes for the Rab5 GTPase which defines early 

endosomes and are removed from the membrane upon maturation. Rab7 replaces Rab5 and 

characterises maturation to a late endosome243, however RAB7B was the most significantly 

downregulated ‘late’ marker (-2.7 log2FC at 24 h, p<0.001).  
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Figure 4.18. Regulation of MDM markers involved in endosome/phagosome maturation. (A) Regulation of 

select ‘early’ and ‘late’ endosome and phagosome markers expressed by MDM in response to 

NTHi infection. (B) Log2 FC of LAMP1, 2 and 3 at 6 h and 24 h compared to uninfected MDM. 

For both (A) and (B), asterisk indicates statistically significant differentially expressed genes 

(p<0.05). Dotted line indicates log2FC cut off. (C) Normalised counts per million (CPM) 

expression values of LAMP1, 2 and 3 in uninfected and infected (NTHi+) MDM across 6 h and 

24 h. Dots represent each matched sample, upper and lower whiskers show maximum and 

minimum values respectively, the middle line is the median value and the lower and upper lines 

of the box plot are the first and third quartile respectively. 

Final endosomal maturation processes include fusion of an endosome or phagosome with a 

lysosome, which is required for degradation of pathogens. Lysosome-Associated Membrane 

Proteins (LAMP) 1 and 2 are essential for phagosome-lysosome fusion and maturation from early 

to late phagosomes438. Only small and non-significant changes in LAMP 1/2 gene expression were 

detected during NTHi infection (Figure 4.18B). LAMP3 gene expression on the other hand was 

significantly upregulated at both 6 h (+7 log2FC) and 24 h (+7.3 log2FC). However, differences in 

LAMP gene regulation could be due to the constitutive macrophage expression of LAMP 1/2 

proteins, as indicated by differences in the abundance of normalised read counts (Figure 4.18C).  
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4.2.5.2 Identification of the key genes involved in the intracellular response to NTHi by 
WGCNA 

Although gene list enrichment analysis and KEGG pathway analysis identified enrichment of 

macrophage intracellular immune response pathways, the nature of GO tools do not capture the 

complexity of how genes assigned to significantly enriched GO terms are co-expressed and which 

genes are the central players within enriched pathways. In order to determine which specific genes 

were central in the macrophage response to intracellular NTHi infection, weighted gene correlation 

network analysis (WGCNA) was performed. 

WGCNA is an unsupervised analysis method which constructs a gene network based on gene 

expression profiles to determine co-expression similarity between genes379. As such, the 

recommended starting data set must not have been filtered by differential gene expression profiles, 

which would likely bias the analysis and result in generation of few highly correlated modules379. 

Therefore, WGCNA analysis was performed on the normalised 15048 gene list that was filtered only 

to removal lowly expressed genes, which was recommended by the WGCNA package guide379.  

First, network topology analysis assigned MDM genes to discrete modules, of which 15 modules 

were identified (Figure 4.19A). Each module was designated a colour and is referred to as the 

designated colour from herein. The grey module was categorised as the ‘bin’ module containing 

genes not assigned to any module, with 1750 genes out of 15048 starting genes assigned to the 

grey module (Figure 4.19B).  

 

 

  
Figure 4.19. Assignment of genes to module colours. (A) Clustering dendrogram of all 15048 genes with 

dissimilarity based on topological overlap. (B) Bar plot quantifying the number of genes 

assigned to each module.  
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Correlation of module eigengenes (first principle component of each module) with trait information 

(time point, infection status and donor ID) determined a number of modules to be associated with 

NTHi infection (Figure 4.20). Firstly, no significant correlations between donors and any of the 

modules were apparent, suggesting little impact of donor-donor variability on the MDM data set. 

The time trait was significantly correlated (all p<0.05) with four modules; magenta, turquoise, tan 

and pink, however NTHi infection was significantly correlated (all p<0.05) with ten modules; black, 

blue, brown, green, pink, red, salmon, tan, turquoise and yellow. 

To determine the significance between the genes assigned to each module and the infection trait, 

correlation of module membership and gene significance was performed which found that all ten 

modules were significantly associated with NTHi infection (all p<0.05), however correlation score 

strength varied (Figure 4.21). The strongest correlations were the blue (0.93), brown (0.86), red 

(0.78) and black (0.67) modules (Figure 4.21, top row), indicating the high significance of genes 

being assigned to these modules and association with NTHi infection. The yellow (0.61), pink (0.61), 

green (0.54) and turquoise (0.51) modules were also moderately correlated (Figure 4.21 middle 

row), with the salmon and tan modules statistically significantly, but more weakly, associated with 

NTHi infection (0.41 and 0.2 respectively, Figure 4.21, bottom row). 

 
Figure 4.20. Association between modules and sample trait data. Each row corresponds to a module 

eigengene and each column to a trait. Each cell contains the correlation score (top) and p-value 

(bottom) assigned to each relationship. The module most significantly associated with time is 

magenta. The module most significantly associated with infection is blue. No modules were 

significantly associated with donors.  
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Figure 4.21. Module membership and gene significance correlations for infection. Identification of gene 

significance in the 10 modules (blue, brown, red, black, yellow, pink, green, turquoise, salmon 

and tan) found to be significantly correlated with the NTHi infection. Module membership 

indicates the correlation of each individual gene to the specific module eigengene. The 

correlation and corresponding p-value for each comparison is present above each scatterplot 

and modules are ordered based on level of correlation (high to low). 

To visualise the relationship between module eigengenes and NTHi infection, module eigengenes 

were clustered to include the infection trait (Figure 4.22). Four distinct clusters of modules were 

visible; cluster I (yellow, blue, pink and salmon), cluster II (turquoise), cluster III (magenta, brown, 

green and red) and cluster IV (tan, cyan, greenyellow, black and purple). Gene list enrichment 

analysis identified enrichment of divergent processes for each cluster.  

Cluster I was functionally enriched with immune response processes, cell activation and metabolic 

processes involved in responding to an immune stimulus (Figure 4.23A). KEGG pathway analysis 

identified enrichment of various immune response pathways including ‘TNF signalling pathway’, 

‘Influenza A’, ‘NOD-like receptor signalling pathway’, ‘JAK-STAT signalling pathway’ and ‘Cytokine-

cytokine receptor interaction’. Enrichment of intracellular immune response terms in cluster I was 

similar to the immune response enrichment observed in the previous DEG analysis (Section 4.2.5.1). 

Cluster II was enriched with pathways associated with cell activation and metabolic processes, 

including protein transport and cytoskeleton organisation, with an enrichment of non-coding 

(nc)RNA metabolic processes (Figure 4.23B). Enrichment of the ‘Autophagy’ KEGG pathway 

indicated increased cell component turnover, potentially as a result of increased macrophage 

activation. 
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Figure 4.22. Clustering of NTHi infection trait with modules of interest. Visualisation of the eigengene 

network as a dendrogram and heatmap showing the relationships between individual modules 

and the NTHi infection trait. Each row and column in the heatmap corresponds to one module 

eigengene (labelled by colour) or NTHi infection. In the heatmap, blue colour represents low 

adjacency (negative correlation), while red represents high adjacency (positive correlation). 

Cluster III was particularly enriched with gene regulation (transcription and translation) and 

metabolic processes (Figure 4.23C). The ‘Ribosome’ KEGG pathway was the most significantly 

enriched KEGG pathway. Out of 154 genes annotated to the KEGG pathway, 88 macrophage genes 

were present in cluster III. Numerous GO terms relating to gene and protein regulation were  

enriched including ‘nuclear-transcribed mRNA catabolic process nonsense-mediated decay’, 

‘structural constituent of ribosome’, ‘co-translational protein targeting to membrane’ and ‘protein 

targeting to endoplasmic reticulum (ER)’. Enrichment of metabolic processes was highlighted by 

enriched molecular function terms such as ‘oxidoreductase’ and ‘NADH dehydrogenase’ with 

various cellular component terms relating to the mitochondrion similarly enriched, corroborating 

increased MDM activity measured by the MTS assay in Section 3.2.6. KEGG pathways relating to 

cellular metabolism were enriched, with ‘Oxidative Phosphorylation’ in the top 5 significantly 

enriched KEGG pathways.  
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Figure 4.23. Intracellular immune response pathways were modulated in the cluster most highly associated 

with infection. The top 5 significantly enriched terms for Biological Processes (BP), Cellular 

Component (CC), Molecular Function (MF) and KEGG pathway are shown for each cluster, with 

pathway/category IDs ordered by enrichment significance (all shown terms = FDR p<0.05). (A) 

Cluster I was enriched in immune response pathways, (B) Cluster II was enriched in metabolic 

and cell activation processes, (C) Cluster III was enriched in gene regulation and metabolic 

processes, (D) cluster IV was enriched in cell cycle processes, however no significant KEGG 

pathways were identified for this cluster. Gene ontology analysis performed using ToppFunn. 

Cluster IV was enriched with cell cycle processes. Enrichment of GO terms involved in cell cycle 

processes include organelle fission, nuclear division and mitotic cell cycle processes (Figure 4.23D). 

Genes coding for mitotic spindle, chromosome centromeres and microtubule cytoskeleton indicate 

the cellular components involved in cell cycle process that were found to be enriched. Despite 

assignment of 1406 genes to this cluster, no significant enrichment of KEGG pathways were found. 
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4.2.5.2.1 Identification of blue module ‘hub’ genes involved in the MDM response to 

intracellular NTHi infection 

As the blue module was highly significantly correlated with NTHi infection and was part of the 

cluster (I) that was enriched with immune processes, this module was chosen to explore further. 

The expression pattern of the 2225 genes assigned to the blue module demonstrated similar 

expression to the core gene set identified previously, with uninfected and infected samples 

clustering independently, with no time point sub clustering (Figure 4.24A). Similarly, the regulation 

of gene expression between 6 h and 24 h remained consistent, with a higher number of upregulated 

genes compared to downregulated genes (Figure 4.24B).  

Only 9 upregulated genes at 6 h became downregulated at 24 h, whereas 10 downregulated genes 

at 6 h became upregulated at 24 h (Figure 4.24C). The blue module was significantly enriched with 

immune response pathways, suggesting the blue module was driving the enrichment of immune 

processes in cluster I. In particular, intracellular immune response pathways including ‘NOD-like 

receptor signalling pathway’, ‘Influenza A’, ‘Legionellosis’, ‘Herpes simplex infection’ and ‘RIG-I-like 

receptor signalling pathway’ were enriched (Figure 4.25A). Enrichment of similar KEGG and 

GO:terms further confirms the results of the earlier DEG analysis, suggesting the macrophage 

response to intracellular NTHi infection involves a specific intracellular immune response (Figure 

4.25 B, C & D).  

 

Figure 4.24. Expression profile of the genes assigned to the blue module. (A) Heatmap of the 2225 genes 

present in the blue module using Euclidean distance and Ward linkage. (B) Table indicating 

number of upregulated and downregulated genes at 6 h and 24 h. (C) Table of the 20 genes in 

the blue module that changed direction of expression (upregulated to downregulated or vice-

versa) between 6 h and 24 h. 
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Figure 4.25. The MDM intracellular immune response is driven by genes assigned to the blue module. The 

top 10 enriched KEGG pathways (A) and GO terms in the (B) Biological Process, (C) Molecular 

Function and (D) Cell Component categories for the ‘blue’ module. Pathway/category IDs are 

ordered by enrichment significance (FDR) which is indicated by the colour of the dot, with the 

size of the dot representing the number of genes assigned to each pathway/category. Gene list 

enrichment performed using ToppFunn.  

To determine the key genes in the blue module network, the most highly connected genes were 

extracted from the blue module gene list. The Maximal Clique Centrality (MCC) scoring method 

ranked the connectivity of the nodes (genes) in the network; key nodes were coloured blue, with 

lighter colours indicating decreasing network importance and solid lines showing connecting 

edges/interactions between nodes (Figure 4.26A). Three genes CASP4, PNRC1 and SGPP2 were the 

highest ranked nodes (Figure 4.26B). Furthermore, within the constructed blue module network, 

GBP1, GBP4 and GBP5 were present. These genes were also identified earlier in this chapter to 

suggest presence of intracellular NTHi and subsequent activation of the macrophage response to 

intracellular infection, which could be mediated by the top ranked hub gene, CASP4.  
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Figure 4.26. Construction of the blue module gene network identifies CASP4 as the highest connected gene 

involved in the intracellular immune response to NTHi infection. (A) Visualisation of the top 

network connections in the blue module, which is highly correlated with the infection trait, 

generated in Cytoscape using a topological overlap threshold of 0.34. 62 nodes and 122 edges 

are shown, with three genes CASP4, PNRC1 and SGPP2 identified as the highest ranked nodes 

(in darker blue). (B) Table showing the ranking scores of the 62 blue module genes by Maximal 

Clique Centrality (MCC) using the cytoHubba plugin in Cytoscape.  

4.2.6 Validation of transcriptomic analysis 
4.2.6.1 Validation of macrophage gene expression in response to additional clinical strains of 

NTHi 
Although no strain dependent differences in the macrophage response between ST14, ST408 and 

ST201 were shown in chapter 3, the genes and proteins tested previously were general pro-

inflammatory responses already established in the literature to be modulated in response to NTHi 

in vitro186,187,189,439 . However, a number of the genes in the blue module network have not yet been 

investigated in the context of macrophage responses to NTHi infection. Therefore it was important 

to confirm whether the regulation of the genes identified in this chapter were conserved in 

response to additional strains of clinical NTHi. In total, eight genes were chosen for validation in the 
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MDM using ST14 and the previously used clinical NTHi strains ST408 and ST201. Seven genes from 

the blue module network were chosen, including the top three ranked genes CASP4, SGPP2 and 

PNRC1, and four other genes present in the blue module also involved in the response to 

intracellular pathogens including IRF1, GBP1, IL1B and LAMP3. The final gene chosen was ACOD1, 

one of the top expressed genes at 6 h and 24 h, involved in immunometabolism and regulation of 

inflammation (Figure 4.10).  

All genes were found to be upregulated at both 6 h and 24 h by MDM in response to all three clinical 

strains of NTHi (Figure 4.27). Induction of CASP4 in response to ST201 appeared to be lower 

compared to ST408 at 6 h (FC 2.5 v 1.8 p=0.0281), and ST14 at 24 h (FC 2.1 v 1.7, p=0.0628), however 

the fold change differences were only slight. Similarly, ACOD1 gene expression at 6 h was lower in 

response to ST201 (FC 107) compared to both ST14 (FC 179, p=0.0117) and ST408 (FC 212, 

p=0.0628) but these differences were not significant at 24 h. Despite few differences in the level of 

gene expression induction, infection with all three strains resulted in consistent upregulation of 

MDM responses, indicating that these genes were conserved in the MDM response to NTHi 

intracellular infection.  

 

  

Figure 4.27. MDM intracellular immune response is conserved in response to additional clinical strains of 

NTHi. To confirm the expression of MDM genes identified in the dual RNASeq analysis in 

response to additional clinical strains, MDM were infected with ST14 (green), ST408 (yellow) or 

ST201 (blue) for 6 h, washed with gentamicin for 90 min then left to incubate in antibiotic free 

media until 24 h. RNA was harvested at 6 h (post gentamicin wash) and at 24 h. Gene expression 

of (A) CASP4, (B) PNRC1, (C) SGPP2, (D) IRF1, (E) GBP1, (F) IL1B, (G) LAMP3 and (H) ACOD1 were 

measured at both time points by qPCR. Gene expression was normalised to B2M and to the 

uninfected control at the respective time point and is expressed as fold change relative to 

uninfected control at either 6 h or 24 h. N=5-6. Data were analysed by Friedman test with 

Dunn’s multiple comparisons test; *p<0.05 
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4.2.6.2 Validation of macrophage pro-inflammatory mediator release in response to NTHi 
As macrophage recruitment of immune cells can often result in a dysregulated or exacerbated 

inflammatory response in individuals with chronic respiratory disease, it was important to validate 

NTHi-infected MDM release of pro-inflammatory mediators in response to NTHi at 6 h and 24 h. 

Transcriptomic analysis in this chapter identified an enrichment of terms involved in ‘cytokine-

mediated signalling pathways’ (Figure 4.11 and Table 4.1) and ‘leukocyte chemotaxis’ (Figure 4.12), 

with a number of mediators present in the blue module gene network (Figure 4.26). Thus, the gene 

lists associated with these analyses were mined for genes encoding for macrophage secreted 

proteins which could be validated by ELISA or Luminex assay.  

As such, a small panel of mediators upregulated by MDM in response to NTHi at the transcriptomic 

level at both 6 h and 24 h were selected to be assessed in cell culture supernatants (Table 4.3). 

Macrophage mediators could be grouped into general pro-inflammatory mediators (IL-1β, TNFα, 

IL-6), lymphocyte-related mediators (IL-15, IL-23, IL-27, IL-33, and IL-36β), neutrophil specific 

mediators (IL-8/CXCL8, IL-17C and CCL20) and anti-inflammatory mediators (IL-10 and TSLP). The 

majority of pro-inflammatory mediators were detected by Luminex within the lower and upper limit 

of quantification (LLOQ and ULOQ, respectively) boundaries of each individual analyte assay 

specificities at 6 h and 24 h. Only IL-33 (Figure 4.28A) was unable to be detected above the LLOQ of 

the Luminex assay for any time point or condition (uninfected or infected).  

Table 4.3. Regulation of dual RNASeq differentially expressed macrophage inflammatory mediator genes 

to be validated by Luminex or ELISA. Table indicates the gene chosen from the dual RNASeq 

data set for protein validation by Luminex or ELISA, all genes were statistically significantly 

upregulated (FDR p-value p<0.05). 
 

6h 24h 
Gene Log2FC FDR p-val Log2FC FDR p-val 

CCL20 6.68 p<0.001 9.50 p<0.001 
IL1B 6.03 p<0.001 8.18 p<0.001 
IL10 5.22 p<0.001 4.26 p<0.001 
IL15 3.60 p<0.001 3.24 p<0.001 

IL17C 2.00 p<0.05 2.97 p<0.01 
IL23 8.02 p<0.001 8.46 p<0.001 
IL27 8.14 p<0.001 8.89 p<0.001 
IL33 2.22 p<0.05 4.23 p<0.01 

IL36B 3.08 p<0.001 2.65 p<0.001 
IL6 8.51 p<0.001 11.92 p<0.001 
IL8 5.39 p<0.001 8.61 p<0.001 

TLSP 7.75 p<0.001 8.69 p<0.001 
TNFA 7.10 p<0.001 5.36 p<0.001 
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In contrast, the high level of CCL20 protein present in all samples resulted in values above the ULOQ 

of the Luminex assay and was thus unable to be accurately quantified. Nonetheless, this indicates 

that NTHi-infected macrophages release copious amounts of CCL20, but any future analysis of 

CCL20 protein will require dilution of culture supernatants to allow for more accurate quantification 

of this mediator. Levels of the other two neutrophil associated mediators, IL-8 (Figure 4.28B) and 

IL-17C (Figure 4.28C) were within the assay detection limits. Both IL-8 and IL-17C were released in 

response to NTHi infection with significantly higher levels detected at 24 h (p=0.0145 and p=0.0044, 

respectively).  

 

Figure 4.28. MDM release of inflammatory mediators at 6 h and 24 h in response to NTHi infection. MDM 

release of (A) IL-33, (B) IL-8, (C) IL-17C, (D) TNF-α, (E) IL-1β, (F) IL-6, (G) IL-15, (H) IL-23, (I) IL-27, 

(J) IL-36β, (K) IL-10 and (L) TSLP into harvested cell culture supernatants in response to NTHi 

infection at 6 h (purple) or 24 h (green) was measured by Luminex or ELISA (IL-6 and IL-8 only), 

with horizontal lines on graphs indicating the upper limit of quantification (ULOQ) or lower limit 

of quantification (LLOQ) of the Luminex assay. N=5, except for IL-1β as one sample was unable 

to be extrapolated from above the upper limit of quantification. Graphs show paired data and 

bars indicate median values. Data were analysed by Friedman test with Dunn’s multiple 

comparisons; *p<0.05, **p<0.01 
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MDM release of general inflammatory proteins such as TNFα, IL-1β and IL-6 were detected at both 

6 h and 24 h (Figure 4.28D-F). Similarly, the release of lymphocyte-related proteins IL-15, IL-23, IL-

27, and IL-36β in response to NTHi was detected at both time points (Figure 4.28G-J). Although IL-

15 and IL-27 were detected in response to NTHi at 6 h, the level of release for each analyte was 

below the respective LLOQ. However, by 24 h, both IL-15 and IL-27 were able to be detected above 

the LLOQ and were significantly higher at 24 h compared to the uninfected control (p=0.0429 and 

p=0.0212, respectively). 

In contrast, both IL-23 and IL-36β release was detected above the LLOQ at both time points, 

indicating the high upregulation and release of these two proteins in response to NTHi infection. 

The increased release of IL-23 and IL-36β was significant compared to the uninfected control and 

24 h (p=0.0212 and p=0.0028, respectively). Finally, two mediators involved in regulation of 

inflammatory process, IL-10 and TSLP, were upregulated at both time points, with IL-10 release 

higher at 6 h (Figure 4.28K p=0.0599) and TSLP release higher at 24 h (Figure 4.28L, p=0.0066). The 

upregulation of these two known inflammatory regulator proteins could indicate the macrophage 

attempting to maintain balance of inflammation to prevent an exacerbated response to NTHi, 

highlighting the plasticity of macrophage function during infection. 
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4.3 Discussion 
Analysis of macrophage gene expression in response to NTHi infection in this chapter identified a 

core transcriptomic gene profile that was consistently upregulated across both 6 h and 24 h. In 

particular, a macrophage immune response profile specific to responding to an intracellular 

pathogen was evident. NTHi is still considered an extracellular pathogen, despite increasing 

evidence of an intracellular lifestyle140,149,348. The previous chapter modelled in vitro intracellular 

persistence using three clinical strains of NTHi, which all persisted up until at least 24 h. This chapter 

further confirmed the intracellular presence of NTHi through transcriptomic activation of various 

macrophage immune response pathways such as the ‘NOD-like’ and ‘RIG-I-like’ receptor signalling 

pathways which are responsible for intracellular pathogen detection and initiation of responses. 

Activation of an intracellular immune response was identified using two different analysis methods; 

differential gene expression analysis (edgeR and DESeq2) and WGCNA. A small panel of selected 

genes were validated in the MDM model using additional clinical strains of NTHi. Infection with all 

three strains upregulated the chosen MDM genes in a similar manner, indicating the conserved 

nature of the macrophage response to NTHi infection.  

Although gene list enrichment analysis was useful in highlighting significantly modulated functions 

or pathways in response to NTHi infection, as a high number of genes were significantly 

differentially expressed, the specific genes crucial for a particular response were difficult to 

extrapolate. Use of WGCNA not only reconfirmed the DEG analysis findings of an intracellular 

immune response to NTHi infection, but also identified the key genes involved. The top hub gene 

in the blue module gene network was CASP4, which encodes for caspase-4, a member of the 

inflammatory caspase family involved in noncanonical inflammasome activation211. Inflammasomes 

are crucial in the host defence against pathogens through regulation of pro-inflammatory cytokine 

secretion and pyroptosis induction440. Following ligand stimulation, components of the 

inflammasome machinery are upregulated, culminating in recruitment and activation of caspase-1 

and cleavage of pro-IL-1β and IL-18 into their mature forms441. In contrast, caspase-4 has emerged 

as a regulator of noncanonical inflammasome activation, which can directly bind LPS in vitro and 

regulate LPS-induced secretion of pro-inflammatory cytokines212,213. The use of caspase-4 as a 

cytosolic sensor for LPS could account for the lack of differential expression of the primary LPS 

sensor, TLR4, during NTHi infection in this current work. Recognition of LPS by TLR4 includes binding 

of LPS by the LPS binding protein (LBP) which then transfers LPS to CD14. CD14 is then able to 

present LPS to the TLR4-MD-2 complex. All three of these genes varied in expression during NTHi 

infection; LBP was not differentially expressed at 6 h but was significantly upregulated at 24 h (log2 

FC 11.5, FDR p<0.001), CD14 was downregulated at 6 h (log2 FC -1.86, FDR p<0.001) but was 

upregulated at 24 h (log2 FC 1.13, FDR p = 0.018) and MD2 was downregulated at 6 h (log2 FC -1.3, 

p<0.001) and not differentially expressed at 24 h. Further work assessing the protein level of 
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expression of these sensors would aid in determining the functional response of MDM during NTHi 

infection.  

Pathogenic bacteria prevent host recognition by decorating their LPS (or LOS in the case of NTHi) 

with molecules including sialic acid and phosphorylcholine (ChoP)123,133,442. Caspase-4 could function 

as a secondary line of defence within the host cell, to detect pathogens that can bypass extracellular 

detection or are able to escape intracellular containment mechanisms. Gene expression of CASP4 

and IL1B has also been found to be elevated in individuals with asthma, compared to healthy 

controls, with higher levels of expression in neutrophilic asthma compared to eosinophilic and 

paucigranulocytic asthma55. Given the association of NTHi presence and neutrophilic asthma, 

CASP4 and IL1B gene expression induced by NTHi persistence within macrophages could therefore 

be a key driver in the development of neutrophilic asthma.  

Of note, one NTHi strain, ST201, induced lower levels of CASP4 compared to ST14 and ST408 during 

infection of MDM. Although CASP4 gene expression was still upregulated, the lower expression of 

this gene could perhaps indicate why ST201 was better able to infect and persist within 

macrophages, as shown in chapter 3 (Figure 3.16). Therefore, while the differences in CASP4 gene 

expression were small, alterations in the expression of this gene could be crucial to investigate 

further given the apparent importance of this gene in regulating the intracellular immune response 

to NTHi identified by network analysis. 

Murine studies have shown that full activation of the murine caspase-4 homolog, caspase-11, 

depends on recruitment of interferon-inducible GTPases, guanylate-binding proteins (GBPs)443. The 

DEG analysis in this chapter found 7 GBPs to be significantly differentially expressed at both 6 h and 

24 h, with GBP1, 4 and 5 also present in the blue module gene network. GBPs are able to restrict 

intracellular pathogens such as Mycobacterium bovis BCG and Listeria monocytogenes through 

recruitment of antimicrobial effectors to bacteria-containing vacuoles444. GBPs facilitate rupturing 

of vacuoles, such as those containing Salmonella typhimurium, allowing for release of bacterial 

content, including LPS, into the cytosol for subsequent detection by caspase-4215. GBPs can also 

bind directly to bacteria present in the cytosol, resulting in bacterial lysis445. This bacterial lysis could 

cause activation of other cytosolic sensors through increased presence of bacterial components in 

the host cell cytosol; increased exposure of NTHi genetic material which would normally be 

concealed within NTHi could explain the enrichment of the cytosolic DNA sensing pathway at both 

6 h and 24 h. Conversely, recent work has demonstrated that GBPs associate with the bacterial 

surface moments after it has escaped from the vacuole to promote recruitment of caspase-4 

without bacteriolysis216. Preventing bacteriolysis of intracellular bacteria could be a control 

mechanism to avert over activation of immune responses that could occur following bacterial lysis. 

Increased CASP4 expression in MDM following NTHi infection in this current model could be driven 

through NTHi interacting with GBPs, however further work will be needed to confirm NTHi-GBP 
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physical interactions. Importantly, recruitment of GBPs is dependent on live pathogen presence; 

previous work showed no association between GBPs and pathogens following use of dead or 

inactivated bacteria215. The continual transcriptomic upregulation of GBPs at 6 h and 24 h further 

suggests that intracellular NTHi remains live and viable for at least 24 h in the model used in this 

thesis. 

Although the data indicate the intracellular location of NTHi in this model, it is not clear how NTHi 

enters the macrophage, as determining the route of NTHi entry was not a focus of this current work. 

However, considering the route of entry by NTHi is important as the mechanism of internalisation 

could govern the outcome of infection and allow enhanced persistence. For example, endosomes 

produced via lipid raft-mediated endocytosis are differentially trafficked and have been suggested 

to avoid the endolysosomal pathway completely413,446. Use of this particular pathway by NTHi has 

been previously suggested, with lipid raft inhibitors preventing NTHi invasion of mouse alveolar 

macrophages148. A component of lipid raft-mediated endocytosis is caveolin, for which the CAV1 

gene was upregulated at both 6 h and 24 h in response to NTHi infection. Potential preferential 

internalisation via an endocytic pathway enabling NTHi to avoid and eventually escape lysosomal 

degradation could be a mechanism by which NTHi is able to persist within MDM. Although 

internalisation of pathogens involves rapid changes in cell surface protein levels, it has been 

demonstrated that decreasing cell surface levels of CD36 was also accompanied by a decrease in 

CD36 mRNA levels in response to influenza, a well-known intracellular pathogen240. Therefore, 

changes in the expression of genes involved in bacterial internalisation pathways could give an 

indication as to the potential mechanism used by NTHi to enter and persist within cells.  

Following internalisation of bacteria, phagocytes such as macrophages have a sophisticated process 

of shuttling bacteria-containing compartments to fuse with lysosomes resulting in degradation and 

subsequent inactivation of bacteria438. Maturation of these compartments are characterised by the 

presence of certain proteins, which can be divided into ‘early’ or ‘late’ markers. This current analysis 

found the gene expression of early markers to be upregulated, whereas the gene expression of late 

markers were mostly significantly downregulated. This suggests a decreased number of late or 

mature endosomes/phagosomes within macrophages for which these markers can be recruited to, 

although this needs to be confirmed at the protein level. Fewer compartments could be present for 

a number of reasons; firstly, the upregulation of CASP4 and GBPs could indicate the increased 

presence of NTHi within the cytosol, potentially following rapid escape from within a compartment 

shortly after initial entry into the macrophage.  

Secondly, delaying or inhibiting compartment maturation is a process employed by other 

intracellular bacteria to facilitate persistence. The causative agent of tuberculosis, Mycobacterium 

tuberculosis (Mtb), successfully inhibits macrophage phagosome maturation by disrupting the 

interaction of Rab7 and Rab7‐interacting lysosomal protein (RILP, a Rab7 effector), which is 
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important for the fusion of late endosomes and lysosomes447. Neisseria gonorrhoeae similarly 

prevents Rab7 and RILP interaction through degradation of LAMP-1 by the N. gonorrhoeae-secreted 

IgA1 protease, which prevents RILP recruitment448. LAMP-1 is also targeted by Burkholderia 

cenocepacia, facilitating escape by delaying the accumulation of LAMP-1449. In this current work, 

LAMP1/2 transcripts were not differentially expressed at either time point. This could be due to the 

level of constitutive expression of these two genes, as shown by the high number of transcripts 

measured in both the uninfected and infected macrophages. LAMP-1/2 are major lysosomal 

proteins accounting for almost half of the total lysosomal membrane proteins and are responsible 

for maintenance of lysosomal integrity, pH and catabolism450. In contrast, LAMP-3 expression can 

be induced by bacterial infection, LPS or hypoxic conditions151,450, which may explain the higher fold 

change in expression levels of LAMP3 between uninfected and infected MDM compared to 

LAMP1/2. As changes in mRNA expression levels do not indicate whether LAMP-1/2/3 functionally 

colocalise with NTHi-containing compartments, imaging of LAMP-1/2/3 at 6 h and 24 h would be 

important to determine whether these proteins play a role in the macrophage response to NTHi. 

LAMP3 gene expression was significantly upregulated at both 6 h and 24 h in response to NTHi 

infection and was present in the blue module gene network. Baddal et al. (2015) also found NTHi 

infection of epithelial cells induced LAMP3 expression by more than 20-fold151. LAMP-3 is an 

established marker of dendritic cells451, but the role of LAMP-3 in macrophages has not been fully 

explored. Transcriptomic analysis of IFN-γ + LPS stimulated macrophages found novel expression of 

LAMP3, suggesting it plays a role in the macrophage inflammatory response452. Recruitment of 

LAMP-3 to Salmonella-containing compartments led to increased recovery of Salmonella 

typhimurium from infected THP-1 cells450. However as LAMP-3 localised at the cell surface prior to 

co-localising with intracellular Salmonella, it was proposed that LAMP-3 was involved in the initial 

steps of bacterial invasion rather than bacterial avoidance of the lysosomal pathway, which could 

account for the decreased Salmonella infection detected following LAMP-3 knockdown.  

Macrophages appear to have a limited capacity for intracellular killing, with higher MOIs shown to 

result in reduced intracellular killing and accumulation of intracellular bacteria453. This 

aforementioned reduction in intracellular killing was associated with reduced phagosomal 

maturation, which the transcriptomic data in this current chapter suggests may also be occurring 

during NTHi-MDM infection in this model. Therefore the use of MOI 100, a limitation of this study 

previously discussed in Section 3.3, may potentially be contributing to the impairment of 

macrophage clearance mechanisms, but this may not be biologically representative of NTHi-

macrophage interactions in vivo. 

Importantly, macrophage phagocytosis is impaired in asthmatics, which could be how NTHi is able 

to evade the macrophage immune response and establish persistence454. Avoiding phagocytosis 

routes of entry and entering via an endocytic pathway is suggested to enhance persistence and 
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survival of NTHi144. Both alveolar macrophages and monocyte-derived macrophages isolated from 

severe asthmatics demonstrated impaired phagocytosis of H. influenzae247. The phagocytic defect 

causing this impairment is not known, however Liang et al. (2014) showed phagocytosis of 

polystyrene beads was not affected, suggesting that the phagocytic defect was pathogen-

specific247. Impaired phagocytosis of NTHi was also observed in COPD250, potentially due to 

decreased expression of Siglec-1 by COPD alveolar macrophages455. Tanno et al. (2020) 

demonstrated that blocking Siglec-1 expression resulted in decreased NTHi phagocytosis, 

suggesting in vivo reductions of Siglec-1 expression could result in diminished NTHi clearance. This 

current work shows significant upregulation of SIGLEC1 gene expression at both 6 h and 24 h, 

although the limitation of this transcriptomic data is that it does not indicate the cell surface 

expression of Siglec-1. Furthermore, as the macrophages used in this study were from the blood of 

healthy donors, characterising the expression of Siglec-1 and other receptors implicated in 

phagocytosis on the surface of alveolar macrophages from individuals with asthma will give a better 

indication of whether these receptors are differentially modulated in the asthmatic airway 

compared to healthy controls. The complex asthmatic airway environment may play a role in 

modulating the cell surface expression of such receptors; studies investigating airway macrophage 

PRRs found cell surface expression was modified by cigarette smoke and steroids456,457. Continual 

airway presence by pathogens such as NTHi could also contribute to the impairment of macrophage 

function over time, which may explain the differences in the level of defect observed between 

severe and moderate asthmatics247.  

Another important function of macrophages is to orchestrate and regulate the immune response 

upon infection, which includes recruitment and activation of other immune cells458. Upregulation 

of genes encoding for secreted mediators were primarily chemoattractants for T cells, neutrophils 

and other monocytes/macrophages. In the lung, infected or activated macrophages can recruit 

other macrophages or circulating monocytes to the site of infection459. However, in this current 

monolayer model, it is possible that outcome of inflammatory mediator release was paracrine 

signalling, resulting in priming of neighbouring cells to respond to a potential infection. Here, one 

of the main limitations of this work is apparent; due to use of bulk RNASeq methodology, the 

transcriptomic data represent the averaged, global expression profile for each sample. As such, it 

is unclear as to whether diverse macrophage phenotypes were present in an NTHi-infected sample; 

uninfected macrophages, NTHi-intracellularly infected macrophages and activated, but not infected 

macrophages could all be present and differentially responding in this model. The transcriptomic 

profile of macrophages intracellularly infected with NTHi at 24 h could be significantly different to 

the transcriptomic profile of neighbouring macrophages activated by the release of inflammatory 

mediators from infected macrophages. Use of single-cell sequencing would be able to confirm this.  
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Previous work has shown cross-talk between NTHi-infected MDM and autologous T cells199,234,352. 

The influence of NTHi-infected macrophages on T cell recruitment and activation is an important 

consideration, given the involvement of T cells in the pathogenesis of asthma460. The panel of 

upregulated inflammatory mediator genes in this work suggests macrophages may contribute to a 

Th1 response, which is not unexpected given the crucial role of Th1 responses in combating an 

intracellular infection461. However, NTHi persistence has been associated with a switch in Th 

responses to favour Th17 and neutrophilic inflammation462. In this current chapter, transcriptomic 

analysis found upregulation of macrophage genes for neutrophil chemoattractants, including 

CXCL8, IL17C and CCL20, which were validated at the protein level, with high amounts of mediators 

released in response to NTHi. NTHi-infected macrophages could be the cellular source of these 

chemoattractants in vivo, driving the recruitment of neutrophils to the lung. This has previously 

been postulated by Song et al. 2008, who suggested that alveolar macrophages are the cellular 

source of increased IL-17 in the BALF of asthmatic patients, not Th17 cells49. In contrast, Singhania 

et al. (2018) suggested that activated T cells drive an IL-17 response in severe asthma463. As NTHi-

infected macrophages have been shown to activate T cells in vitro199,234,352, the complex, 

inflammatory environment in asthma may be driven by dysregulation of macrophage-mediated 

recruitment and activation of both neutrophils and T cells.  

Both CXCL8/IL-8 and CCL20 sputum levels are associated with increased neutrophils in asthmatic 

patients, but work by Busse et al. (2017) found sputum levels of CCL20 were higher in aged patients, 

who also had significantly longer duration of asthma and poorer asthma control464. Unfortunately 

the microbial colonisation status of patients was not considered, so it is unclear whether NTHi 

presence was associated with these clinical measures. Nonetheless, despite increasing evidence of 

the association between NTHi presence and airway neutrophilia in asthma, the mechanistic 

relationship between the two has yet to be elucidated.  

Finally, although NTHi is a bacterial pathogen, various pathways relating to viral infection were 

found to be significantly enriched in this work, including the ‘Influenza A’ KEGG pathway. This 

enrichment could be due to the inherent redundancies and bias that are common during gene 

ontology analysis434. However, the potential enrichment of macrophage anti-viral pathways could 

have important ramifications for investigating the primary hypothesis of this project. NTHi infection 

appears to activate similar macrophage transcriptomic pathways that are activated during influenza 

A infection, which must be considered when further developing the infection model in this work to 

determine the impact of NTHi intracellular infection on subsequent viral infection.  
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4.4 Summary 
This chapter has used bioinformatic analysis to identify the macrophage transcriptomic response 

to intracellular NTHi infection. The MDM response is primarily dominated by a core gene expression 

profile of 863 genes consistently expressed across both 6 h and 24 h, which was functionally 

enriched in immune response processes, in particular, immune responses to an intracellular 

pathogen. This intracellular immune response transcriptomic signal was confirmed by two different 

analyses, WGCNA and DEG analysis, highlighting the strength of the signal in this data set. WGCNA 

indicated that the macrophage intracellular immune responses were modulated by CASP4 and 

GBPs. Validation of select genes indicated that MDM responses were conserved during infection 

with additional clinical strains of NTHi. Despite transcriptomic activation of the macrophage 

immune response to an intracellular pathogen, NTHi was still able to persist within this model. 

Therefore, the next chapter will focus on analysis of NTHi gene expression to determine exactly 

how NTHi adapts during intracellular infection of MDM.
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Chapter 5 Transcriptomic analysis of NTHi adaptation 
during intracellular persistence 

5.1 Introduction 
The macrophage response to persistent intracellular NTHi infection in the previous chapter was 

shown to encompass a core transcriptomic upregulation of various immune response pathways. 

Enriched immune processes included pathways involved in responding to an intracellular pathogen 

but despite this apparent robust innate immune response, NTHi was still able to persist within 

macrophages. This chapter will focus on analysing the NTHi dual RNASeq data to specifically 

determine how NTHi adapts to persist within MDM, by analysing NTHi transcriptomic changes 

between 6 h and 24 h during intracellular infection. Unfortunately due to financial limitations, it 

was not possible to include planktonic NTHi samples for sequencing. Therefore, selected NTHi 

genes identified in the dual RNASeq analysis will be validated by qPCR using planktonic state NTHi, 

which will be discussed further in this chapter. 

5.2 Results 
5.2.1 Exploratory data analysis 
The NTHi data set provided by Novogene contained 2148 genes. This data set was filtered to remove 

any lowly expressed genes, which were determined as genes that were not expressed in at least 

half of the samples (5/10 samples). As a result, 1611 NTHi genes were retained from the starting 

number of 2148 NTHi genes. The distribution of these 1611 genes was assessed using IQR, 

hierarchical clustering and principal component analysis (PCA) to ensure no outliers were present. 

5.2.1.1 Interquartile range (IQR) versus median exploratory plot 
An IQR vs median graph was plotted to visually inspect the spread of data across samples. All 

samples remained within two standard deviations (SD), indicating that the data distribution does 

not vary significantly and no samples were identified as outliers (Figure 5.1).  

  
Figure 5.1. Interquartile range (IQR) vs median plot of the pre-normalised, filtered NTHi data. The IQR of 

each NTHi sample was plotted on the y axis and the median of each sample was plotted on the 

x axis. The inner red box indicates ± 1 standard deviation (SD), the outer box indicates ± 2 SD 
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Figure 5.2. Hierarchical clustering of the pre-normalised, filtered NTHi data. Ward linkage and Euclidean 

distance method was used to construct the clustering. Samples clustered based on time point 

(6 h samples = purple line, 24 h samples = green line).  

5.2.1.2 Hierarchical clustering 
Hierarchical clustering of the filtered data was performed using the same parameters used to 

cluster MDM samples in Figure 4.2 (Euclidean distance and Ward linkage). However, unlike the 

MDM samples, the NTHi samples clustered based on time point (6 h or 24 h)(Figure 5.2). Again, no 

outliers were detected using this data visualisation method.  

5.2.1.3 Principal Component Analysis 
PCA analysis confirmed clustering of samples by time point; two different clusters were visible, 

being separated by the first principal component (PC1, 94.3%, Figure 5.3A). No donor-specific effect 

appeared to be present based on PCA clustering (Figure 5.3B). 

Together, the visualisation of data distribution and variance demonstrated that although filtering 

of the data set was required to remove any lowly expressed genes that are uninformative for this 

analysis, no sample outliers were consistently identified that required removal. Therefore, the data 

passed to the next stage of analysis with all samples retained in the NTHi data set. 
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Figure 5.3. Principal component analysis performed on the pre-normalised, filtered NTHi data. The PCA 

plots are coloured based on overlaid metadata (A) PCA coloured by time point (6 h samples = 

purple, 24 h samples = green). (B) PCA coloured by each donor as detailed in the accompanying 

legend. 

5.2.2 Data normalisation 
The same two Bioconductor packages (edgeR and DESeq2) used to analyse the MDM data were 

also used for analysis of the NTHi data. Lower number of reads were detected at 24 h, which may 

have been due to lower presence of NTHi in these samples. Normalisation of the NTHi data set was 

similar between both packages, with a more even spread of data observed in the boxplots following 

normalisation (Figure 5.4B & C) compared to pre-normalisation (Figure 5.4A).  

 

Figure 5.4. Normalisation of the filtered NTHi data. (A) Pre-normalised data, (B) data that has been 

normalised using the edgeR package, (C) data that has been normalised using the DESeq2 

package. 

A B
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5.2.3 Differential gene expression analysis 
The two Bioconductor packages, edgeR and DESeq2, were used to perform differentially expressed 

gene analysis on the filtered and normalised 1611 NTHi genes, comparing the NTHi gene expression 

between 6 h and 24 h to investigate changes in expression during intracellular infection. For both 

edgeR and DESeq2, genes were considered differentially expressed at an FDR adjusted p-value 

<0.05. Only genes determined as differentially expressed by both packages would be taken forward 

for further analysis. Out of the normalised 1611 input genes, the total number of genes determined 

as differentially expressed was 732, with 624 genes (85%) determined as differentially expressed 

by both methods. No genes were determined as differentially expressed by edgeR only and 108 

(15%) genes were determined as differentially expressed by DESeq2 only (Figure 5.5A). 

  
Figure 5.5. Number and type of differentially expressed NTHi genes. Venn diagram showing the overlap of 

genes that are determined as differentially expressed by edgeR (left), DESeq2 (right) or by both 

packages (middle). Created using VennDIS v1.0.1. (B) Chart showing the distribution of gene 

type within the 624 DEG list. Protein coding genes are genes with an assigned annotation name, 

sRNA = small RNAs, novel genes are novel transcripts not previously identified, and hypothetical 

protein genes are genes with no known assigned gene name or function. 

 

 

Figure 5.6. Regulation of the NTHi DEGs. (A) Log2 fold change (log2 FC) cut offs for NTHi DEGs (FDR p<0.05). 

(B) The top 10 up and top 10 downregulated DEGs are indicated by labels on the volcano plot. 

Dotted lines indicate FDR p<0.05 significance value and the log2 FC 1 cut off; all genes that did 

not pass both significance measures are represented as black dots. (C) Number of upregulated 

and downregulated log2FC 1 DEGs. 
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Of these 624 genes, the majority of genes (74.64%) were known protein-encoding genes, with 

18.62% of genes for hypothetical proteins that currently have no known functional annotation 

(Figure 5.5B). A smaller number of novel genes (6.1%) were identified, with small (s)RNA making up 

less than 1% (0.64%) of the genes identified. Unlike the MDM data where numerous genes had high 

levels of fold change (log2 FC) in response to NTHi infection, the majority of NTHi gene expression 

fell between log2 FC ± 0 – 2. If the same log2 FC 2 cut off applied to the MDM data set was applied 

here, only 4 genes (dps, Novel00109, yadA_2 and bioC) would be retained (Figure 5.6A). The top 

two differentially expressed genes, bioC and dps had larger changes in expression levels (log2 FC 

+2.60 and -2.98 respectively) compared to the other differentially expressed genes (Figure 5.6B). 

However, to ensure enough genes were present for gene ontology and pathway enrichment 

analysis, a log2 FC cut off of 1 was applied, resulting in 107 genes being retained in the NTHi data 

set. Out of these 107 genes, 69 were upregulated and 38 were downregulated (Figure 5.6C).  

5.2.4 NTHi modulation of metabolic processes during intracellular infection of MDM 
To determine the biological relevance of these 107 differentially expressed genes, gene list 

enrichment analysis was performed using ShinyGo. ShinyGo is similar to ToppGene as both perform 

functional enrichment, however ShinyGo is able to perform functional enrichment analysis of 

Haemophilus influenzae gene lists. The top five significantly enriched Biological Process (BP), 

Molecular Function (MF) and Cell Component (CC) terms were generic (Figure 5.7 and Table 5.1).  

  
Figure 5.7. Gene ontology analysis of the 107 NTHi differentially expressed genes during infection of MDM.  

Visualisation of the top significant functionally enriched GO terms for the categories Molecular 

Function, Biological Process and Cellular component categories. The yellow line indicates 0.05 

FDR enrichment p-value, size of dots indicate number of genes present in each term.  
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Table 5.1. Table of the most significantly enriched NTHi gene ontology terms.This table shows the terms 

indicated in Figure 5.7, but for clarity, the GO:ID numbers are accompanied with the GO:terms 

and enrichment FDR value. A maximum of 5 of the most significantly functionally enriched 

pathways are shown. Colours represent the category in Figure 5.7. Input genes show the 

number of NTHi genes assigned to each term 

Category GO:ID GO:Term Enrichment FDR Genes in input 

GO: Biological 
Process 

GO:0009987 cellular process 2.93E-50 44 
GO:0050789 biological process 1.18E-49 46 
GO:0044237 cellular metabolic process 2.94E-48 41 
GO:0071704 organic substance metabolic process 1.71E-47 41 
GO:0006807 nitrogen compound metabolic process 2.67E-46 38 

GO: Cellular 
Component 

GO:0005622 intracellular 1.61E-29 26 
GO:0005623 cell 1.61E-29 31 
GO:0044424 intracellular part 1.61E-29 26 
GO:0044464 cell part 1.61E-29 31 
GO:0005575 cellular component 4.50E-29 31 

GO: Molecular 
Function 

GO:0003674 molecular function 4.85E-49 45 
GO:0005488 binding 2.04E-33 33 
GO:0097159 organic cyclic compound binding 6.50E-31 29 
GO:1901363 heterocyclic compound binding 6.50E-31 29 
GO:0003676 nucleic acid binding 6.25E-27 22 

 

 

Clustering the significantly enriched Biological Process terms identified that the majority of 

significantly enriched GO terms were in fact metabolic related terms (Figure 5.8). The largest cluster 

of terms was identified as ‘metabolic process’, which share a high number of genes (edges) with 

the ‘single organism metabolic process’ cluster, both fairly generic process terms. Enrichment of 

more specific metabolic pathways were identified with clusters including ‘vitamin biosynthesis’, 

‘amino acid metabolism’, ‘nucleoside metabolism’ and ‘fatty acid synthesis’. Enrichment of stress 

response pathways were also indicated by clusters annotated as ‘stress/stimulus response’ and 

‘response to toxic substance’. Processes involved in gene expression and protein synthesis 

regulation were also enriched, as indicated by the two clusters ‘ribosome biogenesis’ and 

‘tRNA/ncRNA processing’.  
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Figure 5.8. Enrichment of NTHi Biological Processes during infection of MDM.  Clustering of the enriched 

Biological Process GO:terms performed using EnrichmentMap and AutoAnnotate in Cytoscape. 

Nodes represent individual GO:terms, with size relating to the number of genes in each term 

and the colour indicating enrichment significance. Edges represent connections between nodes 

that share genes. 

Due to the high redundancy and ambiguity surrounding gene ontology terms, the functional role of 

the 107 DEGs was summarised using the results of the enrichment analysis (Figure 5.9). The highest 

number of genes (29) were primarily involved in metabolic processes. The remaining genes were 

involved in regulation of gene expression (23), stress responses (8), virulence (5), replication (5) and 

protein regulation (2) (Figure 5.9A). The 35 remaining genes were uncharacterised, resulting in no 

gene name or function available for gene ontology analysis. Of these uncharacterised genes, 22 

were hypothetical protein coding genes, 9 were transcripts assigned as novel genes and 2 were 

sRNA. No clustering of genes according to function was observed, however the data did cluster 

based on the time point (6 h or 24 h), indicating time dependent gene expression (Figure 5.9B).  

The putative function of the 22 uncharacterised hypothetical protein coding NTHi genes was 

assessed by using the megaBLAST function of the online BLAST suite against the NTHi 86-028NP 

genome (CP000057.2). All but one gene (UoS_HiMICA_10_00819) was detected within the NTHi 86-

028NP genome and was assigned an 86-028NP locus tag. The locus tag was then input to the KEGG 

online search tool to obtain functional information about the gene, if available. As a result, 21/22 

uncharacterised genes were given predicted names or functions (Table 5.2). 
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Figure 5.9. Modulation of NTHi processes during infection of MDM.  The stacked bar chart highlights the 

main processes that the 107 NTHi DEGs are involved in. The process with the highest number 

of genes was metabolic processes (29), followed by regulation of gene expression (23), stress 

responses (8), virulence (5), replication (5) and protein regulation (2). The remaining genes (35) 

were uncharacterised (hypothetical or novel gene assignment). 

 

A number of tRNA synthetases were found to be present in the uncharacterised gene list, with two 

downregulated (tRNA-Lys and tRNA-Met) and one upregulated (tRNA-Arg). The observation of 

downregulated tRNA is interesting, given not just the role of tRNA in protein synthesis, but also as 

regulators of the prokaryotic stringent response which is activated by decreased nutrient or 

substrate availability. Further genes potentially involved in stress responses include impA 

(NTHI1588) and SulA (NTHI1379), with urvB (NTHI1917) predicted to be involved in DNA repair, 

which could occur during oxidative stress (Table 5.2). Furthermore, a number of genes potentially 

encoding for transporter proteins were upregulated, including sapZ (NTHI1396), which has been 

implicated in antimicrobial peptide resistance. However, unannotated genes homologous to the 

NTHi 86-028NP genes NTHI1325, NTHI1330 and NTHI1331 were predicted to be involved in aerobic 

metabolism.  
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Table 5.2. Predicted function of the uncharacterised hypothetical protein coding genes. To determine the 

putative function of the 22 hypothetical protein genes, the sequence for each gene was 

compared against the NTHi 86-028NP genome for homologous genes using the megaBLAST 

function to identify the NTHi 86-028NP (CP000057.2) locus tag which was then used to search 

for putative functions online using KEGG.  

Gene ID 
NTHi  

86-028NP 
locus tag 

Query 
cover 

Sequence 
identity Putative Function Log2FC FDR 

UoS_HiMICA_10_00458 NTHI1873 86% 92.62% probable bacteriophage tail completion 
protein gpS homolog 1.93 0.004 

UoS_HiMICA_10_00452 NTHI1883 100% 95.66% hypothetical protein 1.55 0.002 

UoS_HiMICA_10_00342 NTHI1330 100% 93.54% conserved hypothetical protein 1.53 0.002 

UoS_HiMICA_10_00448 NTHI1888 100% 90.34% terminase, ATPase subunit 1.43 0.003 

UoS_HiMICA_10_00461 NTHI1997 100% 94.61% predicted Na+-dependent transporters 
of the SNF family 1.41 0.001 

UoS_HiMICA_10_01085 NTHI1917 100% 94.31% UvrABC system protein B, Nucleotide 
excision repair 1.38 0.001 

UoS_HiMICA_10_00339 NTHI1331 99% 94.96% conserved FAD/FMN-containing 
dehydrogenase 1.23 0.003 

UoS_HiMICA_10_00795 NTHI1379 100% 95.40% cell division inhibitor SulA 1.13 0.005 

UoS_HiMICA_10_01089 NTHI1915 94% 95.99% predicted ABC-type transport system, 
permease component 1.09 0.001 

UoS_HiMICA_10_01198 NTHI0490 100% 96.26% conserved hypothetical protein 1.09 0.002 

UoS_HiMICA_10_00453 NTHI1882 100% 94.29% hypothetical protein 1.08 0.048 

UoS_HiMICA_10_00347 NTHI1325 99% 94.45% transport ATP-binding protein CydC 1.07 0.002 

UoS_HiMICA_10_00504 NTHI1396 100% 95.38% predicted membrane protein sapZ 1.07 0.002 

UoS_HiMICA_10_01086 NTHIT0054 100% 100% tRNA-Asn 1.07 0.014 

UoS_HiMICA_10_00545 NTHI1437 100% 98.37% SH3 domain protein 1.01 0.003 

UoS_HiMICA_10_00860 NTHI0339 100% 97.39% conserved hypothetical protein -1.02 0.004 

UoS_HiMICA_10_01803 NTHI1650 100% 94.13% conserved hypothetical protein -1.10 0.001 

UoS_HiMICA_10_00819 - - - - -1.25 0.005 

UoS_HiMICA_10_00595 NTHI1588 100% 94.56% impA peptidase -1.39 0.001 

UoS_HiMICA_10_01837 NTHI1757 91% 90.28% N4-acetylcytidine amidohydrolase -1.55 0.005 

UoS_HiMICA_10_01224 NTHIT0005 100% 100% tRNA-Lys -1.60 0.019 

UoS_HiMICA_10_00615 NTHIT0053 100% 100% tRNA-Met -1.75 0.009 

To further assess the modulation of NTHi metabolic pathways during intracellular infection of 

MDM, the 29 genes assigned to the metabolic process category were investigated in more detail. 

These 29 metabolic genes were summarised into 4 distinct metabolic processes: energy 

metabolism, co-factor and vitamin metabolism, lipid and fatty acid metabolism and metabolite 

transport (Figure 5.10A). Within the energy metabolism category, genes for aerobic respiration 

were upregulated, including rsxC, rsxD, rsxE and rsxG, all genes encoding for a subunit component 

of the bacterial electron transport complex and cydD. NTHi is a facultative anaerobe utilising 

aerobic respiration, but can switch to fermentation pathways in the absence of oxygen. 

Upregulation of genes involved in fermentation pathways (garK, lacC and pta), and metabolite 

transport proteins (fruB and gntP) could indicate increased anaerobic respiration/fermentation.  
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Figure 5.10. NTHi modulation of specific metabolic processes during infection. (A) Overview of the type of 

role/process of the 29 genes assigned to the metabolic process category. (B) Breakdown of the 

specific metabolic pathways for the 29 genes, not including the 5 genes involved in the electron 

transport chain or the one gene which had no specific metabolic pathway assigned. Red = 

upregulated, blue = downregulated. Dotted line indicates log2FC 1 cut off.  

To determine exactly which alternate metabolic processes the differentially expressed genes were 

involved in, 23 out of the 29 NTHi metabolic process genes were assigned to a more specific 

metabolic pathway (Figure 5.10B). The remaining 6 genes not included were the 5 genes previously 

mentioned as being involved in aerobic respiration and the gene yhje_1. Although yhje_1 was 

annotated as an ‘inner membrane metabolite transport protein’, the exact metabolic process this 

gene is involved in remains unknown. A diverse array of pathways were revealed including vitamin-

related pathways including biotin (vitamin B7), riboflavin (vitamin B2) and thiamine (vitamin B1) 

(Figure 5.10B). These vitamins, along with iron and molybdenum are important constituents of 

cofactors for various cellular metabolic processes. In contrast, both genes involved in lipid and fatty 

acid metabolism were downregulated (Figure 5.10A). Upregulation of various vitamin and cofactor-

related genes compared to downregulation of lipid/fatty acid metabolism could suggest the 

increased availability of precursors required for use of certain vitamins and cofactors by NTHi during 

intracellular infection of MDM. 
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Table 5.3. Predicted targets of the two differentially expressed NTHi sRNA. The gene targets of the two DE 

sRNA were assessed by the online tool PresRAT (Predicting small RNAs and their Targets), using 

the PredWG function. The reference bacterial genome used was NTHi 86-028NP. All target genes 

were determined as significantly differentially expressed (all FDR p<0.05), but were below the 

log2FC 1 cut off. 

Gene 
ID 

NTHi  
86-028NP 
locus tag 

Target gene ID in list 
Target 

gene name 
in list 

Putative Function Log2FC FDR 

sRNA00003 

tusD NTHI0709 UoS_HiMICA_10_01564 tusD uncharacterized conserved protein 
involved in intracellular sulfur reduction 0.92 0.011 

moaD NTHI1976 UoS_HiMICA_10_00477 moaD molybdopterin converting factor subunit1 0.73 0.007 
galK NTHI0983 UoS_HiMICA_10_00122 galK galactokinase -0.35 0.026 

sRNA00029 

tusD NTHI0709 UoS_HiMICA_10_01564 tusD uncharacterized conserved protein 
involved in intracellular sulfur reduction 0.92 0.011 

moaD NTHI1976 UoS_HiMICA_10_00477 moaD molybdopterin converting factor subunit1  0.73 0.007 
galK NTHI0983 UoS_HiMICA_10_00122 galK galactokinase -0.35 0.026 

rpmG NTHI1123 UoS_HiMICA_10_00202 rpmG 50S ribosomal protein L33 -0.64 0.023 
tolR NTHI0504 UoS_HiMICA_10_00817 exbD_1 colicin uptake protein TolR -0.74 0.003 

Within the uncharacterised gene list, two sRNAs (sRNA00003 and sRNA00029) were significantly 

downregulated during infection. The predicted target genes of these two sRNAs were identified 

using the online tool PresRAT, which predicts sRNA target genes within a bacterial genome using 

homology based searching398. For sRNA00003, three predicted target genes (tusD, galK and moaD) 

were identified, whereas five target genes (tolR, tusD, galK, rpmG and moaD) were identified for 

sRNA00029, with three gene targets (tusD, galK and moaD) conserved between both sRNAs (Table 

5.3). All gene targets were significantly differentially expressed (FDR p<0.05), but expressed varying 

levels of regulation, with three downregulated and two upregulated target genes. However, these 

are only predicted targets so further work would be required to confirm the interactions of these 

sRNA and gene targets.  

5.2.5 Modulation of NTHi stress response and virulence genes during intracellular infection 
Regulation of virulence factors and stress response pathways are often associated with the ability 

of bacteria to successfully colonise and adapt to a new environment. A total of 13 NTHi genes were 

assigned to stress response (8) or virulence (5) categories (Figure 5.11). The only significantly 

downregulated gene in the virulence category was YadA_2, which is a putative trimeric 

autotransporter adhesion. As previous work118,119,122,465–467 has indicated the role of NTHi adhesins 

and outer membrane proteins in virulence and infection, the NTHi data set was examined for other 

adhesion genes. As the NTHi ST14 genome used for mapping of sequenced reads was a draft 

genome assembly, it was possible that annotation resulted in assignment of alternative gene names 

to known NTHi adhesion and outer membrane proteins.  
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Figure 5.11.  NTHi modulation of genes involved in stress response and virulence during intracellular 

infection. Regulation of differentially expressed genes involved in stress response (yellow) or 

virulence (pink). Dashed line indicates log2FC 1 cut off. 

 

To ascertain the presence of adhesins and outer membrane protein, NTHi ST14 gene sequences 

were compared for sequence identity against a number of known, annotated gene sequences for 

NTHi adhesins. This identified a number of genes within the NTHi ST14 data set with good sequence 

homology to known NTHi adhesins and outer membrane proteins (Table 5.4). Only one other NTHi 

adhesion/outer membrane protein genes, Protein E (pe) was significantly differentially expressed 

(FDR p=0.03) but was below the log2FC 1 cut off (log2FC 0.5). The remaining adhesion/outer 

membrane protein genes were not significantly differentially expressed during intracellular 

infection of MDM. 

 

Table 5.4 Gene expression of NTHi adhesions and outer membrane proteins during intracellular infection 

of MDM. The NTHi ST14 genes were checked for sequence identity against known annotated 

gene sequences (GenBank Accession column) by megaBLAST. All genes were identified with 

good query cover and sequence identity, confirming the putative role of the ST14 annotated 

genes. * = genes that were determined as significantly differentially expressed (FDR adjusted 

p-value <0.05). 

Gene Annotation Known Gene 
query 

Query cover/ 
Sequence identity 

GenBank 
Accession 

log2

FC 
FDR 

UoS_HiMICA_10_00822 hap Hap 85%  / 90% U11024.1 0.17 0.22 
UoS_HiMICA_10_00027 glpQ hpd/Protein D 100% / 98% CP002277.1 0.15 0.64 
UoS_HiMICA_10_01205 hpf Hpf/Protein F 100% / 98% AAZF01000002.1 -0.01 0.94 
UoS_HiMICA_10_01479 ompP1 omp P1 100% / 93% CP000057.2 0.25 0.09 
UoS_HiMICA_10_01209 - omp P2 100% / 85% CP000057.2 0.74 0.21 
UoS_HiMICA_10_00023 hel ompP4/lipoprotein e 100% / 98% M68502.1 -0.17 0.55 
UoS_HiMICA_10_00338 ompA omp P5 100% / 91% L20309.1 -0.27 0.29 
UoS_HiMICA_10_01185 - omp P6 88%  / 98% HM124553.1 0.14 0.59 
UoS_HiMICA_10_01395 pppA pilA 100% / 99% AY816324.1 0.04 0.87 
UoS_HiMICA_10_01398 pilB pilB 100% /  96% AY816324.1 0.35 0.059 
UoS_HiMICA_10_01396 gspF pilC 100% / 95% AY816324.1 0.38 0.13 
UoS_HiMICA_10_01398 pilE pilD 100% / 89% AY816324.1 0.35 0.06 
UoS_HiMICA_10_00933 pe* Protein E 100% / 95% CP002276.1 0.51 0.03 
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Other known adhesion genes, hmw1, hmw2, hia and hsf were not detected in the NTHi ST14 

annotated gene list, which was surprising given that approximately 75% of NTHi strains express the 

hmw1/2 and the majority of the remaining strains express hia or the allelic variant hsf. However, 

within the NTHi ST14 genome annotation file used for mapping sequenced reads was the Nhha 

gene which had sequence identity of 91.78% on the 42% matched query length of hia (U38617.2) 

and identity of 96.85% on 65% matched query length of the allelic variant hsf (AY823627.1). 

Although this suggests presence of a hia/hsf homologue annotated as NhhA in this particular NTHi 

ST14 genome, no transcripts were mapped to this gene following dual RNASequencing.  

LOS and lipoproteins are also virulence factors required for cell attachment and invasion with genes 

encoding the biosynthesis of these components (lolB, lex1_2 and wbbD) significantly upregulated 

at 24 h. However, as well as roles in cell adhesion and attachment, LOS and lipoproteins are integral 

structural components of the cell wall, protecting the cell from environmental stresses including 

the host immune response.  

 

 

  
Figure 5.12. NTHi regulation of genes involved in the response to oxidative stress. Only 14/40 genes mined 

from the study by Harrison et al. (2007) who identified upregulated NTHi genes in response to 

oxidative stress were differentially expressed (FDR p<0.05)468. Only 3 genes were above the 

log2FC 1 cut off (impA, recA and dps). Genes were involved in DNA and protein repair (red), 

defence against oxidative stress (yellow), iron utilisation (green) and energy metabolism (blue).  
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Upregulation of arcB_3, which encodes for a sensor protein ArcB (Figure 5.11), suggests adaptation 

of NTHi in response to oxygen levels and Reactive Oxygen Species (ROS) resistance. ArcB is part of 

the ArcAB two component system with the regulator ArcA which mediates the transition from 

aerobic to anaerobic metabolism, however, arcA was downregulated (-0.44 log2FC, FDR p=0.007). 

Also downregulated was the DNA protection during starvation gene (dps), a gene also involved in 

ROS protection. Notably, dps was the NTHi gene with the highest fold change difference from 6 h 

to 24 h (-2.98 log2FC). Furthermore, two genes encoding for proteins controlling the global bacterial 

response to DNA damage, the SOS response, were downregulated; recA (positive regulator) and 

lexA (repressor). Given that intracellular pathogens are subject to high levels of oxidative stress, the 

lack of upregulated genes involved in the stress response was investigated further.  

The OxyR regulon has been identified to control the expression of genes in response to oxidative 

stress. Harrison et al. (2007) identified a panel of 40 genes upregulated in response to oxidative 

stress, with 11/40 regulated by OxyR468. However in this current work, the global regulator gene, 

oxyR, was not significantly differentially expressed by NTHi (log2FC 0.05, FDR=0.72). Furthermore, 

only 3/11 OxyR-regulated genes identified by Harrison et al. were upregulated; gnd, hfeD and hktE 

(Figure 5.12). For the remaining eight OxyR-regulated genes, five genes (hfeA, hfeB, hfeC, pntA, and 

pntB) were not significantly differentially expressed (all FDR p>0.05), two genes (NTHI0705 and 

NTHI0684) were not identified in this data set and the final gene, dps, was downregulated, as 

indicated previously. Genes identified by Harrison et al. to be upregulated in response to oxidative 

stress independent of OxyR were also downregulated in this current work. This included genes 

involved in DNA and protein repair (impA, recA and recN) and a number of genes involved in iron 

utilisation (exbB, exbD, hemR, tonB, and rebM). In total, 14/40 oxidative stress response genes were 

differentially expressed by NTHi, with the majority (9/14) downregulated. Although all 14 oxidative 

response genes were determined to be significantly differentially expressed (FDR p<0.05), only dps, 

impA and recA were above the log2FC 1 cut off.  

5.2.6 NTHi upregulation of antimicrobial peptide resistance genes 
Other than oxidative stress, bacteria have developed systems to combat the antimicrobial host 

response, of which the sap (sensitivity to antimicrobial peptides) family of transporters have been 

implicated. The gene for a member of this family, sapZ was identified as significantly upregulated 

in the uncharacterised DEG list (Table 5.2). Therefore, the expression of the remaining members of 

the sap operon were investigated. The expression of sapBCDF was upregulated, but apart from 

sapZ, the log2FC values were below the log2FC 1 cut off (Figure 5.13A). The sapA gene was not 

significantly differentially expressed (log2FC 0.19, FDR p=0.23). The distribution of transcript 

expression by NTHi across samples appeared to be fairly consistent for all genes at each time point 

(Figure 5.13B), suggesting upregulation of the sap operon is important during intracellular infection 

of MDM. 
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Figure 5.13. NTHi upregulates the gene expression of the antimicrobial resistance sap operon. (A) Log2FC 

values of the sap family sapABCDFZ. Asterisk indicates genes that were significantly 

differentially expressed (FDR p<0.05) and dotted lines indicate the log2FC 1 cut off. (B) log2 CPM 

values for each gene at 6 h (purple) and 24 h (green)  

5.2.7 NTHi downregulation of ribosomal gene expression during intracellular infection 
KEGG pathway analysis was used to determine which specific NTHi pathways were modulated 

during infection of MDM. As indicated by the Biological Process GO category enrichment of 

metabolic processes, a number of metabolic KEGG pathways were significantly functionally 

enriched (Figure 5.14A). The highest number of genes were assigned to the generic ‘metabolic 

pathways’ KEGG pathway, with specific pathway terms ‘thiamine metabolism’ and ‘purine 

metabolism’ indicating the type of metabolic KEGG pathways that were determined to be 

functionally enriched. The enrichment of these pathways, along with the ‘microbial metabolism in 

diverse environments’ pathway further indicate the modulation of NTHi metabolic process during 

infection of MDM. Three of the enriched metabolic KEGG pathways contained a mix of upregulated 

or downregulated genes, whereas the thiamine and purine metabolic pathways contained all 

upregulated genes (Figure 5.14B). 

  
Figure 5.14. Enrichment of NTHi KEGG pathways during infection of MDM. (A) Pathway IDs ordered by 

enrichment significance (log10 FDR) which is indicated by the colour of each dot, with dot size 

representing the number of genes assigned to each pathway. (B) The expression of genes in the 

seven enriched KEGG pathways at 24 h. Enrichment performed using ShinyGo.  
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Table 5.5. NTHi genes assigned to each significantly enriched KEGG functional categories. Table showing 

the functionally enriched KEGG pathway, FDR and the name of gene assigned to each category.  

 KEGG enriched functional category Name of gene assigned to category 
Category 

Enrichment 
FDR 

Total 
genes 

1 Ribosome rplB, rplC, rplD, rplL, rplP, rplV, rplW, rpmC,  
rpsI, rpsJ, rpsQ,  8.07E-18 11 

2 Metabolic pathways bioC, cdd, cysE, dapF, fabH, fruB,  hemH, 
holB, miaA, pta, purF, thiD, thiE, thiM,  5.82E-13 14 

3 Thiamine metabolism thiD, thiE, thiM 1.70E-06 3 

4 Homologous recombination holB, recA, priA 7.17E-05 3 

5 Microbial metabolism in diverse environments cysE, fruB, dapF, pta 1.94E-04 4 

6 Purine metabolism hemH, holB, purF  5.87E-04 3 

7 Biosynthesis of secondary metabolites miaA, dapF, purF, hemH 1.02E-03 4 

Despite the Biological Processes GO category indicating enrichment of numerous NTHi metabolic 

processes, the most significantly enriched KEGG pathway was the ‘Ribosome’ pathway (Table 5.5). 

All 11 DEGs assigned to this category were downregulated at 24 h (Figure 5.15B). In total, 46 

ribosomal protein genes were present in the annotated NTHi gene list, with 37 genes determined 

as significantly differentially expressed at 24 h (FDR p<0.05, Figure 5.15A). However, only 11 of 

these 37 DEGs (rplB, rplC, rplD, rplL, rplP, rplV, rplW, rpmC, rpsI, rpsJ and rpsQ) were above the log2 

FC 1 cut off and were subsequently included in the GO and KEGG pathway analysis (Figure 5.15B). 

Nonetheless, it was clear that during infection of MDM, NTHi globally downregulated ribosomal 

protein genes. 
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Figure 5.15. Downregulation of NTHi ribosomal protein genes during infection. (A) Log2 FC values of the 46 

ribosomal protein genes detected in the NTHi data set. Dotted line indicates log2 FC 1 cut off, 

with asterisk indicating genes (37) that were determined to be significantly differentially 

expressed at FDR p<0.05. (B) Violin plots of the 11 50S and 30S ribosomal protein genes 

downregulated by NTHi (log2 FC 1, FDR p<0.05) between 6 h (purple) and 24 h (green). Dots 

represent each matched sample and are the log2 transformed normalised counts per million 

(CPM) values. Upper and lower whiskers show maximum and minimum values respectively, the 

middle line is the median and the lower and upper lines of the box plot are the first and third 

quartile respectively.  

 

5.2.8 Conservation of identified genes across additional clinical strains during intracellular 
infection of MDM and in planktonic state NTHi 

As strains of NTHi are heterogeneous and have been suggested to have different capacities to 

persist within host cells, it was first assessed whether the expression of the top NTHi genes 

identified in the dual RNASeq transcriptomic analysis were conserved in additional clinical strains 

during intracellular infection of MDM at 24 h. The top two upregulated genes, bioC and mepM and 

the top two downregulated genes dps and yadA were chosen to be validated in the MDM model 

using ST14 and the previously used ST408 and ST201 NTHi strains. The expression of these genes 

was compared between 6 h and 24 h and expressed as fold change, to mirror the comparison 

performed in the dual RNASeq analysis.  
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In agreement with the dual RNASeq analysis, ST14 upregulated expression of bioC (FC 1.8, 

p=0.0156) and mepM (FC 2.5, p=0.0313) and significantly downregulated expression of dps at 24 h 

compared to 6 h (FC 0.4, p=0.0156)(Table 5.6). However, no expression of yadA was detected for 

ST14 or the other clinical strains. NTHi ST408 regulated gene expression of bioC and dps (p=0.0156 

and p=0.1, respectively) in the same manner as observed for ST14, however, regulation of mepM 

did not change between 6 h and 24 h (Table 5.6). 

In contrast, ST201 significantly downregulated expression of mepM between 6 h and 24 h 

(p=0.0156). As observed for ST14 and ST408, ST201 also downregulated expression of dps at 24 h 

(p=0.0156). Although bioC was the top upregulated gene for ST14 in the dual RNASeq analysis, 

ST201 did not alter the expression of this gene during intracellular infection of MDM.  

 

Table 5.6. Validation of NTHi gene expression using additional clinical strains of NTHi. NTHi gene expression 

of bioC, mepM and dps during intracellular infection by NTHi ST14, ST408 and ST201 was 

measured by qPCR. Expression of gene of interest was normalised to expression of NTHi rho 

gene. Fold change indicates the difference in gene expression between 6 h and 24 h, as was 

performed in the dual RNASeq analysis. Data were analysed by Wilcoxon signed rank test, 

statistically significant changes between 6 h and 24 h are indicated in bold.  

Gene Fold Change p-value 

bioC 

ST14 1.8 [1.4 – 5.2] 0.0156 
ST408 1.9 [1.3 – 3.5] 0.0156 
ST201 0.95 [0.7 – 1.5] 0.3438 

mepM 

ST14 2.5 [1.2 – 3.9] 0.0313 
ST408 1 [0.9 – 1.5] 0.5625 
ST201 0.45 [0.4 – 0.6] 0.0156 

dps 

ST14 0.4 [0.3 – 0.7] 0.0156 
ST408 0.5 [0.4 – 0.9] 0.1094 
ST201 0.3 [0.1 – 0.4] 0.0156 
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Figure 5.16. The top regulated NTHi ST14 genes were differentially expressed by additional clinical NTHi 

strains during infection of MDM. MDM were infected as previously described with NTHi ST14 

(green), ST408 (yellow) or ST201 (blue) for 6 h, washed for 90 min with gentamicin and 

incubated in antibiotic free media until 24 h. RNA was harvested from samples at 6 h and 24 h 

to measure the expression of (A) bioC, (B) mepM and (C) dps. Gene expression was normalised 

to NTHi rho gene and data are shown as fold change in expression from 6 h to 24 h. Graphs 

show paired data and lines indicate medians. N=6. Data were analysed using Friedman test with 

Dunn’s multiple comparisons; *p<0.05, **p<0.01 

 

When comparing the expression of each gene across the three strains, it was apparent that during 

intracellular infection of MDM, NTHi ST201 modulated expression of the three genes differently to 

ST14 and ST408 (Figure 5.16A-C).The disparities in transcriptomic adaptations between NTHi strains 

during MDM infection could account for the differences in infection levels observed previously 

(chapter 3, Figure 3.16).  

Next, the expression of bioC, mepM, yadA and dps was measured in NTHi not infecting or associated 

with MDM, a condition herein known as ‘planktonic’ state NTHi, in order to confirm that these 

genes were only differentially expressed during infection. Again, expression of yadA was not 

detected. In contrast, all three genes were upregulated at 6 h compared to planktonic state NTHi 

ST14. The two upregulated genes bioC and mepM were more highly expressed at 24 h (p=0.0014 

and p=0.0178, respectively), further indicating that the upregulation of these genes were required 

during ST14 intracellular infection of MDM (Figure 5.17 A & D).  

The dps gene was more highly expressed by ST14 at 6 h compared to planktonic (p=0.0018), with 

expression levels decreasing by 24 h (p=0.0954), in line with the fold change decreases detected by 

dual RNASeq and qPCR validation between 6 h and 24 h (Figure 5.17G). Despite this decrease in 

expression, dps expression levels did not revert back to similar expression levels as planktonic NTHi, 

further indicating the regulation of these genes during intracellular infection are distinct to 

planktonic NTHI.  

A similar pattern of expression was observed for the other two strains. ST408 differentially 

expressed bioC, mepM and dps at 24 h, compared to planktonic NTHi (Figure 5.17B, E & H, 

respectively). Conversely, ST201 expressed higher levels of bioC, mepM and dps at 6 h compared to 
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planktonic (Figure 5.17C, F & I). The bioC gene remained elevated at 24 h compared to planktonic, 

but no differences between 6 h and 24 h were measured, as observed previously (Figure 5.16A). No 

statistically significant differences in mepM and bioC expression was measured at 24 h, however 

expression levels appeared to be lower compared to 6 h. The contrasts between NTHi ST14, ST408 

and ST201 gene expression could suggest strain-dependent transcriptomic adaptations result in 

different mechanisms and outcomes of infection and persistence. 

  
Figure 5.17. NTHi gene expression differs between planktonic NTHi compared to NTHi infecting MDM. 

MDM were infected with NTHi ST14 (green), ST408 (yellow) or ST201 (blue) as previously 

described for 6 h, washed for 90 min with gentamicin and incubated in antibiotic free media 

until 24 h. RNA was harvested at 6 h and 24 h to measure the expression of bioC, mepM and 

dps. For planktonic NTHi, five independent aliquots of each strain were prepared for infection 

as normal, but were immediately put in TRIzol. Gene expression was normalised to NTHi rho 

gene. Graphs show unpaired data and lines indicate medians. N=5. Data were analysed using a 

Kruskal-Wallis test with Dunn’s multiple comparisons; *p<0.05, **p<0.01 ***p<0.001. 
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5.3 Discussion 
The mechanisms surrounding NTHi airway persistence in vivo are unclear. However, the data 

presented herein indicates that NTHi transcriptomic changes facilitates persistence within MDM for 

at least 24 h. Although the amount of NTHi detected slightly decreases between 6 h and 24 h in this 

work, a significant number of live and viable NTHi were still present by 24 h. This observation is 

reminiscent of persister cells, whereby a small number of bacteria remain, often in a transient non-

growing or dormant state, allowing for proliferation once external conditions or the environment 

become favourable again137. This concept has been demonstrated using a combination of 

transcriptomic and translational analysis of Salmonella intracellular infection of macrophages, 

which demonstrate Salmonella remains metabolically active469. The concept of persister cells is 

often more associated with biofilm growth and antibiotic resistance, however both this current 

work and that of Stapels et al. (2018) demonstrate the ability of pathogens to reside inside immune 

cells to evade the immune response and antibiotic treatment469. H. influenzae has previously been 

demonstrated to shield from antibiotics by residing between lung epithelial cell layers145. The 

presence of persister NTHi cells could account for the ineffectiveness of antibiotic therapy in those 

with chronic respiratory disease who display a persistent or recurrent NTHi infection348,470,471  

Although the Haemophilus influenzae genome was the first bacterial genome sequenced472, a 

number of genes remain uncharacterised and have been assigned predicted functions based on 

computational and protein prediction analyses. As such, it is possible that uncharacterised genes 

with no assigned GO or KEGG pathway could alter the outcome of gene ontology analysis if they 

were functionally annotated and included in the analysis. To try to overcome this, the 22 

uncharacterised hypothetical protein genes that were significantly differently expressed (FDR 

p<0.05 and log2 FC 1) were manually inspected to determine putative functions. It was important 

to consider the potential functions of these 22 uncharacterised genes, considering that they make 

up just over 20% of the number of NTHi differentially expressed genes.  

The functions of the 22 genes appeared to mirror the enrichment analysis performed on the 

annotated gene list. A number of genes involved in metabolism, specifically aerobic respiration, 

were significantly upregulated. Furthermore, genes involved in the stress response and DNA repair 

processes were differentially expressed, including a number of tRNA. The potential modulation of 

tRNA could indicate changes in NTHi protein synthesis, which could occur following activation of 

the stringent response. Activation of the NTHi stringent response during intracellular infection was 

also suggested by enrichment of genes involved in amino acid biosynthesis pathways and ribosome 

biogenesis. However, as predicted functions of these uncharacterised genes have not been 

confirmed or validated, they were not included within the main gene ontology analysis, but can be 

tentatively discussed within the context of the main findings of the GO and KEGG analyses.  
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The first stage of NTHi infection and establishing persistence, is adherence to host cells in the 

respiratory tract. Although multiple studies have identified adhesins and outer membrane proteins 

to be crucial in promoting attachment to and invasion of host cells118,120,122,133,467,473,474, the 

expression of a number of these genes were not significantly differentially expressed at 24 h. This 

is likely due to the time point used in this work; NTHi was residing intracellularly between 6 h and 

24 h, so continual expression of proteins required for attachment to host cells could be energetically 

expensive and therefore no longer required. Although an earlier time point would have be better 

suited to assess the transcriptomic regulation of genes involved in attachment and entry of NTHi 

into cells, the main aim of this work was to determine how NTHi adapts once residing intracellularly.  

Modification of outer membrane protein expression has been observed in vivo, with NTHi strains 

serially isolated from patients with COPD exhibiting decreased expression of the HMW1/2 protein 

over time475. A high level of HMW1 or HMW2-specific antibodies were detected in patients, 

suggesting that the selection pressure for NTHi expressing lower levels of HMW1 or HMW2 resulted 

in more persistent strains475. In this current work, the presence of hmw1/hmw2 genes were not 

detected in the NTHi ST14 genome. Instead, adhesion in the respiratory tract may be mediated by 

expression of the Hap or NhhA genes, the latter of which was found to have partial sequence 

identity to hia and the allelic variant hsf372. The duration of lung colonisation of NTHi ST14 prior to 

its isolation is not known. ST14 could have modulated expression of outer membrane proteins, 

resulting in changes in the genome sequence of certain genes due to the selective pressures during 

in vivo airway colonisation.  

The lack of outer membrane protein and adhesin gene expression during intracellular persistence 

in this current work could be a crucial finding in regards to therapeutic development. 

Downregulation, modification or simply lack of expression of these proteins during intracellular 

residence could result in reduced vaccine efficacy against specific adhesins or outer membrane 

targets identified as potential NTHi vaccine candidates, in those already chronically colonised with 

NTHi421,465. Therefore, identifying conserved proteins that are crucial for early colonisation of the 

airway by NTHi may improve vaccine efficacy. As this current work only concerns the transcriptomic 

regulation of NTHi outer membrane protein genes, it would be of interest to characterise the 

expression and structure of these proteins during persistent infection in vitro and in vivo. 

One outer membrane protein, yadA, was determined to be significantly downregulated in the dual 

RNASeq analysis, but expression of yadA could not be detected by qPCR. A technical reason could 

explain the lack of detection for this gene. Brief in silico analysis of the primer/probe design supplied 

by Applied Biosystems indicates that the melting temperature of the probe may be incompatible 

with the protocol setup. As such, more work and optimisation of primer design will be required to 

validate the expression of yadA by NTHi during infection. 
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Following entry into cells, bacteria are faced with a hostile environment. Metabolic changes are 

often associated with adaptation of pathogens to persist within an intracellular niche476. Baddal et 

al. (2015) used dual RNASeq to investigate NTHi-epithelial cell interactions and also found 

alterations in metabolism, indicating changes in the availability of host substrates151. The 

transcriptomic analysis in this current chapter highlights a number of genes involved in various 

metabolic pathways to be modulated between 6 h and 24 h infection. The bioC gene displayed the 

highest level of upregulation in the NTHi data set. Encoding for an O-methyltransferase, bioC is 

involved in generating the pimeloyl acyl carrier protein (ACP) by the fatty acid synthesis pathway 

and can be used as a precursor for biotin synthesis (also known as vitamin H or B7)477. 

A recent study has shown the ability of the fungal Candida spp. to acquire biotin from the host, 

despite low levels of biotin present in the macrophage phagosome, indicating that biotin is a limited 

intracellular resource478. Pathogens able to scavenge or generate biotin in biotin-restricted 

environments could therefore be more suited to survive in an intracellular niche. This hypothesis is 

supported by the discovery that Mycobacterium spp. possess a de novo biotin synthesis pathway, 

which when absent, reduces the intracellular fitness of the pathogen479. The importance of biotin 

synthesis and intracellular survival is further demonstrated by the requirement of biotin for the 

bacteria Francisella tularensis escape from phagosomes480. The previous chapter detailing MDM 

transcriptomic changes during NTHi infection highlighted a lack of upregulation of late endosome 

and phagosome macrophage markers, suggesting a similar mechanism of NTHi subversion or 

escape from early phagosomes. This escape could be dependent on NTHi biotin biosynthesis 

regulated by bioC, which may explain the significant increase in the expression of this gene during 

intracellular infection. However the lack of late endosomes and associated markers would need to 

be determined at the protein level. Using a method such as confocal microscopy to assess presence 

of early or late markers would also allow visualisation of NTHi co-localisation with specific early/late 

markers, to better determine the functional role of phagosome and endosome maturation during 

NTHi infection.  

As biotin synthesis pathways are absent in humans, components of the biotin synthesis pathway 

could be attractive targets for therapeutics against intracellular pathogens. All three clinical NTHi 

strains expressed higher levels of bioC compared to planktonic state NTHi, further indicating the 

importance of this particular gene for NTHi infection. Although ST201 did not upregulate expression 

of bioC further at 24 h, the initial increase in gene expression suggests bioC is an important gene 

for the early events of infection and adaptation to persistence. However, the importance of biotin, 

and particularly bioC, for NTHi intracellular survival needs to be explored further using NTHi bioC 

mutant knockouts, to determine whether NTHi intracellular persistence changes depending on the 

ability of NTHi to scavenge host biotin.  
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The intracellular environment of host cells is only available as a niche for those bacteria able to 

adapt to unfavourable conditions, such as changes in nutrient or oxygen availability. During 

intracellular infection of MDM, NTHi appeared to upregulate genes for both aerobic and anaerobic 

(fermentation) respiration. Although this appears contradictory, NTHi can metabolise carbon 

sources through a process called respiration-assisted fermentation481. Respiration-assisted 

fermentation has been suggested to contribute to NTHi pathogenesis through degradation of host 

immune compounds481. The ability of NTHi to utilise multiple respiration pathways highlight the 

adaptability of this pathogen to different oxygen and metabolite levels present in the human 

respiratory tract and within host cells. However, the transcriptional profile between different H. 

influenzae strains varied in the presence of differing oxygen levels422. This observation highlights an 

important consideration for this current work; NTHi strains may differentially adapt to intracellular 

residence within MDM and therefore sequencing of additional strains would better identify 

conserved metabolic pathways or genes regulated during intracellular infection of macrophages.  

Furthermore, the two differentially expressed sRNA in this study were predicted to target a number 

of metabolic genes, suggesting the function of sRNAs in regulating metabolic processes during 

infection could be an important consideration. However, as the determined gene targets were 

predicted, further work would be required to confirm the role of these sRNAs in gene expression 

regulation. Conversely a role for sRNAs in modulating the host immune response, rather than 

bacterial gene expression has also been found. Packaging of a P. aeruginosa sRNA into secreted 

bacterial outer membrane vesicles (OMVs) attenuated IL-8 secretion in human airway cells and 

limited neutrophil recruitment in a murine model482. Although pathogen OMVs trigger activation of 

immune responses by host cells, packaging sRNAs into OMVs may be a mechanism allowing for 

circumvention of this host response to facilitate enhanced bacterial survival.  

Other than modulation of metabolic pathways, transcriptomic changes associated with persistence 

included modulation of NTHi ribosomal protein genes. All 11 ribosomal protein genes assigned to 

the most significantly enriched ribosome KEGG pathway were downregulated. Further inspection 

of the NTHi data set found 37 ribosomal protein genes in total were determined to be significantly 

downregulated by 24 h (FDR p<0.05). These 37 genes were all determined to be differentially 

expressed by significance (FDR p<0.05), however only 11 of these were above the log2 FC 1 cut off 

originally applied to the data set. Other pathogens including Bordetella pertussis and Leishmania 

also downregulate ribosomal proteins or modulate ribosome biogenesis pathways during 

intracellular infection of macrophages483,484. Although functional work is required to confirm the 

transcriptional analysis indicating that NTHi downregulates ribosomes during intracellular infection, 

this could be a mechanism of defence against antibiotics, particularly antibiotics targeting protein 

synthesis.  
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Downregulation of ribosomal proteins is a component of the stringent response, which is activated 

by bacteria during times of stress such as nutrient limitation485. The stringent response is important 

in diverting processes away from growth and division to amino acid biosynthesis until external 

nutrient conditions improve485. This mechanism involves two regulatory processes; i) 

downregulation/repression of genes involved in translation, such as ribosomal protein genes and 

ii) upregulation of genes in metabolic pathways, particularly genes involved in amino acid 

biosynthesis486. This current work has found evidence of both regulatory processes occurring, 

suggesting activation of the NTHi stringent response during intracellular infection of MDM.  

The role of the stringent response does not appear to as be heavily investigated in NTHi compared 

to other bacteria. However, the response is conserved amongst bacteria, with the proteins Rel/Spo 

homolog proteins (known as RSH proteins) have been identified to play a central role in the 

stringent response487. Mycobacteria studies indicate that there is a bistable expression (or phase 

variation) of Rel across the whole mycobacteria population during nutrient starvation growth 

conditions488. Bistable Rel expression resulted in two different bacterial cell populations which 

either express a high level of Rel and exhibit a persister cell phenotype or express a low level of Rel 

and are more likely to be proliferating488. The presence of two (or more) different NTHi populations 

within MDM could result in the transcriptomic changes occurring in each population being missed 

or averaged during the bioinformatics analysis, due to the bulk sequencing nature of this project. 

Nonetheless, as the central component of the stringent response, Rel, has been shown to control 

the emergence of Mtb persister cells and adaptation to an intracellular niche, further investigation 

of the stringent response during NTHi persistence could better identify NTHi persister cell 

phenotypes.  

Bacteria have developed a repertoire of stress response genes that can be modulated during times 

of cellular stress to enhance survival. In this current work, NTHi modulated the expression of several 

different stress response genes, with the dps gene exhibiting the highest decrease in log2FC 

expression at 24 h. This gene encodes for a DNA protection during starvation protein, and has been 

suggested to play a role in protecting NTHi from oxidative stress, with NTHi dps deletion mutants 

more sensitive to hydrogen peroxide489. The downregulation of dps, and a number of genes 

previously identified by Harrison and colleagues to be upregulated in response to H2O2-induced 

oxidative stress468, in this current work suggests that NTHi was subject to lower levels of oxidative 

stress at 24 h, again potentially indicating escape of the bacteria from macrophage intracellular 

killing mechanisms. This observation could be related to downregulation of macrophage genes 

involved in maturation of endosomal/phagosomal compartments at 24 h, as indicated in the 

previous chapter. 

Although dps was expressed more highly at 6 h compared to planktonic state NTHi, expression 

levels decreased by 24 h. The expression of dps has shown to be crucial for NTHi biofilm growth in 
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vitro100,490 , a type of growth that does not seem to be occurring in this current model, hence the 

downregulation of this gene during intracellular infection. The importance of dps regulation for 

NTHi biofilm growth was identified by Pang and colleagues (2012), who also identified upregulation 

of 25 other genes associated with bacterial-stress response and anaerobic metabolism during 

biofilm growth490. In contrast this current work identified 13/25 of these biofilm-associated genes 

to be statistically significantly downregulated between 6 h and 24 h infection of macrophages. Of 

these 13 genes, 4 were above the log2FC 1 cut off (impA, rplL, rplP and rplD), whereas the remaining 

9 genes (rpsC FC -0.97, clpB -0.9, rplJ -0.85, dnaK -0.62, groS -0.57, groL -0.5, focA -0.5 and rplU -

0.5), were below this fold change cut off. The remaining 12 genes identified by Pang and colleagues 

(2012) were not significantly differentially expressed. Intracellular infection of macrophages 

appears to result in a gene expression profile that is distinctive from transcriptomic changes during 

biofilm growth. However this is only speculative, as confirming differences between planktonic, 

intracellular and biofilm growth states requires direct comparative experimental work, especially 

given the observed strain-dependent expression of small number of genes in this work. 

Nonetheless, identifying NTHi genes crucial for NTHi intracellular persistence in vitro and in vivo is 

important, as establishing the importance and conservation of genes during NTHi infection could 

result in identification of novel antibacterial therapeutic targets.  

Other than production of ROS, macrophages can produce antimicrobial peptides in response to 

infection. Bacteria, including NTHi, have developed effective mechanisms to combat this host 

response, such as the antimicrobial resistance Sap system encoded by the sap operon 

sapABCDEFZ491. One of these genes, sapZ, was identified in the uncharacterised gene list as 

significantly upregulated during infection (p<0.05 and > log2FC 1), therefore it was of interest to 

investigate whether the remaining components of the sap operon were also differentially 

regulated. The role of the sap operon in antimicrobial resistance was first identified by Groisman et 

al. (1992) in Salmonella491. Mason et al. (2005) showed that SapA-deficient NTHi were less likely to 

persist in the middle ear of a chinchilla model of OM492, with further work also implicating SapD in 

enhanced survival in vivo493. In this current work, sapA was not significantly differentially expressed, 

whereas the remaining sapB-F genes were all significantly upregulated at 24 h (all p<0.05, but below 

the log2FC 1 cut off). Although functions have been described for sapA-F, the function of sapZ is 

currently unknown494. As sapZ was the highest significantly upregulated gene of the sap operon, 

further functional work to identify the role of sapZ in antimicrobial resistance and intracellular 

persistence of macrophages is needed.  

The second most upregulated gene at 24 h in this current data set was mepM, which encodes for a 

murein/peptidoglycan endopeptidase. Endopeptidases are responsible for incorporation of 

peptidoglycan into the bacterial cell wall, which is crucial not just for bacterial growth and 

replication, but also cell viability. Previous work has shown that endopeptidase-deficient E.coli 



Chapter 5 

154 

mutants subjected to stressful conditions undergo rapid cellular lysis495. Furthermore, upregulation 

of genes for macrophage GBPs were identified; these proteins have been shown to directly interact 

with cytosolic bacteria for recruitment of caspase-4 or for bacteriolysis. Upregulation of not only 

mepM, but lolB, lex1_2 and wbbD could suggest NTHi defence against host immune mechanisms 

that target the cell wall of bacteria. All three NTHi strains had higher expression levels of mepM 

during infection compared to planktonic state NTHi. Therefore, identifying the role of mepM in NTHi 

infection and intracellular persistence both in vitro and in vivo could mean it is a novel target for 

antibacterial therapeutics. 

Although this work has attempted to validate the results of the dual RNASeq transcriptomic analysis 

in planktonic, non-infecting NTHi using qPCR, one of the main limitations of this analysis is the 

absence of sequenced planktonic comparisons. As previously mentioned, due to financial 

limitations, it was not possible to include planktonic NTHi samples for sequencing. If planktonic, 

non-infecting NTHi samples were also sequenced, the validity of the transcriptomic changes 

associated with intracellular infection would be strengthened. Rather than investigating the 

expression of only three genes, the global transcriptomic profile between planktonic NTHi, 

intracellular NTHi at 6 h and intracellular NTHi at 24 h would be compared, to allow for more in 

depth analysis of gene expression changes associated with intracellular infection. Although this 

current work indicates how NTHi adapts to intracellular residence between 6 h and 24 h, 

sequencing planktonic NTHi may have allowed for assessment of gene changes between planktonic 

and 6 h NTHi, to give a clearer indication of how NTHi initially attaches and enters into the 

macrophage.  

5.4 Summary 
This chapter has used bioinformatic analysis to identify transcriptomic adaptations of NTHi during 

intracellular infection of MDM. NTHi modulates expression of numerous metabolic pathways, stress 

response genes and ribosomal protein genes during intracellular infection of MDM. Validation using 

planktonic NTHi indicated that changes in gene expression were associated with intracellular 

infection of macrophages. However, the regulation of genes was not conserved across multiple 

clinical strains, suggesting that differences in transcriptomic adaptation during intracellular 

infection of MDM could explain how some strains are better able to persist in the airway. As the 

current and preceding chapters have successfully characterised MDM-NTHi interactions during 

intracellular infection, the next chapter will adapt this infection model further to address the second 

hypothesis of this work. As such, the next chapter will incorporate the influenza A virus into the 

NTHi-MDM infection model to investigate whether prior infection of MDM by NTHi influences the 

progression of IAV infection.
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Chapter 6 The impact of NTHi and IAV co-infection of 
MDM 

6.1 Introduction 
Although bacterial respiratory tract infections contribute to asthma exacerbations, virally driven 

exacerbations account for up to 80% of all asthma exacerbations, with RSV, rhinovirus and influenza 

the most commonly implicated viruses1,67,70,496 The rise in the number of studies using 16s rRNA 

sequencing has resulted in an enriched understanding of the lung microbiome, allowing for 

differences in microbiome composition to be determined not only between healthy individuals and 

those with chronic lung disease, but during different periods of disease. Potentially pathogenic 

bacteria, such as NTHi, are not only recovered during exacerbations, but also during stable periods 

of disease65,86. As such, it is becoming apparent that viral respiratory tract infections occur in the 

presence of colonising airway bacteria. Despite this new wealth of knowledge, it is not clear 

whether the microbiome and colonising respiratory tract bacterial pathogens modulate the host 

response or influence the progression of a respiratory tract viral infection.  

The data in this thesis so far has demonstrated that NTHi intracellular infection of MDM results in 

transcriptomic adaptations of both host and pathogen, which could indicate how NTHi is able to 

persist within the respiratory tract. Although macrophages are important in viral control and 

clearance, they are also a target of Influenza A virus (IAV) in the airway278,351. Therefore this chapter 

will adapt the previously utilised NTHi-MDM infection model in order to explore IAV infection of 

NTHi-infected macrophages, to model the dynamics of host-pathogen co-infection in the airway.  

6.2 Results  
6.2.1 Adaptation of an NTHi-MDM infection model for NTHi-IAV co-infection 
6.2.1.1 Model of NTHi-IAV co-infection of MDM 
In order to investigate the response of NTHi infection on the MDM response to a subsequent IAV 

infection, the MDM infection model first required adaption. Briefly, MDM were infected with NTHi 

at MOI 100 for 6 h as previously described. At the original 24 h infection endpoint, MDM were 

infected with 3.6 x 104 PFU/ml H3N2 Wisconsin IAV for 2 h, an infectious dose similar to that used 

by Watson et al. (2020), which resulted in a 24% median MDM infection497. Extracellular IAV was 

removed and cells were washed to remove excess IAV, before MDM were cultured for a further 22 

h to allow for viral replication. Respective uninfected or single pathogen only controls were included 

for all co-infection experiments. For clarity, a graphical workflow of the adapted infection model is 

depicted in Figure 6.1. 
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Figure 6.1. Graphical workflow of the adapted infection model used to investigate co-infection of MDM 

with NTHi and IAV. MDM were infected with NTHi for 6 h, subject to a gentamicin wash and 

left in antibiotic free media until 24 h when IAV was added for 2 h. After 2 h, excess IAV was 

washed off and MDM were incubated in antibiotic free media until harvest at 48 h. 

6.2.1.2 NTHi persistence in MDM was detected up to 48 h  
As the primary aim of adapting this model was to determine the impact of NTHi-IAV co-infection on 

macrophages, it was important to firstly ensure that NTHi was able to persist within MDM up to the 

final 48 h endpoint. The NTHi hel gene, used previously in chapter 3 to determine presence of NTHi 

ST14 at 6 h and 24 h, was also detected for all three NTHi strains at 48 h (Figure 6.2A). The levels of 

hel mRNA differed between strains, with hel expression decreasing for ST408 between 6 h and 48 

h (p=0.0655) and between 6 h and 24 h for ST201 (p=0.0436). However, this decrease in hel 

expression was likely due to transcriptomic adaptation to persistence, as live viable counts did not 

indicate a significant decrease in NTHi association with MDM and instead demonstrated continual 

viability of all three strains up until at least 48 h (Figure 6.2B). ST408 and ST14 CFU levels were 

consistent over the time course, however levels of ST201 CFU appeared to increase over time, with 

the highest CFU recovered at 48h (p=0.0217 for 6 h v 48 h and p=0.0845 for 24 h v 48 h). 

  
Figure 6.2. NTHi persist within MDM for the duration of the proposed adapted infection model. (A) 

Detection of the NTHi hel gene and (B) live viable counts for ST14 (green), ST408 (yellow) and 

ST201 (blue) respectively, indicating NTHi association with MDM up to 48 h. NTHi hel gene was 

normalised to NTHi rho gene expression at each time point. Graphs show paired data each point 

represents the median of five biological replicates (n=5), with error bars indicating the IQR. 

Data were analysed by Two-Way ANOVA with Tukey’s multiple comparisons; *p<0.05 
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Figure 6.3. NTHi gene expression during persistent infection of MDM. The expression of bioC, mepM and 

dps by ST14 (A), ST408 (B) and ST201 (C) at 24 h and 48 h was measured by qPCR. Gene 

expression was normalised to NTHi rho gene and to the expression of each gene at the 6 h time 

point. Graphs show paired data and bars indicate medians. N=5. Data were analysed by 

Wilcoxon’s signed-rank test with no statistical significance determined between 24 h and 48 h 

for any gene or NTHi strain. 

NTHi persistence was associated with sustained transcriptomic changes of the top regulated NTHi 

genes identified in the dual RNASeq analysis. For ST14, the upregulation of both bioC and mepM 

and downregulation of dps in comparison to the initial 6 h time point did not significantly change 

between 24 h and 48 h (Figure 6.3A). Similarly for ST408, the expression of bioC remained 

upregulated compared to the 6 h time point, but did not significantly change in expression between 

24 h and 48 h, whereas mepM was not expressed at all and dps remained downregulated (Figure 

6.3B). Finally, ST201 continued not to differentially express bioC during MDM infection, with both 

mepM and dps remaining downregulated at 48 h (Figure 6.3C).  

 

6.2.1.3 MDM viability was not significantly affected during co-infection 
To ensure MDM viability was not impacted by co-infection, a LDH assay was used to assess MDM 

viability. Continual presence of all three NTHi strains did not significantly increase LDH release at 

48 h, compared to the uninfected control (Figure 6.4; ST14 = 0.9 FC, ST408 = 1.2 FC and ST201 = 

1.4). IAV infection alone slightly increased MDM LDH release (1.4 FC). IAV co-infection with ST14 or 

ST408 did not impact on LDH release, whereas ST201 and IAV co-infection resulted in a slightly 

higher increase of LDH release (1.8 FC) compared to ST201 (1.4 FC) and IAV (1.4FC) alone (p>0.99). 

Higher levels of LDH release in response to ST201 compared to ST14 and ST408 could be due to the 

higher presence of ST201 at 48 h. Overall, no statistically significant increase in LDH release was 

measured from single pathogen infected or co-infected MDM, indicating that MDM viability was 

not affected by the continual NTHi presence in the model, or by the addition of IAV. 
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 Figure 6.4. MDM remained viable at 48 h, despite IAV, NTHi and co-infection. MDM were infected with 

ST14 (green), ST408 (yellow), ST201 (blue) or left uninfected (grey), followed by addition of IAV 

at 24 h, as described in Figure 6.1. At 48 h, culture supernatants were harvested and analysed 

by a LDH assay. LDH release is expressed as fold change relative to the uninfected control, which 

is represented by the horizontal dotted line. Graphs show paired data and bars indicate 

medians. N=5. Data were analysed by Friedman test with Dunn’s multiple comparisons test.  

6.2.2 Decreased NP-1+ levels were detected in co-infected MDM at 48 h  
IAV infection of MDM was measured at the 48 h infection assay endpoint by flow cytometry. Briefly, 

MDM were harvested from wells, fixed, permeabilised and stained with an anti-nucleoprotein (NP)-

1 antibody. NP-1 is a marker of IAV replication so will only be present within IAV-infected MDM. 

This has been confirmed previously by inactivation of influenza virus by UV irradiation which 

abrogated NP detection351,498. In addition, Lonsdale et al. showed that no NP-1 signal was measured 

when cells were not permeabilised, indicating that NP is a good marker for detection of replication-

competent influenza particles inside cells by flow cytometry498.  

  

Figure 6.5. NP-1+ levels were lower in co-infected MDM. MDM were infected with NTHi ST14 as previously 

described and harvested at the final 48 h time point for flow cytometry analysis of IAV infection. 

A FITC labelled anti-NP-1 antibody was used to determine levels of IAV NP-1 within MDM. (A) 

Representative histogram showing a second peak for IAV only infected MDM (blue) and a 

smaller second peak for NTHi and IAV infected MDM (orange). Graph key in top right corner 

indicates the four conditions tested: uninfected MDM, IAV only, NTHi only and co-infected 

MDM. Uninfected MDM were used as the NP-1 negative control for gating. (B) Percentage of 

NP1+ MDM. N=11. Graphs show paired data and lines indicate medians. Data were analysed by 

Wilcoxon signed-rank test; **p<0.01 
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To determine the proportion of NP-1+ MDM, the uninfected MDM control was used as the negative 

control for NP-1 (Figure 6.5A). Two single pathogen only controls were included: NTHi only infected 

MDM and IAV only infected MDM. For both the uninfected MDM and NTHi-only infected MDM 

controls, no NP-1 signal was detected. In contrast, for MDM infected only with IAV and MDM co-

infected with both NTHi and IAV, there was clear detection of NP-1. Strikingly, decreased NP-1+ 

levels were detected in co-infected MDM compared to IAV-only infected MDM (Figure 6.5B). The 

median %NP-1+ MDM infected with IAV only at the 24 h time point was 23.90%, which significantly 

decreased to a median infection level of 6.76% NP-1+ co-infected MDM (p=0.0049, Figure 6.5B). A 

reduction in %NP-1+ MDM was also observed following co-infection with ST408 or ST201 with 

median 4.77% and 5.56% %NP-1+ co-infected MDM detected compared to IAV alone (Figure 6.6A, 

both p<0.05). Diminished IAV levels in co-infected samples was further assessed by measuring the 

IAV HA gene by qPCR, which confirmed lower levels of IAV in ST14 (p=0.0291), ST408 (p=0.0417) 

and ST201 (p=0.1325) co-infected MDM (Figure 6.6B). Co-infections with the three NTHi strains all 

demonstrated comparable levels of IAV infection, with no strain-dependent differences detected.  

 

  

Figure 6.6. Decreased IAV infection was also observed following infection of MDM with additional clinical 

strains of NTHi. The level of IAV infection at 48 h was measured by detection of IAV NP-1 by 

flow cytometry (A) and expression of the IAV hemagglutinin (HA) gene by qPCR (B). MDM were 

infected with NTHi ST14, ST408, ST201 or media control for 6 h. Following an extended 

incubation period until 24 h, IAV was added at 24 h for 2 h, before removal and washing of 

extracellular virus and incubation of MDM for a further 22 h to allow for viral replication. IAV 

HA gene is normalised to MDM housekeeping gene B2M. N=5-6. Graphs show paired data and 

lines indicate medians. Data were analysed by Friedman test with Dunn’s multiple comparisons; 

*p<0.05 
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6.2.3 Modulation of IFN pathways during NTHi-IAV co-infection of MDM 
6.2.3.1 Differential interferon immune responses to NTHi, IAV or co-infection at 48 h 

Given that a robust interferon response is important in the defence against influenza infection229,313, 

it was hypothesised that the combination effect of NTHi and IAV would result in a higher interferon 

response by co-infected MDM allowing for better inhibition of IAV infection at this time point, 

explaining the reduced IAV infection levels seen above (Section 6.2.2). The pattern of IFNA, IFNB 

and IFNG gene expression regulation was unique for all three pathogen combinations at 48 h (Table 

6.1). MDM infected with IAV-alone upregulated IFNA (p=0.0417), IFNB (p=0.011) and IFNG 

(p=0.1720), whereas MDM infected with NTHi alone did not upregulate IFNA expression (0.8 FC, 

p>0.99) and only slightly, but not significantly, upregulated IFNB gene expression (FC 1.5 p>0.99) 

compared to the uninfected control. In contrast, MDM IFNG gene expression was significantly 

upregulated in response to NTHi alone (FC 9.6, p=0.0417) and was further elevated in co-infected 

MDM (FC 72.6, p=0.0156). Co-infected MDM modestly upregulated IFNA and IFNB (FC 2.1 and 3.2, 

respectively), but this increase was not significant compared to uninfected MDM.  

Although IAV infection resulted in higher levels of IFNA and IFNB gene expression compared to NTHi 

infection in particular (Figure 6.7A & B; both p=0.0628), co-infected MDM did not mount a similar 

magnitude of response, despite the addition of IAV. In contrast, MDM upregulation of IFNG was 

higher in co-infected MDM (72.6 FC) compared to both IAV alone (4.1 FC) and NTHi alone (9.6 FC) 

infected MDM. However these differences in expression were not significant, most likely due to the 

heterogeneous spread of IFNG gene expression values, particularly in co-infected samples (Figure 

6.7C). 

MDM gene expression for NTHi alone or NTHi+IAV co-infections also did not significantly differ in 

response to different NTHi strains for IFNA (Figure 6.7D), IFNB (Figure 6.7E) or IFNG (Figure 6.7F), 

suggesting MDM regulation of IFN genes in response to NTHi was conserved amongst strains at 48 

h. The heterogeneity in gene expression data could be as a result of different levels of NTHi 

presence at 48 h, as shown previously (Figure 6.2).  

Table 6.1. Regulation of IFN gene expression in IAV-alone, NTHi-alone or co-infected MDM compared to 

uninfected control at 48 h. Values are median [IQR] fold changes of IFNA, IFNB and IFNG gene 

expression relative to the uninfected control. N=5. Asterisk indicates statistical significance 

determined between uninfected controls and IAV-, NTHi- and co-infected (NTHi+IAV) samples 

Data were analysed by Friedman test with Dunn’s multiple comparisons.  

Gene IAV NTHi NTHi+IAV 
IFNA 4.8 [1.7 – 38.7] 

* p=0.0417 
0.8 [0.2 – 1.4] 

p>0.9999 
2.1 [0.6 – 6.9] 

p=0.8 

IFNB 18.6 [1.8 – 63.7] 
* p=0.0110 

1.5 [0.6 – 3.3] 
p>0.9999 

3.2 [1.8 – 8.5] 
p=0.2209 

IFNG 4.1 [1.8 – 5] 
p=0.1720 

9.6 [2.9 – 65.4] 
* p=0.0417 

72.6 [3 – 132.1] 
* p=0.0156 
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Figure 6.7. MDM expression of IFNs in response to NTHi, IAV or co-infection (NTHi+IAV) at 48 h. MDM were 

infected with NTHi or media control, followed by addition of IAV at 24 h as described in Figure 

6.1. (A) and (D) IFNA gene expression, (B) and (E) IFNB gene expression and (C) and (F) IFNG 

gene expression. Top row indicates IFN gene expression for IAV, NTHi ST14 and co-infected 

MDM, bottom row indicates MDM IFN gene expression compared across additional clinical 

strains of NTHi (ST14 = green, ST408 = yellow and ST201 = blue). Genes of interest were 

normalised to housekeeping gene B2M and are expressed as fold change relative to the 

uninfected control, which is shown as a dotted line, where appropriate. N=5-6. Graphs show 

paired data and lines indicate medians. Data were analysed by Friedman test with Dunn’s 

multiple comparisons. 

As changes in gene expression do not necessarily relate to changes in the protein product of the 

gene, a Luminex assay was used to measure release of IFN-α, IFN-β and IFN-γ at 48 h in response 

to IAV alone, NTHi ST14 alone or co-infection. Only a single strain (ST14) was used for protein level 

assays due to technical and financial limitations. IAV infection induced higher amounts of IFN-α and 

IFN-β release compared to NTHi alone and co-infected MDM at 48 h (Figure 6.8A & B). IFN-γ release 

was also significantly upregulated in NTHi- and co-infected MDM compared to IAV-infection alone 

(Figure 6.8C; p=0.0599 and 0.0303 respectively).  

 
Figure 6.8. MDM differentially released IFNs in response to NTHi, IAV or co-infection (NTHi+IAV). MDM 

were infected with NTHi ST14 or left uninfected, followed by addition of IAV at 24 h as described 

in Figure 6.1. Release of IFN-α (A), IFN-β (B) and IFN-γ (C) was assessed by Luminex assay using 

48 h culture supernatants. Dotted lines on graphs indicate the specific lower limit of 

quantification (LLOQ) for each analyte. N=5. Graphs show paired data and lines indicate 

medians. Data were analysed by Friedman test with Dunn’s multiple comparisons; *p<0.05 
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Figure 6.9. MDM expression of IRFs following IAV, NTHi or co-infection at 48h. MDM were infected with 

NTHi or media control, followed by addition of IAV at 24 h as described in Figure 6.1. The levels 

of MDM (A) IRF3 and (B) IRF7 gene expression in response to IAV, ST14 or co-infection were 

measured by qPCR at 48 h. The expression of (C) IRF3 and (D) and IRF7 were also measured at 

48 h following infection with additional clinical strains of NTHi, ST14 (green), ST408 (yellow), 

ST201 (blue) with and without influenza (- or + IAV). Genes of interest were normalised to 

housekeeping gene B2M and are expressed as fold change relative to the uninfected control, 

which is shown as a dotted line, where appropriate. N=5-6. Graphs show paired data and lines 

indicate medians. Data were analysed by Friedman test with Dunn’s multiple comparisons; 

*p<0.05 

 

Modulation of IFN responses by IRFs are crucial for initiating and sustaining an efficient anti-viral 

response to a pathogen. As such, it was next assessed whether IRF3 and IRF7, two IRFs crucial for 

efficient IFN production499, were differentially expressed at 48 h. MDM IRF3 gene expression was 

downregulated by all pathogen combinations at 48 h (Figure 6.9A), which was also observed in 

response to additional clinical strains of NTHi (Figure 6.9C). In contrast, IRF7 was more highly 

upregulated in response to IAV infection compared to NTHi infected MDM (p=0.0177) and co-

infected MDM (p=0.0628) (Figure 6.9B). Upregulation of IRF7 was consistent for all strains, with no 

strain-dependent differences in the level of expression detected (Figure 6.9D).  
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To confirm the downstream functional effects of IFN signalling, MDM release of the ISG CXCL10 into 

culture supernatants was assessed by ELISA. Levels of CXCL10 release at 48 h was different for all 

three pathogen combinations. The highest amount of CXCL10 was released by IAV-infected MDM 

compared to NTHi-infected MDM (Figure 6.10, p=0.0133). Although co-infected MDM also released 

a higher amount of CXCL10 compared to NTHi infection (201.6 pg/ml v 113 pg/ml, not significant), 

co-infected MDM CXCL10 release was ten times lower compared to response to IAV-alone (201.6 

pg/ml v 2188 pg/ml, p=0.1733). This again indicates reduced activation of IFN pathways in co-

infected MDM at 48 h, compared to IAV alone infected MDM, despite reduced IAV infection levels. 

 

Together, the MDM IFN gene expression and protein release data indicated that all three pathogen 

combinations resulted in a differential IFN response. Unsurprisingly, IAV infection resulted in the 

highest induction of IFN responses, particular type I IFNs, whereas co-infected MDM more highly 

upregulated type II IFNs. However, the IFN response from co-infected MDM was more similar to 

that of the MDM response to NTHi alone, despite the presence of IAV. It was therefore likely that 

the type I IFN response measured at 48 h in co-infected MDM was not responsible for the inhibition 

of IAV infection. 

 

  
Figure 6.10. MDM release of CXCL10 in response to NTHi, IAV and co-infection at 48 h. MDM were infected 

with NTHi ST14 or media control (Un) for 6 h washed in gentamicin, and incubated in antibiotic 

free media until 24 h. At 24 h post initial NTHi-infection, IAV was added for 2 h and cells were 

washed to remove excess IAV and incubated in antibiotic free media for a further 22h (end time 

point 48 h). Release of CXCL10 was assessed by ELISA using harvested culture supernatants at 

48 h. N=5. Graphs show paired data and lines indicate medians. Data were analysed by 

Friedman test with Dunn’s multiple comparison test; *p<0.05 
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6.2.3.2 Prior NTHi-modulation of macrophage IFN responses during intracellular infection. 
As the IFN response did not appear to play a role in restricting IAV infection in co-infected MDM at 

48 h, the upregulation of IFNs in response to NTHi prior to the addition of IAV was next investigated. 

At 6 h, all three NTHi strains upregulated IFNA, IFNB and IFNG macrophage gene expression relative 

to the uninfected control (Table 6.2). However, by 24 h the expression of both IFNA and IFNB was 

downregulated by all three NTHi strains. In contrast, IFNG was consistently highly upregulated at 

both 6 h and 24 h by all three NTHi strains. When comparing the level of expression across strains 

at each time point, no strain-dependent differences in IFNA or IFNB gene expression were detected 

(Figure 6.11A & B). The only difference in expression for IFNG was between ST14 and ST201, with 

ST14 inducing a 111-fold increase in IFNG gene expression compared to 66.4-fold increase in 

response to ST201 (Figure 6.11C; p=0.0281).  

Table 6.2. Early upregulation of IFN gene expression by MDM in response to different clinical strains of 

NTHi at 6 h and 24 h. IFNA, IFNB and IFNG gene expression which were normalised to 

housekeeping gene B2M and are expressed as fold change relative to the uninfected control at 

the respective time point. The associated p-value indicates the significance of changes in gene 

expression compared to the uninfected control (bold font p<0.05). N=5. Values are medians 

[IQR]. Data were analysed by Friedman test with Dunn’s multiple comparisons. 

 6h 24h 
 ST14 ST408 ST201 ST14 ST408 ST201 

IFNA 
2.7 

[1.1 – 10.7] 
p=0.2209 

4.4 
[2.3 – 10.6] 

p=0.011 

3.3 
[1.2 – 10.5] 
p=0.0417 

0.2 
[0.2 – 0.6] 
p=0.076 

0.5 
[0.2 – 2.3] 
p=0.5391 

0.3 
[0.1 – 0.9] 
p=0.2209 

IFNB 
11.2 

[5.1 – 101.3] 
p=0.011 

11.74 
[2.6 – 124.6] 

p=0.0052 

19.8 
[6.1 - 67] 
p=0.135 

0.7 
[0.5 – 0.9] 
p=0.0417 

0.7 
[0.6- 1] 

p=0.2209 

0.4 
[0.4 – 0.7] 
p=0.011 

IFNG 
126.5 

[42.6 – 381.2] 
p=0.001 

71.7 
[33.8 – 356.2] 

p=0.011 

51.98 
[14.5 – 99.1] 

p=0.3526 

111 
[47.9 – 229.1] 

p=0.001 

72.9 
[40.4 – 152.3] 

p=0.0417 

66.4 
[30.7 – 117.2] 

p=0.1325 

 

 

 
Figure 6.11. Early upregulation of IFN response was consistent across additional strains of NTHi. Expression 

of IFNA (A), IFNB (B) and IFNG (C) at 6 h and 24 h in response to ST14 (green), ST408 (yellow) or 

ST201 (blue). Gene of interest was normalised to housekeeping gene B2M and data shown as 

fold change relative to the uninfected control at each respective time point. N=6. Graphs show 

paired data and bars indicate medians. Data were analysed by Friedman test with Dunn’s 

multiple comparisons; *p<0.05 
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To confirm that early upregulation of IFN gene expression resulted in production and release of IFN 

protein, a Luminex assay was used to assess IFN release into the culture supernatants by MDM in 

response to NTHi ST14 infection at 6 h and 24 h. At 6 h, release of IFN-α was not detected above 

the lower limit of quantification (LLOQ) (Figure 6.12A). Although IFN-α was trending towards 

significantly higher release at 24 h in response to NTHi infection compared to the uninfected control 

(Figure 6.12A, p = 0.0599), the level of IFN-α was also below the limit of the assay and therefore 

must be interpreted with caution. 

In contrast, levels of IFN-β at both 6 h and 24 h were detected above the LLOQ. A statistically 

significant increase in IFN-β levels was detected at 6 h compared to the uninfected control (Figure 

6.12B; p = 0.0212). Although IFN-β was still detected in higher amounts compared to the uninfected 

control at 24 h, this was not significant (p = 0.1). On the other hand, IFN-γ release at 24 h was 

statistically significantly higher compared to the uninfected control at 24 h (Figure 6.12C; p = 

0.0313), whereas no release above the LLOQ was detected at 6 h.  

Next, it was investigated whether this early upregulation of IFN gene expression and subsequent 

IFN protein release resulted in global modulation of macrophage IFN-related anti-viral pathways in 

response to NTHi infection. Previous transcriptomic analysis of the MDM response to intracellular 

NTHi infection in chapter 4 highlighted the ‘Influenza A’ KEGG pathway as one of the top 

functionally enriched KEGG pathways. Therefore, the dual RNASeq MDM enrichment analysis using 

the ‘core’ gene list was further inspected specifically for enrichment of MDM anti-viral responses 

across both 6 h and 24 h. The gene list enrichment analysis previously performed using the ‘core’ 

DEG list identified a number of significantly enriched interferon-related GO:terms in the Biological 

Processes category. 

  

 Figure 6.12. MDM released IFNs in response to NTHi infection. MDM release of (A) IFN-α, (B) IFN-β and (C) 

IFN-γ at 6 h and 24 h in response to NTHi ST14. MDM were infected with NTHi ST14 or media 

control (Un) for 6 h. MDM were subject to a gentamicin wash and incubated in antibiotic free 

media until 24h. Supernatants were harvested at 6 h and 24 h for analysis by a Luminex assay. 

LLOQ is shown on graphs, where appropriate, by a horizontal dotted line. N=5. Graphs show 

paired data and bars indicate medians. Data were analysed by Friedman test with Dunn’s 

multiple comparisons; *p<0.05, **p<0.01 
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Overall, 19 terms directly related to interferon signalling were significantly enriched (Figure 6.13C; 

FDR <0.05), which could be divided into the type I interferon or type II interferon pathway (Figure 

6.13A & B). Across these 19 terms, a total of 103 individual genes were assigned. These 103 genes 

overlapped a number of IFN type I or type II related GO:terms, likely due to the redundancy of gene 

ontology terminology as has been previously discussed. Of these 103 genes, 18 (17.5%) genes were 

assigned to both type I and type II IFN pathway terms, whereas the remaining genes were type I 

(27 genes; 26.2%) or type II (58 genes; 56.3%) only.  

  
Figure 6.13. Enrichment of MDM IFN pathways during NTHi infection. Enrichment of (A) Type I and (B) Type 

II IFN responses was detected in the MDM core gene set. Chord plots indicate that the genes in 

all processes are shared across multiple different IFN response GO:terms. The expression of all 

identified genes is indicated by the coloured block next to each gene, with red indicating 

upregulated and blue indicating downregulated genes, as shown in the log2FC scale bar. The 

majority of genes are upregulated at 6 h (outer blocks) and 24 h (inner blocks), with little change 

in expression. (C) Table indicating name and enrichment significance of each GO:term, with the 

associated term colour matched to the Chord plot for clarity.  
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The majority of genes involved in both type I and II interferon responses were consistently 

upregulated at both 6 h and 24 h, except RNF125 (type I), CD244 and AVPR2 (both type II) which 

were downregulated at both time points and IFNA1 (type I) which was upregulated at 6 h, but 

downregulated at 24 h. No significant enrichment of type III IFN responses, including IFNL gene 

expression, were detected in this current analysis.  

As mentioned previously, following IFN interaction with their specific receptor, downstream 

signalling pathways are activated, resulting in modulation of various genes known as interferon 

stimulated genes (ISGs). To investigate ISG upregulation in response to NTHi infection prior to IAV 

challenge, the number of ISGs present in the dual RNASeq data set at 6 h and 24 h were investigated 

using the online tool Interferome. Interferome is an online, open access database detailing type I, 

II and III ISGs, created by collating information about gene expression data sets involving IFN 

treatment of cells397. 

 

Figure 6.14. Upregulation of MDM interferon stimulated genes (ISGs) following NTHi infection. Venn 

diagrams show the number of ISGs and the interferon type (I, II or III) associated with the gene 

stimulation present in (A) the full gene list containing all 2702 differentially expressed genes 

(p<0.05) at a log2 FC cut off value of 2, (B) the 863 ‘core’ genes consistently expressed across 6 

h and 24 h and (C) the Influenza A KEGG pathway generated from the core gene list. Numbers 

below all Venn diagrams indicated the starting input number of the gene list for each 

comparison. (D) Heatmap indicating the fold change of all 30 MDM genes in response to NTHi 

infection that were present in the enriched ‘Influenza A’ KEGG pathway. ISG detection 

performed using the online tool Interferome. 
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By restricting this analysis to genes only present in the ‘core’ gene list, any potential differences in 

the temporal expression and regulation of ISGs following the initial activation of the macrophage 

IFN response may be overlooked or missed. Therefore all 2702 genes differentially expressed at 

either 6 h, 24 h or across both time points (log2FC2, FDR p<0.05) were first assessed. 

Out of a total of 2702 genes, 434 genes were identified to be stimulated by interferons (Figure 

6.14A). This accounted for 16% of all DEGs regulated in response to NTHi infection. Furthermore, a 

similar pattern of stimulation was observed for the 863 core gene set, with a quarter of genes (215; 

25%) present in the core gene set deemed to be stimulated by interferons, indicating a sustained 

transcriptomic regulation of the interferon response to NTHi infection (Figure 6.14B). In agreement 

with the enrichment of interferon signalling pathways (Figure 6.13), no activation of type III IFN 

pathways were detected. The significantly functionally enriched ‘Influenza A’ KEGG pathway was 

assigned 30 genes from the core gene list, of which, 19 (63%) were identified as ISGs (Figure 6.14C). 

Only one gene (IFNA1) displayed downregulation (24 h only, log2FC = -2.3), whereas the remaining 

29 genes were consistently upregulated at both 6 h and 24 h (Figure 6.14D).  

The interferome platform allows for identification of transcription factors that interact with the 

genes present in a user-submitted gene list. Within the IAV KEGG pathway gene list (Figure 6.14D), 

two transcription factors (RELA and IRF7) were present. A further nine transcription factors were 

predicted to interact with the 17 remaining ISGs in the IAV KEGG pathway. Therefore, the 

expression of these eleven transcription factors in response to NTHi infection at 6 h and 24 h were 

investigated using the dual RNASeq data set (Figure 6.15). Eight out of the eleven transcription 

factors were upregulated at both 6 h and 24 h in response to NTHi (Figure 6.15). IRF3 was 

significantly downregulated at 6 h, but was upregulated at 24 h, whereas IRF8 was upregulated at 

6 h but was no longer differentially expressed at 24 h. Finally, SIRT6 was not differentially expressed 

at either time point.  

 

  
Figure 6.15. Transcription factors involved in modulation of IFN stimulated genes (ISGs) were upregulated 

in response to NTHi at 6 h and 24 h. Expression of MDM transcription factors that were present 

in the dual RNASeq data set at 6 h (purple) and 24 h (green). Asterisk indicates statistically 

significant differentially expressed genes (p<0.05). Dotted line indicates log2 FC 2 cut off. 
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Figure 6.16. Regulation of MDM anti-viral immunity in response to NTHi strains at 6 h and 24 h. Expression 

of transcription factors (A) IRF3 and (B) IRF7 and interferon stimulated genes (C) DDX58 and (E) 

MX1 in response to ST14 (green), ST408 (yellow) or ST201 (blue) at 6 h and 24 h were measured 

by qPCR. Gene expression was normalized to housekeeping gene B2M and to the uninfected 

MDM control at the respective time point. Graphs show paired data and lines indicate medians. 

N=5-6. Data were analysed by Friedman test with Dunn’s multiple comparisons. 

To confirm that MDM regulation of transcription factors was conserved in response to additional 

clinical strains of NTHi at 6 h and 24 h, IRF3 and IRF7 expression levels were measured by qPCR. As 

shown for previous genes, infection with any strain resulted in the same direction of IRF gene 

expression (i.e. upregulated or downregulated), suggesting modulation of anti-viral genes by MDM 

is conserved during infection with multiple clinical strains of NTHi (Figure 6.16A-B). Of note, 

validation of the gene expression of the transcription factor, IRF1, in chapter 4 also demonstrated 

upregulation of this transcription factor at both 6 h and 24 h (Figure 4.27D).  

The expression of MDM ISGs following infection with ST14, ST408 and ST201 was assessed by qPCR 

at 6 h and 24 h. Two ISGs from the IAV KEGG pathway, DDX58 and MX1, were chosen to be 

investigated as these two ISGs were previously shown to be upregulated in response to IAV and 

IFN-β stimulation497. Both DDX58 (Figure 6.16C) and MX1 (Figure 6.16D) were upregulated at both 

6 h and 24 h, with no statistically significant differences in the level of expression between strains 

observed  
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Figure 6.17. MDM upregulation of CXCL10 in response to NTHi infection. (A) Gene expression of CXCL10 in 

response to NTHi ST14 (green), ST408 (yellow) or ST201 (blue) at 6 h and 24 h was measured 

by qPCR. (B) MDM release of CXCL10 protein into cell culture supernatants in response to NTHi 

ST14 infection at 6 h and 24 h was assessed by ELISA. Gene expression was normalized to 

housekeeping gene B2M and to the uninfected MDM control at the respective time point. 

Graphs show paired data and lines indicate medians. N=5-6. Data were analysed by Friedman 

test with Dunn’s multiple comparisons; **p<0.01  

It was previously shown that MDM release of the protein product of the ISG CXCL10 was higher in 

response to IAV alone, compared to MDM infected with NTHi. Thus, it was next investigated 

whether MDM upregulated CXCL10 gene and protein expression in response to NTHi infection at 6 

h and 24 h prior to IAV infection. First, the upregulation of CXCL10 gene expression in response to 

additional clinical strain of NTHi was assessed. All three strains upregulated CXCL10, with no 

apparent differences in the level of CXCL10 induction between strains at 6 h or 24 h (Figure 6.17A). 

Next, culture supernatants were assessed for CXCL10 release in response to ST14 NTHi infection at 

6 h and 24 h by ELISA (Figure 6.17B). Although CXCL10 release was detected at 6 h (71.2 pg/ml), 

higher release of CXCL10 was measured at 24 h (357.2 pg/ml) which was significant compared to 

the uninfected control (p=0.0044). Together, these data suggest early NTHi-modulation of 

macrophage anti-viral pathways, specifically IFN pathways, may prime MDM into an anti-viral state 

that better enables macrophages to respond to a subsequent viral challenge.  

6.2.4 Increased presence of NTHi following IAV co-infection at 48 h 
The data in this chapter so far show that previous NTHi infection of MDM results in a diminished 

IAV infection. It is known that secondary bacterial infections often occur following influenza 

infection, but is often associated with new, opportunistic pathogen arriving after the initial viral 

infection. However, this current MDM model was designed to investigate co-infection in the 

context of a bacterial pathogen (NTHi) already present in the airway. Therefore, the effect of adding 

IAV on the NTHi already intracellularly residing within MDM was next investigated. 

NTHi viable counting was performed to quantify recovery of live NTHi following IAV infection at 48 

h. MDM were infected as previously described but at the 48 h endpoint, MDM were lysed to release 

NTHi for live viable counting. In contrast to decreasing IAV infection levels in co-infected MDM, the 

presence of NTHi increased. Increased presence was demonstrated by recovery of higher CFU/ml 
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counts at 48 h for all three strains when IAV was added at 24 h, compared to counts recovered from 

MDM that were infected with NTHi alone (Figure 6.18A).  

The recovery of ST14 from co-infected MDM compared to ST14-alone MDM increased significantly 

by 209%, with counts increasing threefold from 4.12 x 105 CFU/ml to 1.275 x 106 CFU/ml (Figure 

6.18B; p=0.0313). ST408 counts recovered from co-infected MDM increased the most out of all 

three strains, with recovered median counts increasing from 4.84 x 104 CFU/ml in MDM infected 

with ST408 alone compared to 5.15 x 105 in the presence of IAV, a percentage increase of 964% 

(Figure 6.18B; p=0.0313). However, the overall distribution of recovered counts for ST408 were 

extremely variable from MDM both infected with ST408 alone and co-infected with IAV, which 

could contribute to this large percentage increase. In contrast, recovered counts of ST201 only 

increased by 25% in co-infected samples compared to ST201-alone infected MDM, but this was still 

a statistically significant increase (Figure 6.18B; p=0.0313). Generally, viable counts for ST201 were 

higher than both ST14 and ST201 at 48 h, as originally demonstrated earlier in this chapter (Figure 

6.2B). As postulated previously, this confirmed increase of ST201 presence in co-infected samples 

may account for the higher levels of LDH release previously detected (Figure 6.4). 

 

Figure 6.18. Increased NTHi counts were recovered from co-infected MDM compared to MDM infected 

with NTHi alone. MDM were infected with ST14 (green), ST408 (yellow), ST201 (blue) or left 

uninfected, followed by addition of IAV at 24 h as described in Figure 6.1. Recovery of live NTHi 

following infection of MDM either only with NTHi (-IAV) or with IAV added at 24 h (+IAV) was 

measured by viable counting at 48 h (A). N=6. Graphs show paired data and lines indicate 

medians. Data were analysed by Wilcoxon signed-rank test; *p<0.05. (B) Table indicates the 

percentage increase in counts for each strain. Values reported are medians [IQR]. 
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6.2.5 NTHi transcriptomic adaptation during NTHi-IAV co-infection of MDM 
The three previously identified and validated genes from the NTHi dual RNASeq analysis (bioC, 

mepM and dps) showed no significant modulation between 24 h and 48 h for any strain (Figure 6.3). 

To determine whether IAV presence results in NTHi transcriptomic changes that may explain 

increased NTHi recovery from MDM at 48 h, the expression of these three genes by ST14, ST408 

and ST201 during co-infection was assessed by qPCR.  

The ST14 NTHi strain expressed lower levels of both bioC and mepM during co-infection, compared 

to ST14 infecting MDM alone (Figure 6.19A; p=0.0313 and Figure 6.19B; p=0.0625 respectively). The 

expression of bioC and mepM did not alter for ST408 and ST201 during co-infection with IAV. ST14 

and ST201 expression of dps did not change, regardless of IAV presence but ST408 dps expression 

increased in co-infected samples (Figure 6.19C; p=0.0313). Changes in the expression of these select 

few NTHi genes could indicate further global transcriptomic changes during co-infection of MDM, 

resulting in NTHi outgrowth and proliferation.  

 

 

  
Figure 6.19. Modulation of NTHi gene expression during co-infection. MDM were infected with ST14 

(green), ST408 (yellow), ST201 (blue) or left uninfected, followed by addition of IAV at 24 h as 

described in Figure 6.1. At 48 h, RNA was harvested from each well. Gene expression of NTHi 

(A) bioC, (B) mepM and (C) dps was measured by qPCR and normalised to NTHi rho gene. N=5. 

Graphs show paired data and lines indicate medians. Data were analysed by Wilcoxon signed-

rank test; *p<0.05 
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6.2.6 NTHi presence resulted in a sustained macrophage inflammatory response 
Although NTHi infection appeared to prime the macrophages to better respond to a subsequent 

viral challenge, as a consequence, MDM appeared less capable of controlling NTHi infection once 

IAV was added to the infection culture. To ascertain whether this increase was due to co-infection-

dependent modulation of MDM genes previously identified as important for the macrophage 

response to NTHi intracellular infection, the eight previously validated MDM genes in chapter 4 

were also investigated in IAV-infected, NTHi-infected and co-infected macrophages at 48 h. 

As upregulation of these eight macrophage genes in response to NTHi infection has already been 

identified in the dual RNASeq analysis and validated in MDM using additional clinical strain of NTHi, 

it was important to first characterise the regulation of these genes in response to IAV infection at 

48 h. The top ranked hub gene in the MDM blue module network, CASP4, was significantly 

upregulated at 48 h in response to IAV infection alone (Table 6.3, p=0.0313). In contrast, the other 

two top ranked genes, PNRC1 and SGPP2, as well as IL1B, were not significantly regulated in 

response to IAV infection. The two remaining blue module genes, GPB1 and IRF1 were significantly 

upregulated in response to IAV infection (p=0.0156 and p=0.313, respectively), with LAMP3 also 

upregulated, but not statistically significant (p=0.1094). ACOD1 was the most highly upregulated 

gene, demonstrating a 103-fold increase in response to IAV compared to the uninfected control 

(p=0.0156).  

Table 6.3. The impact of IAV infection on NTHi-specific intracellular immune response MDM genes at 48 h. 

The eight genes identified as important for macrophage response to NTH in the dual RNASeq 

analysis were measured in MDM infected with IAV alone. Data are expressed as median fold 

change relative to the uninfected control at 48 h, [IQR]. Data were analysed by Wilcoxon signed-

rank test. Statistically significant fold changes (p<0.05) are indicated in bold. 

Gene Fold Change v 
Uninfected p-value 

CASP4 1.53 
[1.27 – 2.06] 0.0313 

SGPP2 0.84 
[0.52 – 1.5] 0.4063 

PNRC1 1.42 
[0.64 – 2.26] 0.2813 

IL1B 1.99 
[1.04 – 3.29] 0.0781 

GBP1 76.76 
[28.5 – 133.3] 0.0156 

LAMP3 4.12 
[1.4 – 15.1] 0.1094 

IRF1 2.25 
[1.47 – 5.36] 0.0313 

ACOD1 103.4 
[19.08 – 235.8] 0.0156 
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 Figure 6.20. Differential modulation of the macrophage immune response between IAV, NTHi and co-

infected MDM. The expression of (A) CASP4, (B) SGPP2, (C) PNRC1, (D) IRF1, (E) GBP1, (F) IL1B, 

(G) LAMP3 and (H) ACOD1 which were identified in the dual RNASeq analysis as important in 

the macrophage response to NTHi ST14 were measured at 48 h following infection with IAV 

(square), NTHi (circle) or both pathogens (triangle). Genes of interest were normalised to 

housekeeping gene B2M and are expressed as fold change relative to the uninfected control, 

which is shown as a dotted line, where appropriate. N=6. Graphs show paired data and lines 

indicate medians. Data were analysed by Friedman test with Dunn’s multiple comparisons; 

*p<0.05, **p<0.01 

The regulation of the eight aforementioned genes were next compared between IAV-infected, 

NTHi-infected and co-infected MDM at 48 h. Infection with IAV alone resulted in higher levels of 

CASP4 gene expression compared to NTHi-infection alone (p=0.0281, Figure 6.20A). CASP4 gene 

expression was also significantly lower in co-infected MDM compared to IAV-infected MDM 

(p=0.0281). As CASP4 was identified as central to the macrophage response to intracellular NTHi 

infection, lower CASP4 expression may explain increased NTHi presence in co-infected samples at 

48 h.  

Subsequently, modulation of the remaining MDM genes (Figure 6.20B-H) in NTHi-infected and co-

infected samples compared to the uninfected controls, indicate that NTHi presence results in a 

sustained activation of macrophage inflammatory genes. SGPP2, IL1B and LAMP3 gene expression 

was significantly higher in MDM infected with NTHi only, compared to IAV-infection alone (all 

p<0.05). Activation of macrophage inflammatory genes at 48 h, regardless of IAV presence, was 

similar following MDM infection with additional NTHi strains, with no strain-dependent differences 

in expression detected for any of the genes measured (Figure 6.21A-H).  
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Figure 6.21. MDM gene expression during NTHi-only or NTHi-IAV co-infection was not strain-dependent. 

The expression of (A) CASP4, (B) SGPP2, (C) PNRC1, (D) IRF1, (E) GBP1, (F) IL1B, (G) LAMP3 and 

(H) ACOD1 following infection with additional clinical strains of NTHi, with and without 

influenza A infection (+IAV or –IAV respectively) were measured at 48 h. N=5. Graphs show 

paired data and lines indicate medians. Data were analysed by Friedman test with Dunn’s 

multiple comparisons. 

To confirm the sustained upregulation of macrophage inflammatory responses at 48 h, the release 

of macrophage inflammatory mediators in response to the three different pathogen combinations 

was next assessed. The transcriptomic analysis in chapter 4 highlighted a number of upregulated 

genes involved in cytokine production and recruitment of other immune cells, an important effector 

function of the macrophage immune response. A small panel of mediators were validated by 

Luminex or ELISA in chapter 4, which demonstrated upregulation of all mediators in response to 

NTHi at 6 h and 24 h, except for IL-33, which was not detected at either time point (Section 4.2.6.2). 

MDM release of these same mediators from chapter 4 was next assessed in response to co-infection 

at 48 h. Again, IL-33 was not detected at 48 h in response to single or dual pathogen combinations 

(Figure 6.22A). As previously observed at 6 h and 24 h, MDM CCL20 release in response to NTHi and 

co-infection at 48 h was above the ULOQ and unable to be accurately quantified (data not shown). 

However, infection with IAV resulted in MDM release of 67.04 pg/ml at 48 h, which was within the 

range of quantification for this analyte (8.558 pg/ml – 2169.997 pg/ml). Although CCL20 release 

was significantly lower in response to IAV than in response to NTHi infection, due to the high 

abundance of CCL20 protein above the upper limit of quantification not allowing for accurate 

quantification of CCL20, statistical testing between infection conditions was unable to be 

performed.  

Although IL-17C was detected at 6 h and 24 h, this cytokine was not detected in the majority of 

samples at 48 h. Very low levels of IL-17C were measured in two co-infected samples, however 

these values were below the LLOQ (Figure 6.22C). Release of the other measured neutrophil 

chemoattractant, IL-8/CXCL8 was significantly higher from co-infected MDM compared to 

uninfected MDM (p=0.0087). The general inflammatory proteins TNF-α, IL-1β and IL-6 were also 
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most significantly elevated in response to co-infection compared to uninfected MDM (Figure 6.22D; 

p=0.0014 for TNF-α, Figure 6.22E; p=0.0036 for IL-1β and Figure 6.22F; p=0.0423 for IL-6). MDM 

infected with NTHi-alone also released higher amounts of IL-1β (p=0.0036), IL-6 (p=0.0858) and 

TNF-α (not significant) compared to uninfected MDM. Although TNF-α release in response to IAV 

infection alone was detected, IAV infection did not stimulate significant release of IL-1β or IL-6.

 

Figure 6.22. MDM release of mediators at 48 h in response to IAV, NTHi or co-infection. MDM were infected 

with NTHi ST14 or media control (Un), followed by addition of IAV at 24 h as described in Figure 

6.1. MDM mediator of (A) IL-33, (B) IL-8, (C) IL-17C, (D) TNF-α, (E) IL-1β, (F) IL-6, (G) IL-15, (H) 

IL-23, (I) IL-27, (J) IL-36β, (K) IL-10 and (L) TSLP into harvested cell culture supernatants at 48 h 

in response to NTHi, IAV or co-infection was measured by Luminex or ELISA (IL-6 and IL-8 only), 

with horizontal dashed lines on graphs indicating the upper limit of quantification (ULOQ) or 

lower limit of quantification (LLOQ) of the Luminex  assay for each specific analyte. N=5. Graphs 

show paired data and bars indicate median values. Data were analysed by Friedman test with 

Dunn’s multiple comparisons; *p<0.05, **p<0.01 
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Similarly, the four lymphocyte-related cytokines IL-15, IL-23, IL-27 and IL-36β (Figure 6.22G-J) were 

all released in higher amounts by co-infected MDM compared to uninfected controls (IL-15; 

p=0.0036, IL-23; p=0.0036, IL-27; p=0.0423, IL-36β; p=0.0036). Unlike the earlier 6 h and 24 h time 

points, levels of IL-36β release for all infection conditions were below the LLOQ at 48 h, therefore 

differences in release must be interpreted with caution, even though IL-36β release followed the 

same trend observed for the other measured mediators (Figure 6.22J). 

Increased release of the inflammatory regulators IL-10 and TSLP was detected from co-infected 

MDM compared to uninfected MDM at 48 h (Figure 6.22K & L; p=0.0057 and p=0.0291 

respectively). Infection with IAV alone did not stimulate significant levels of pro-inflammatory 

mediator release, indicating that MDM release of these select mediators was NTHi-specific. This 

was likely due to selection of these mediators from the dual RNASeq analysis, which although 

evidence led, would have introduced bias against selection for mediators regulated by MDM in 

response to IAV alone. It was next assessed whether MDM release of these mediators was 

sustained in response to NTHi persistence across the time points tested (Table 6.4).  

Table 6.4. Summary of MDM pro-inflammatory mediator release to NTHi and NTHi-IAV co-infection. 

Median concentration of each MDM analyte (all pg/ml) in response to NTHi ST14 infection at 6 

h, 24 h, 48 h or co-infection with IAV at 48 h (48h +IAV). N=5. Mediator release was measured 

by a Luminex assay except for IL-6 and IL-8 which were measured by a DuoSet® ELISA kit. Values 

are median pg/ml, [IQR]. Concentration of CCL20 was unable to be extrapolated due to values 

above the upper limit of quantification of the Luminex assay, so was designated as 

concentration not available (NA) 

Analyte 6 h 24 h 48 h 48 h + IAV 
CCL20 NA NA NA NA 

IL-1β 258.6 
[112 – 537] 

1609 
[940 – 1609] 

1062 
[752 – 1426] 

1688 
[1346 – 3821] 

IL-10 817.3 
[25 – 3081] 

216.1 
[53 - 602] 

2.78 
[1 - 11] 

13.73 
[8 - 31] 

IL-15 1.08 
1.08 – 1.67 

8.15 
[5.69 – 9.65] 

8.21 
[5.85 – 10.21] 

10.56 
[7.18 – 13.18] 

IL-17C 11.08 
[10.2 – 11.2] 

12.84 
[11.3 – 15.4] 

0 
[0 – 0.2] 

0 
[0 – 2.1] 

IL-23 1949 
[930 – 3490] 

42664 
[23968 - 101765] 

2573 
[774 – 7392] 

5700 
[1004 – 8088] 

IL-27 34.49 
[26.1 – 36.1] 

149.5 
[116.1 – 186.4] 

158.1 
[148 – 257.6] 

199.0 
[137.9 – 214.3] 

IL-33 0 0 0 0 

IL-36β 1.3 
[1.1 – 3.3] 

2.11 
[1.63 - 4] 

1.14 
[0.97 – 2.625] 

1.79 
[1.47 – 4.085] 

IL-6 23950 
[17715 - 33585] 

37110 
[27630 - 61680] 

20610 
[13705 - 27970] 

22130 
[12755 - 27445] 

IL-8 11520 
[9542 - 19478] 

88960 
[60600 - 107670] 

86860 
[60850 - 93520] 

92440 
[72380 - 10000] 

TLSP 17.12 
[12.78 – 22.36] 

120.3 
[76 – 374.6] 

10.06 
[5.17 – 37.77] 

13.25 
[8.5 – 36.08] 

TNF-α 9150 
[8604 – 11294] 

8828 
[8019 - 13303] 

994.0 
[475 - 1067] 

1077 
[669 - 1246] 
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MDM release of mediators such as IL-23, IL-36β, IL-6 and TNF-α appeared to peak at 24 h, with 

higher release of these mediators measured at 24 h compared to 48 h (Table 6.4). Conversely, 

release of IL-1β, IL-15, IL-27 and IL-8 was generally significantly higher at 24 h and 48 h compared 

to 6 h, though this was likely due to the differences in time point; ‘6 h’ samples were collected after 

6 h of incubation, whereas ‘48 h’ time point samples were harvested after 22 h incubation following 

removal of IAV or uninfected media control.  

However, release of IL-1β, IL-15, IL-27 and IL-8 remained elevated and did not decrease over time, 

with no significant changes in protein levels measured between 24 h and 48 h, regardless of IAV 

presence at 48 h (Figure 6.23A-D). As these four mediators were not significantly upregulated in 

response to IAV infection alone at 48 h, the sustained release of these mediators during co-infection 

was likely due to NTHi modulation of MDM responses.  

In contrast, although MDM release of IL-10 and TSLP was higher in samples with persistent NTHi 

infection compared to MDM infected with IAV alone at 48 h (Figure 6.22K & L), MDM release of 

these two immune regulators at 48 h was significantly lower compared to amount of protein 

released earlier in the infection time course (Table 6.4). In response to NTHi at 6 h, IL-10 release 

was 817.3 pg/ml, which fell to 216 pg/ml at 24 h (Figure 6.23E). However, despite the continued 

presence of NTHi at 48 h, only 2.78 pg/ml IL-10 was detected. Although higher levels of IL-10 were 

detected in co-infected samples (13.73 pg/ml), this was still lower compared to the earlier time 

points. 

 

Figure 6.23. Modulation of MDM inflammatory mediator release in response to NTHi persistence. 

Sustained release of (A) IL-1β, (B) IL-15, (C) IL-27 and (D) IL-8 at 24 h, 48 h and during NTHi 

ST14-IAV co-infection (48h + IAV). In contrast, release of (E) IL-10 and (F) TSLP peaked during 

the early phase of infection and were no longer significantly upregulated at 48 h regardless of 

the presence or absence of IAV. Dots show medians (n=5) and error bars indicate IQR. Yellow 

box indicates co-infected samples. Data were analysed by Friedman test with Dunn’s multiple 

comparisons; *p<0.05, **p<0.01.  
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For TSLP, the highest level of release was 120.3 pg/ml at 24 h in response to NTHi (Figure 6.23F). 

However TSLP release at 48 h was almost ten times lower at 48 h in co-infected samples (13.25 

pg/ml), despite the presence of two pathogens, with lower amounts of TSLP released by NTHi alone 

MDM (10.06 pg/ml). 

Although these data indicate differences in modulation of macrophage inflammatory processes to 

different pathogens and pathogen combinations, the individual dynamics of each mediator from 

initial upregulation of gene expression to protein production to protein release to eventual uptake 

and recycling of protein requires further exploration to ensure any intricacies that differ between 

each protein is not overlooked and generalised. Nonetheless, the confirmation of increased pro-

inflammatory mediator release corroborates the sustained inflammatory gene expression data in 

co-infected samples, indicating that persistent NTHi infection of macrophages resulted in a 

sustained inflammatory response that was not sufficient to completely clear either pathogen by 48 

h. As such, NTHi modulation of macrophage responses may perpetuate the inflammatory 

environment during and prior to viral infection, potentially inducing dysregulated inflammatory 

responses which may contribute to exacerbation of disease.  
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6.3 Discussion 
Studies investigating host-pathogen interactions often consider the interaction of a single pathogen 

with a host. Although this is important in exploring the precise mechanisms of the host-specific 

pathogen interaction, it does not necessarily reflect the in vivo lung landscape. The last decade has 

heralded a surge in lung microbiome studies, ending the original notion of lung sterility and 

increasing our understanding that the lung harbours a rich, unique profile of microbes. Cataloguing 

differences in lung microbiome composition between healthy and diseased states have been useful 

in identifying the organisms potentially responsible for contributing to disease pathogenesis71. 

Several studies have identified Haemophilus influenzae to be associated with asthma development, 

progression and steroid resistance24,25,462, with presence of this species detected during both stable 

state and disease exacerbations65,86. To further complicate matters, Iikura et al. (2015) identified 

bacteria and virus co-infection in approximately one-fifth of asthma patients during exacerbations, 

including co-infection of H. influenzae and influenza65. Although the lung microbiome can be 

perturbed following use of antibiotics, administration of vaccines or respiratory tract infections500–

502, the reverse impact of the resident microbes perturbing the pathogen infection process and 

subsequent immune response of host cells has not been as extensively studied. Thus one of the 

main aims of this thesis was to model NTHi intracellular infection of MDM to determine the impact 

of a subsequent IAV infection on the MDM response and the NTHi already present within the 

model, rather than modelling an acquired secondary bacterial infection. 

The working hypothesis for this thesis was that prior NTHi infection of macrophages would 

compromise the ability of the macrophage to respond to a subsequent viral challenge. In fact, the 

opposite of this hypothesis was observed. The work described in this chapter demonstrated that 

co-infection of MDM with NTHi and IAV resulted in two distinct alterations in the infection process: 

the IAV infection levels decreased, whereas NTHi load increased, compared to infection of each 

pathogen in isolation. This NTHi-IAV co-infection resulted in a differential immune response 

compared to infection of macrophages by each pathogen independently. NTHi-IAV co-infection of 

macrophages has not been widely studied, however studies have used different combinations of 

pathogens and host cells to investigate co-infection dynamics. Two murine studies investigating IAV 

and S. pneumoniae co-infection both observed similar results to the work in this chapter; decreased 

viral load and increased bacterial load503,504. In contrast, a study by Ouyang et al. (2014), found no 

difference in IAV replication following pre-treatment of epithelial cells with NTHi or S. 

pneumoniae344. The conflicting results of these studies are likely due to a number of factors 

including the experimental host model used, cell type, pathogen combinations and sequence of 

infection. As such, Ouyang and colleagues postulate that the outcome of their in vitro work would 

be different if higher bacterial loads were used. Therefore, conclusions derived from co-infection 
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studies must carefully consider the experimental model and infection protocol used to address the 

desired question or hypothesis.  

Distinguishing between prior colonisation and acquired secondary bacterial infection was 

important, given that NTHi has been detected within the airway of individuals with chronic 

respiratory disease during stable periods. A murine study investigating the interactions between 

Haemophilus influenzae type b (Hib) and influenza found that all mice survived when infected with 

Hib 3 days prior to influenza challenge261. Timing of macrophage responses appeared to be crucial 

in this current work. Once it was identified that co-infected MDM did not upregulate type I IFN 

responses to the same extent as IAV-only infected MDM at 48 h, it was hypothesised that the NTHi 

infection activated macrophage anti-viral pathways prior to addition of IAV. This hypothesis was 

confirmed by re-analysis of the dual RNASeq transcriptomic data which identified enrichment of 

macrophage anti-viral pathways in response to NTHi at both 6 h and 24 h. This observation was 

further validated using a small number of anti-viral genes by qPCR and measuring the release of 

anti-viral immune mediators into the cell culture supernatants by a Luminex assay.  

Recent work has shown that prophylactic administration of IFN-β to MDM, alveolar macrophages 

and primary bronchial epithelial cells resulted in reduced IAV infection of all three cell types497. 

Notably, this work showed time-dependent effects of IFN-β stimulation, with a 16 h window prior 

to IAV challenge being crucial for modulation of infection. As NTHi infection of MDM stimulated 

type I IFN production after 6 h and 24 h of infection, it can be postulated that a similar phenomenon 

is occurring in this current work. Although induction of IFNA/B gene expression and IFN-α/β release 

were both measured in IAV-only infected MDM at 48 h, the release of IFNs between 24 h and 48 h 

was not enough to restrict IAV infection compared to co-infected cells, which experienced NTHi-

mediated upregulation of IFN pathways at least up to 18 h prior to IAV challenge. In contrast, the 

lack of a priming effect on MDM not previously infected with NTHi rendered them more susceptible 

to IAV infection. 

NTHi-induced interferon signalling has been previously demonstrated by Tuvim et al. (2009) to be 

beneficial for host survival during viral infection505. Mice treated with aerosolised NTHi lysate prior 

to influenza A challenge showed reduced mortality and viral titres, which were suggested to be due 

to the NTHi lysate-induced early stimulation of lung mucosal innate immunity, including interferon 

signalling and increased levels of BAL IL-6 and TNF-α. However, 3 days post IAV challenge, 

significantly lower levels of BAL cytokines were recovered from mice that had been pre-treated 

with NTHi lysates, therefore priming cells with NTHi lysate resulted in faster resolution of infection 

and inflammation. As the work in this chapter uses a final endpoint of 48 h, resolution of 

inflammation following co-infection was not able to be assessed. However as Tuvim et al. did not 

use live NTHi, interaction of NTHi with the host during co-infection was not explored, and it is 
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possible that the presence of live NTHi may have resulted in a sustained inflammatory response, as 

observed in this current chapter.  

Building on this observation, Hartwig and colleagues demonstrated that live, whole NTHi infection 

of epithelial cells inhibited RSV infection and postulated that prior exposure to bacteria such as 

NTHi can be protective against a subsequent viral infection345. However, this aforementioned study 

did not consider the impact of co-infection on the cumulative inflammatory response, only viral 

titres. Therefore, caution must be taken when suggesting these results are ‘protective’ and the 

impact of a sustained inflammatory response driven by NTHi persistence and potential subsequent 

bacterial outgrowth following viral infection within the airway must be considered; both of which 

were detected in this current work. This consideration is particularly important for individuals with 

chronic respiratory disease who may already have a dysregulated airway immune response. 

Furthermore, anti-viral immunity is impaired in asthma, with several studies showing deficient type 

I interferon responses312,506,507. Although an IFN response to NTHi was observed in this current in 

vitro work, this IFN response may not be activated during longer, chronic NTHi airway colonisation 

in vivo. The end point of the ‘priming’ effect of NTHi intracellular infection on MDM anti-viral 

immunity was not determined in this current work. If IAV was added at later intervals, such as 48 

h, 5 days, 1 week etc., it is possible that MDM would no longer be primed into an anti-viral state 

and return to a more IAV-permissible phenotype. Watson et al. (2020) demonstrated that MDM 

incubated with IFN-β for 16 h had elevated levels of ISG expression including MX1, OAS1 and DDX58 

for up to 1 week after removal of IFN-β, which also resulted in reduced percentage of IAV-infected 

MDM. After 2 weeks however, the prophylactic benefit of IFN-β administration was lost. Although 

Watson et al. demonstrated that MDM remained responsive to IFN-β after 3 weeks of chronic 

administration, this current work shows that levels of IFN-β released by MDM decreased at 24 h 

and 48 h in response to NTHi-alone, indicating that NTHi persistence may not chronically stimulate 

IFN-β protein release. Thus, given that the length of NTHi chronic airway colonisation is suggested 

to be longer than the suggested optimum window of priming observed in this thesis421, it may be 

likely that IFN and ISG expression will have returned to baseline prior to any viral challenge in vivo. 

Conversely, instead of beneficially activating IFN pathways, the chronic presence of NTHi in the 

airway may instead contribute to the diminished IFN response detected in asthma as a result of 

sustained stimulation. Impaired airway IFN immunity has been demonstrated in the lung 

epithelium, with bronchial epithelial cells obtained from individuals with asthma unable to mount 

an efficient antiviral immune response when challenged in vitro with rhinovirus312. This observation 

has been extended further to innate immune cells. Sykes et al. (2012) reported that BAL cells, of 

which were 95% predominantly macrophages, obtained from asthmatic patients infected with 

rhinovirus ex vivo exhibited a delayed IFN response compared to healthy controls508. The delayed 

response was not observed in matched PBMC, suggesting the immune defect was specific to the 
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lung. It has been suggested that imprinting of macrophage function and phenotype is influenced by 

the lung microenvironment, with Aegerter et al. (2020) demonstrating that following respiratory 

tract infection, epigenetic modifications were not similar for all airway macrophages, with 

differences identified between recruited and resident macrophages509. It is possible that the 

inflammatory milieu characteristic of the asthmatic airway may promote the development of a 

specific epigenetic programme of innate immune training, in which intracellular infection may play 

a role. As such, the result of sustained inflammation by persistent bacterial presence may 

contribute to the deficient IFN responses to a viral infection in vivo312.  

It has been well documented that secondary bacterial infection following viral infection results in 

increased morbidity and mortality252 with H. influenzae isolated from individuals suffering from 

pneumonia during numerous influenza epidemics and pandemics over the last century510. Due to 

the original notions of lung sterility, it was believed that bacteria isolated from the lower respiratory 

tract represented an acquired/secondary infection71. As such, the impact of airway microbiota 

presence prior to influenza infection has not been extensively investigated. Rather, NTHi-host 

interactions following IAV infection have typically been investigated in the context of secondary 

bacterial infections, with NTHi- IAV co-infection performed either simultaneously or sequentially in 

the hours or days following IAV challenge. Although an increasing number of studies have begun to 

consider NTHi infection prior to viral challenge, these studies do not necessarily prioritise measuring 

NTHi load as an experimental outcome345,511.  

This chapter identified increased presence of NTHi following co-infection, which was observed for 

all three NTHi strains used. The original hypothesis for this project stated that NTHi infection would 

compromise the ability of the macrophage to respond to a viral infection. Although it appears that 

this hypothesis was disproved as IAV infection levels actually decreased instead, the consequence 

of co-infection was macrophage loss of NTHi control, resulting in NTHi proliferation. Importantly, 

loss of control was not due to cell death, as MDM viability did not significantly change, as 

determined by use of a LDH assay. Therefore, although the hypothesis was specifically addressing 

the impact of the NTHi infection on the progression of IAV infection, co-infection dynamics are 

much more complex and co-infection does result in compromising the macrophage ability to 

respond – but to the bacterium and not the virus as originally hypothesised. Although the results 

showing bacterial outgrowth as a consequence of viral infection may be reminiscent of an acquired 

secondary bacterial infection, the data in this chapter have important implications for individuals 

with chronic NTHi airway colonisation prior to arrival of a virus. Expansion of NTHi following viral 

co-infection could contribute to increased exacerbation, hospitalisation and pneumonia risk in 

asthmatic individuals.  

The mechanisms of increased NTHi proliferation during co-infection were not clear, however the 

dual RNASeq analysis of NTHi-MDM intracellular infection identified a transcriptomic signature of 
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macrophage immune responses important for NTHi infection at 6 h and 24 h. When investigating 

the expression of a selection of these genes at 48 h, all genes except for CASP4 remained 

upregulated in co-infected samples. Specifically, levels of CASP4 gene expression in co-infected 

samples were lower compared to both IAV-alone and NTHi-alone MDM. CASP4 encodes for 

caspase-4, an component of the noncanonical inflammasome which can be activated upon 

detection of intracellular, cytosolic LPS213. As CASP4 was the top hub gene in the blue module most 

highly associated with NTHi infection, downregulation of CASP4 during co-infection could 

potentially explain how NTHi is able to escape the macrophage response.  

Upstream of CASP4 activation is GBP1, which has been shown to be important for inhibiting IAV 

replication in vitro512. To overcome the host defence response, the IAV NS1 protein interacts with 

the GBP1 protein, resulting in decreased anti-viral activity512. Although the gene expression data in 

this chapter indicates upregulation of GBP1 in response to all three pathogen combinations, this 

does not indicate whether inhibition of protein activity is occurring during infection. However, the 

transcriptomic data in this thesis does suggest that GBP1 is important in the macrophage response 

to intracellular NTHi infection. As such, it is tempting to speculate that IAV inhibition of GBP1 

protein to promote viral survival, may in fact benefit and enhance NTHi persistence and escape by 

preventing intracellular NTHi detection and subsequent noncanonical inflammasome activation. As 

influenza viruses have evolved many strategies to evade or overcome the host anti-viral response, 

it is possible that other strategies used by the virus may also enhance the survival of both 

pathogens.  

One of the aims of this thesis was to identify changes in NTHi gene expression associated with 

intracellular infection of MDM. As the DEGs identified in the NTHi transcriptomic analysis were 

suggested to be involved in this intracellular persistence, it was important to determine whether 

the expression of these DEGs were differentially regulated during co-infection. Although the 

expression of bioC, mepM and dps during intracellular persistence was strain-dependent, the 

pattern of expression of each gene for the individual strains remained consistent between 24 h and 

48 h. However, transcriptomic adaptations during co-infection were particularly evident for NTHi 

ST14. The expression of the top two upregulated genes (bioC and mepM) during intracellular 

persistence at 24 h were decreased during co-infection at 48 h, compared to NTHi infection in the 

absence of IAV. Lower levels of these genes could suggest that although these genes were 

important for intracellular persistence, they are less important for NTHi adaptation to co-infection. 

As the expression of only three NTHi genes during co-infection was investigated, it is not clear 

whether a global transcriptomic shift occurs, resulting in a different transcriptomic profile 

expressed by NTHi during co-infection. As a similar transcriptomic shift may be occurring in co-

infected MDM, further sequencing of the co-infected samples at 48 h would be extremely useful.  
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While the scope of this current project only allowed for investigation of a select number of NTHi 

and MDM genes at 48 h by qPCR, it was still important to determine whether these genes, which 

were identified as important for the initial interplay between NTHi and MDM, were dysregulated 

during co-infection, potentially facilitating NTHi proliferation and loss of MDM bacterial control. 

However, the bias of using a selection of genes deemed to be important under different conditions 

(single pathogen infection) may result in more biologically relevant transcriptomic responses in co-

infected samples at 48 h being overlooked. Interestingly, a recent pioneering study utilising triple 

RNASeq demonstrated the feasibility of sequencing host cells co-infected with two pathogens513. 

Moreover, this study identified a subset of genes that were only activated during co-infection, 

compared to single-pathogen infections. As such, the changes in expression of a small number of 

MDM and NTHi genes during co-infection shown in this chapter provide a rationale for expanding 

the sequencing experiment to include IAV and co-infection conditions to better explore 

transcriptomic modulations that differ between single- and co-infections for both host and 

pathogen.  

Although studies have focussed on how influenza infection results in the development and 

progression of secondary bacterial infections, rather than how influenza perturbs the status of the 

already present bacteria, the mechanism of influenza-associated impairment of macrophage 

responses may be similar. It has been suggested that the induction of type I interferons crucial for 

restricting IAV infection also promotes bacterial colonisation and increased susceptibility to 

secondary bacterial infection514. A study by Cooper et al. (2016) found that prior treatment of MDM 

with IFN-β resulted in decreased phagocytosis of S. pneumoniae 240. Furthermore, Yang et al. (2019) 

showed that macrophage phagocytosis and bacterial killing was diminished in mice with functional 

IFNAR1, compared to IFNAR1-/- mice515. Other studies have shown that IFNAR1 deletion restored 

host defence to other bacteria including F. novicida516, Listeria monocytogenes517, Salmonella 

enterica serovar Typhimurium518, and Mycobacterium tuberculosis519 whereas, an efficient IFN 

response was beneficial for clearance of some bacterial species including L. pneumophila520, K. 

pneumoniae521, and S. pneumoniae522. The inconsistency in these findings could be due to the 

experimental model used and the ability of each individual bacterial species to subvert or adapt to 

the host immune defence.  

Other than type I IFNs, it has been suggested that influenza induced IFN-γ production results in 

impairment of alveolar macrophages to phagocytose and effectively clear bacteria523. In the murine 

lung, it was determined that T cells were the source of the IFN-γ responsible for inhibiting alveolar 

macrophage clearance of bacteria524. Furthermore, levels of virally-induced CXCL10 were found to 

be associated with increased bacterial load in a human challenge model of live attenuated virus 

infection followed by S. pneumoniae infection525. CXCL10 is an IFN-γ inducible gene and was found 

in this current work to be upregulated early at the transcript and protein level by NTHi, but more 



Chapter 6 

186 

highly at 48 h by IAV infection alone. MDM upregulation of both IFNG gene expression but also IFN-

γ release was also measured in response to NTHi, with higher IFN-γ detected in co-infected samples. 

Detection of IFN-γ and CXCL10 protein at 24 h and 48 h in response to NTHi, IAV and co-infection 

could suggest that MDM-derived IFN-γ may impair macrophage control of NTHi during co-infection 

in this experimental model by signalling in an autocrine or paracrine manner. However, given that 

macrophages have historically not been considered to be the main cellular source of IFN-γ, this 

observation may not be reflective of the in vivo immune response. It has been demonstrated that 

autologous T cells produce IFN-γ in response to NTHi-infected MDM and T cell derived IFN-γ was 

measured in response to NTHi infection in explant lung tissue199,234. As IFN responses, macrophage 

phagocytosis and bacterial clearance appear to be functionally linked515,525, it is clear that the 

downstream impact of IFN signalling on macrophage bacterial clearance mechanisms requires 

further clarification. 

Furthermore, a potential role for IFN-γ in steroid-resistant airway hyper-responsiveness has been 

suggested. Li et al. (2010) used a murine model to demonstrate that signalling by IFN-γ and IL-27 

inhibited translocation of the glucocorticoid receptor to the nucleus, and thus prevented 

suppression of inflammation by glucocorticoid treatment526. Li et al. (2010) also identified increased 

sputum IFNG and IL27 gene expression in patients with neutrophilic asthma, compared to 

eosinophilic asthma, implicating a role for these two cytokines in mediating steroid resistance and 

responsiveness in vivo. Given that IL-27 was upregulated and sustained in this current MDM model 

in response to NTHi, it is possible that macrophage release of IFN-γ and IL-27 during NTHi 

intracellular infection is a mechanism by which steroid-resistance develops.  

Although the complex intricacies underlying the differential macrophage immune responses to 

each pathogen and during co-infection needs deeper exploration, this work indicated that NTHi 

persistence resulted in a sustained MDM pro-inflammatory response, which altered the subsequent 

response to IAV infection. Although prior NTHi infection resulted in decreased IAV levels, IAV 

infection was not completely inhibited and the presence of both pathogens elicited a pro-

inflammatory response from MDM. Transcriptomic upregulation of this inflammatory response was 

confirmed by release of macrophage pro-inflammatory mediators into cell culture supernatants. In 

agreement with the data in this chapter, Bellinghausen et al. (2016) demonstrated that prior NTHi 

infection of epithelial cells resulted in an altered inflammatory response to RSV, with increased 

release of IL-6 and IL-8 detected from epithelial cells co-infected with both pathogens511.  

In this current work, no significant differences between NTHi-alone and co-infected MDM release 

of pro-inflammatory mediators were detected, which could be due to the single 48 h time point 

used for harvesting supernatants. The experimental limitation of only harvesting supernatants 22 

h after challenge with IAV (48 h time point) may have resulted in accumulation of cytokines over 22 

h, with any differences in mediator release across the infection period obscured or generalised due 
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to the single time point used. For example, it is possible that IL-8 release from co-infected MDM at 

48 h may have achieved maximal release at an earlier point in the 22 h incubation, whereas MDM 

infected with NTHi alone may have released a similar amount of IL-8 over a longer period of time 

throughout the 22 h incubation. Yet, due to the single time point harvest, the release of IL-8 

appeared to be very similar for both infection conditions. Thus, ascertaining the dynamic regulation 

of cytokines during NTHi persistence would require more regular sampling of intermediate time 

points and may better detect differences between NTHi and co-infected MDM mediator release.  

The sustained release of pro-inflammatory mediators during co-infection could potentially be 

damaging to the airway in vivo, as mediators involved in recruitment of other inflammatory immune 

cells such as CCL20, IL-1β, IL-8, IL-15 and IL-27 may further contribute to inflammatory milieu 

characteristic of an asthma exacerbation. As such, determining whether MDM continually release 

low levels of pro-inflammatory mediators during NTHi persistence over 48 h (and longer) could 

increase our understanding of NTHi contribution to the low level chronic inflammation in the 

asthmatic airway. Interestingly, the aforementioned study by Lee et al. (2010) found that even 

when low doses of influenza were combined with Hib infection of mice, 55% lethality was still 

observed261. This observation of low levels of influenza in combination with Hib being detrimental 

to the host could be a consequence of Hib modulating the immune response. Bacterial modulation 

of host responses could be similarly observed in this chapter; macrophage responses in co-infected 

samples were distinct to the macrophage response elicited by IAV infection alone. This suggests 

that during co-infection, macrophage responses are still modulated largely by the colonising 

bacteria.  

The potential for NTHi persistence to promote low levels of chronic inflammation has clinical 

relevance. Increased inflammation and NTHi presence has been observed in vivo, with a higher 

bacterial load associated with increased inflammation and decreased lung function during COPD 

exacerbations339. The presence of NTHi also increases exacerbation risk in COPD332, with co-

infection with bacteria and virus found to result in more severe exacerbation and more likely to 

result in hospital readmission334. Given that up 80% of asthma exacerbations are virally driven58,70 

and up to 60% of patients are chronically colonised with potentially pathogenic bacteria such as 

NTHi44,87, it will be important to determine the contribution of NTHi to airway inflammation or the 

dysregulated immune response during an asthma exacerbation that would potentially be deemed 

‘virally driven’ following positive confirmation of a viral respiratory tract infection.  

6.4 Summary 
This chapter has shown that adaptation of the NTHi-MDM infection model to include IAV allows for 

investigation of host-pathogen interactions during co-infection of host cells by clinically relevant 

pathogens. NTHi-IAV co-infection of MDM results in decreased IAV infection, but increased NTHi 

load. The increased presence of NTHi detected during co-infection with IAV, could potentially be as 
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a result of NTHi modulation of bacterial gene expression in response to the addition of IAV during 

infection of macrophages. Early induction of anti-viral responses by NTHi, as identified in the dual 

RNASeq data and validated by qPCR and the Luminex assay, suggests NTHi-priming of macrophages 

via activation of IFN pathways prior to addition of IAV. Despite sustained, upregulated 

transcriptomic activation of MDM inflammatory processes and release of inflammatory mediators, 

macrophages were unable to completely clear either pathogen by 48 h. Persistent infection and 

inflammation could potentially lead to exacerbation of disease states in individuals colonised by 

such pathogens. The next chapter will use severe asthmatic BAL samples to determine whether 

NTHi colonisation of host macrophages can be detected in vivo and whether NTHi modulation of 

macrophage gene expression can be detected and correlated with patient clinical characteristics.  
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Chapter 7 Clinical relevance of NTHi infection of 
macrophages in severe asthma 

7.1 Introduction 
The work in this thesis so far has optimised an NTHi-MDM infection model for investigation of NTHi 

and macrophage transcriptomic changes during intracellular infection. Analysis of transcriptomic 

changes identified an enrichment of macrophage immune processes, specifically upregulation of 

an intracellular immune response. Importantly, validation in the MDM model demonstrated that 

this macrophage response was conserved against multiple NTHi strains. In contrast, the expression 

of intracellular NTHi DEGs identified in the dual RNASeq analysis was strain-dependent, suggesting 

the ability to persist in vitro varies between NTHi strains. NTHi-MDM interactions modulated 

responses to subsequent viral challenge; prior activation of antiviral immunity by NTHi resulted in 

restriction of IAV infection, whereas NTHi presence increased during co-infection. Co-infected 

samples displayed sustained inflammation compared to samples infected with IAV-alone, which has 

potential ramifications for individuals chronically colonised with NTHi prior to viral infection.  

In particular, NTHi colonisation of the asthmatic airway is associated with severe, neutrophilic, 

steroid resistant asthma46,86,347. Therefore it was important to next assess the clinical relevance of 

the dual RNASeq transcriptomic analysis of NTHi-infected MDM, to determine whether the in vitro 

gene signature could be detected in vivo. FISH will first be used to ascertain the NTHi colonisation 

status of BAL samples obtained from severe asthma patients. Differences in clinical characteristics 

and asthma inflammatory phenotypes will be assessed to determine the impact of NTHi presence. 

The expression of select MDM and NTHi genes identified in the dual RNASeq analysis will be 

measured in BAL cell pellets to determine whether NTHi-associated modulation of airway gene 

expression can be detected. 

7.2 Results 
7.2.1 Clinical characteristics of severe asthma patients 
For this work, BAL RNA in TRizol was available for use from a subgroup of 25 severe asthmatics 

enrolled onto the WATCH study355. Patient demographics and clinical characteristics were recorded 

and matched sputum cell counts were obtained by the members of the WATCH study team. The 

general demographics of the 25 individuals indicated a higher number of males (15) than females 

(10) were present in this subgroup, with a median age of 56 and a BMI of 27.6 (Table 7.1). None of 

the 25 patients were current smokers at the time of sampling, with 11 declaring themselves as ex-

smokers (44%) and the remainder being never-smokers (56%). Individuals suffered from a range of 

comorbidities with 35 different comorbidities identified across the 16 patients with 1 or more 

comorbidities. The most frequently occurring comorbidities in the 16 individuals were eczema 

(44%), GORD (25%) and sleep apnoea (25%), with 10/25 (40%) patients reported as being atopic to 

at least one common aeroallergen following a positive skin prick test.  
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Table 7.1. Demographics and clinical characteristics of the 25 severe asthmatic BAL samples available for 

analysis. Values reported are medians [IQR] or (%). # indicates missing patient data; pre-

bronchodilator spirometry measures and asthma duration history was not available for 3 

patients. Atopy was determined as a positive skin prick test, however this was not performed, 

or data were missing, for 10 patients. ACQ = asthma control questionnaire, BDP = 

beclometasone dipropionate, BD = bronchodilator, BMI = body mass index, FEV1 = forced 

expiratory volume in one second, FVC = forced vital capacity, ICS = Inhaled corticosteroids, 

LAMA = long acting muscarinic antagonists, LABA = long acting beta agonist.  

The Asthma Control Questionnaire (ACQ) median score was 2.3, above the recommended 1.5 cut-

off score that indicates poor asthma control527,528. All 25 patients (100%) were using daily 

combination inhalers (ICS and bronchodilator), in addition to LAMA/LABA (72%) and/or ICS (72%) 

therapy alone. Despite this level of treatment, individuals still experienced exacerbations, with a 

median of 1 exacerbation recorded over the 12 months prior to the recorded study visit. Although 

spirometry testing indicated an increase in FEV1 from 83.5% to 93% (p=0.0152) following 

bronchodilator use, this 9.5% increase was below the clinically significant airflow reversibility 

measure of 12%57.  

Severe asthmatic BAL samples    n = 25 
General demographics 

 

Age (yr) 56 [47 – 67.5] 
Gender (M/F)  15/10  
BMI (kg/m2) 27.6 [24.8 – 32.7] 
Smoking status (Ex/Never) 11/14 
Pack years 0 [0 – 4.9] 

Clinical characteristics  
 

 Comorbidities (Y)  16 
 Eczema 7/16 (44%) 
 GORD 4/16 (25%) 
 Sleep Apnoea  4/16 (25%) 
Atopy (positive skin prick test) 10 (40%)# 
Asthma duration (years) 21 [7.5 – 42.5]# 
ACQ score 2.3 [1.5 – 2.9] 
Number of exacerbations (past 1 year) 1 [1-2.5] 

Pulmonary function 
 

Pre-BD FEV1 % 83.5% [71% - 92.25%]# 
Post BD FEV1 % 93% [84.5%– 104.5%] 
Pre-BD FEV1/FVC % 69.5% [64.42% - 77.01%]#

 
 

Post BD FEV1/FVC  75.89% [67.76% – 77.26%] 

Asthma management 
 

Inhaled corticosteroids (ICS) 18 (72%) 
Daily BDP equivalent dose(µg) 2000 [2000 - 2000] 

Bronchodilator (LAMA/LABA) 18 (72%) 
Combination therapy 24 (100%) 

Daily BDP equivalent dose(µg) 2000 [1000 - 2000] 
Long term antibiotics 4 (13%) 
Biologics 3 (10.3%) 
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Figure 7.1. Proportion of cell types isolated from the airways of severe asthma patients. The cells recovered 

from BAL were predominantly macrophages (A), whereas a higher number of neutrophils were 

isolated from sputum (B), with a smaller percentage of eosinophils, epithelium and other cells 

such as squamous cells also isolated.  

Differential cell counting of BAL cytospins identified macrophages as the predominant cell type in 

all 25 patients (Figure 7.1A), indicating that BAL was a good sample type to use to investigate 

macrophage gene expression in the airways of severe asthmatic patients. In contrast, neutrophils 

were the most abundant cell type present in sputum (57%), followed by macrophages (35.6%) 

(Figure 7.1B). Sputum inflammatory cell counts have been used to phenotype asthma into 

neutrophilic, eosinophilic, mixed granulocytic and paucigranulocytic inflammatory sub-

phenotypes529,530. 

  
Figure 7.2.Stratification of severe asthma patients into defined asthma inflammatory phenotypes. (A) The 

neutrophil cut off was set at 40% and (B) the eosinophil cut off was set at 3%. (C) As a result, 

the 25 patients were stratified into neutrophilic (≥40% neutrophils, <3% eosinophils), 

eosinophilic (<40% neutrophils, ≥3% eosinophils), mixed granulocytic (≥40% neutrophils, ≥3% 

eosinophils) or paucigranulocytic (<40% neutrophils, <3% neutrophils) inflammatory 

phenotypes, indicating over half (56%) of patients were neutrophilic at the time of sampling. 
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The 25 severe asthma patients were stratified into these sub-groups based on neutrophil (40%) and 

eosinophil (3%) cell count cut offs361–363 (Figure 7.2A & B). Although 17 individuals had sputum 

neutrophil counts ≥40% and 7 had eosinophil counts ≥3%, 3 individuals had counts of both 

inflammatory immune cells above these cut off percentage values. As such, more than half (14/25, 

56%) of the individuals in this cohort were neutrophilic (≥40% neutrophils, <3% eosinophils), 

whereas only 4/25 (16%) were eosinophilic (<40% neutrophils, ≥3% eosinophils), 3/25 (12%) were 

mixed granulocytic (≥40% neutrophils, ≥3% eosinophils) and 4/25 (16%) were paucigranuloyctic 

(<40% neutrophils, <3% neutrophils) (Figure 7.2C).  

7.2.2 Detection of NTHi colonisation of severe asthma cells by FISH 
To ascertain the presence of NTHi for each patient, FISH was performed on 25 pre-prepared 

cytospins (as described in Section 2.24). FISH has previously been used by Olszewska-Sosińska et al. 

to identify NTHi in CD14+ adenoid and tonsillar cells348. The universal bacterial EUB338A RNA FISH 

probe, which targets a conserved region of the 16s rRNA gene, was used to detect presence of 

bacteria in BAL and the NTHi-specific bacterial 16s rRNA probe (HAIN16S1251) was used to 

specifically identify NTHi presence. 

  
Figure 7.3. Detection of NTHi colonisation of asthmatic BAL cells. Cytospin slides of BAL cells were stained 

with DAPI (A) an NTHi-specific CY3 probe (B) and a pan-bacteria FITC probe. (D) Colour 

composite of all three channels. The white arrows indicate fluorescent signal indicating NTHi 

presence. Representative image of an NTHi-positive sample. Images were acquired using a x40 

magnification immersion oil objective. Scale bar shows 10 µm. 
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The NTHi-specific CY3 signal and pan-bacteria FITC signal were both detectable (Figure 7.3B & C). 

By overlaying the individual host and bacteria fluorescent signals, it can be seen that the NTHi signal 

closely associated with host cell single-lobed nuclei (Figure 7.3A), indicating NTHi was closely 

associated with host macrophages in the airway (Figure 7.3D). NTHi also appeared to be co-

colonising host cells (Figure 7.4A) with other, unidentified bacteria (Figure 7.4D). The FITC-pan 

bacteria probe highlighted the presence of bacteria that were not detected by the NTHi-specific 

CY3 probe (Figure 7.4B & C).  

 

Figure 7.4. Co-colonisation of asthmatic BAL cells with bacteria. Slides were stained with an NTHi-specific 

CY3 probe, a pan-bacteria FITC probe and counter-stained with DAPI. (A) DAPI stain, (B) NTHi-

specific CY3 probe, (C) pan-bacteria FITC probe and (D) colour composite of all three channels. 

The white arrows indicate FITC positive bacteria that were not CY3-NTHi +, suggesting co-

colonisation of an unknown bacterium/bacteria with NTHi. Representative image of a co-

colonised sample. Images were acquired using a x40 magnification immersion oil objective. 

Scale bar shows 10 µm.   
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Figure 7.5. Quantification of NTHi-colonisation of asthmatic BAL cells. The DAPI (cell) and CY3 (NTHi) signals 

detected in 25 asthma BAL cytospins were quantified in Image J. (A) DAPI quantification was 

performed using the in-built ‘Analyse Particles’ function. CY3 quantification was performed 

using the in-built ‘Find Maxima’ function following use of the ‘Gaussian Blur’ tool. (B) The 

percentage cells colonised with NTHi was determined using the DAPI and CY3 cell count values 

for each sample. Only samples that returned a CY3 count, indicating NTHi presence were 

included here. Median values are indicated on each graph.  

To determine the percentage of NTHi-associated cells for each sample, the DAPI and CY3 signals 

were quantified in ImageJ. Quantification of the DAPI signal resulted in a median host cell count of 

51 cells per field of view (Figure 7.5A). The CY3 signal was quantified by identifying only a single 

CY3-signal per host cell (Section 2.24.1). This was to calculate the percentage of host cells infected, 

rather than bacterial load, as the representative nature of image acquisition for each field could 

incorrectly inflate the amount of NTHi colonisation for each patient sample. Only 56% of patient 

samples (14/25) were deemed to have a detectable CY3 signal following quantification and 

therefore presence of NTHi (herein referred to as NTHi+). The NTHi-CY3 counts and host cell DAPI 

counts were used to determine the percentage of NTHi-colonisation within each patient sample. 

For the 14 samples with detectable NTHi presence, the median percentage of colonised cells per 

field was 23.4% (Figure 7.5B).  

7.2.3 Impact of NTHi presence on the clinical characteristics of severe asthma patients 
When comparing the clinical characteristics between the 14 NTHi+ patients and the 11 NTHi- 

patients, only the increased duration of asthma for NTHi+ individuals (45 years), compared to NTHi- 

individuals (22.5 years) was determined as statistically significant (Table 7.2, p=0.0436). Although 

those colonised with NTHi had an older median age of 59 compared to 50 in the NTHi- group, this 

difference was not statistically significant (p=0.2). Similarly, the NTHi+ group had lower spirometry 

lung function measures but were also not significant. Both groups had no significant differences in 

ACQ score, number of exacerbations over the past year and steroid use/dose, perhaps as a result 

of the similar severity of disease exhibited by all patients, independent of NTHi colonisation status.  
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Table 7.2. Comparison of demographics and clinical characteristics between NTHi+ and NTHi- samples. The 

25 severe asthma patients were split based on the outcome of the FISH analysis into NTHi+ (14) 

and NTHi- (11) groups. Values reported are medians [IQR] or (%). # indicates missing patient 

data; pre-bronchodilator spirometry measures and asthma duration history was not available 

for 3 patients. Atopy was determined as a positive skin prick test, however this was not 

performed, or data were missing for 10 patients. Continuous data were analysed by Mann-

Whitney U test, categorical data were analysed by Fisher’s exact test. Bold indicates p-values 

determined as statistically significant (p<0.05). ACQ = asthma control questionnaire, BD = 

bronchodilator, BDP = beclometasone dipropionate, BMI = body mass index, FEV1 = forced 

expiratory volume in one second, FVC = forced vital capacity, ICS = Inhaled corticosteroids 

LAMA = long acting muscarinic antagonist, LABA = long acting beta agonist 

  

 

 

 

 

 

 NTHi + NTHi - p-value 
n 14 11  

General demographics    
Age (yr) 59 [54.25 – 67.25] 50 [41 – 68] 0.2167 

Gender (M/F) 10/4 5/6 0.240 
BMI (kg/m2) 27.75 [24.48 – 33.28] 27.8 [25 – 32.9] 0.8508 

Smoking status (Ex/Never) 7/7 4/7 0.6887 
Pack years 0 [0 – 7.625] 0 [0 – 2] 0.6805 

Asthma-related characteristics   
Comorbidities (Y/N): 9/5 7/4 >0.999 

Asthma duration (years)# 45 [27.5 – 57] 22.5 [9.25 – 37.5] 0.0436 
ACQ score 2.25 [1.3 – 3.1] 2.3 [1.5 – 2.8] 0.6959 

Exacerbation (last 12 months) 1 [1 – 1.5] 2[0 – 4] 0.4918 
Atopy (positive skin prick test)# 6 (42.9%) 4 (37.4%) 0.6084 

Pulmonary function    
Pre-BD FEV1 %# 81.5 [47 – 90.75] 83.5 [90 – 93.5] 0.3207 
Post BD FEV1 % 88 [73 – 104] 93 [89 – 106] 0.3101 

Pre-BD FEV1/FVC %# 67.2 [54.9 – 75.3] 73.68 [67.41 – 77.88] 0.1802 
Post BD FEV1/FVC 73.5 [59.4 – 82.5] 75.89 [68.24 – 77.92] 0.9786 

Asthma management    
Inhaled corticosteroids (ICS) 10/14 (71.4%) 8/11 (72.7%) >0.99 

BDP equivalent dose(µg) 2000 [1000 - 2000] 2000 [2000 – 2000] 0.2279 
Bronchodilator (LAMA/LABA) 8/14 (57.1%) 10/11 (90.9%) 0.09 

Combination therapy 14/14 (100%) 11/11 (100%) >0.99 
BDP equivalent dose(µg) 2000 [1000 - 2000] 1000 [1000 – 2000] 0.1607 

Long term antibiotics 1/14 (7%) 3/11 (27%) 0.2878 
Biologics 3/14 (21.4%) 0/11 (0%) 0.23 
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Figure 7.6. Differences in sputum cell proportions between NTHi+ and NTHi- severe asthmatic patients.  (A) 

Decreased macrophage cell counts and (B) increased neutrophil cell counts in sputum from 

NTHi + patients. Lines on graph indicate medians. Data were analysed by Mann-Whitney U test, 

* = p<0.05.  

In line with previously published literature, NTHi+ individuals had an increased proportion of 

sputum neutrophils (p=0.0462, Figure 7.6B) which corresponded with a decrease in macrophage 

sputum cell proportion (p=0.0221, Figure 7.6A). In contrast, no differences in BAL inflammatory cell 

proportions was detected. When assessing the relationship between sputum cell proportion and 

clinical characteristics, neutrophil sputum proportion was positively correlated with asthma 

duration, whereas the corresponding macrophage sputum proportion was negatively correlated 

with asthma duration, which appeared to be driven by the presence of NTHi (Figure 7.7A & B, NTHi+ 

samples in blue).  

 

Figure 7.7. Asthma duration correlates with altered sputum inflammatory immune cell populations. (A) 

Sputum neutrophil proportion and (B) sputum macrophage proportion were both significantly 

correlated with asthma duration. Each dot represents a sample, red = NTHi -, blue = NTHi +. 

Data were analysed using Spearman’s correlation, with R indicating the Spearman’s correlation 

coefficient value, rho.  



Chapter 7 

197 

 
 

 

Figure 7.8. Stratification of the 25 severe asthma BAL samples by NTHi colonisation and inflammatory 

phenotype status. Patients were stratified into neutrophilic (≥40% neutrophils, <3% 

eosinophils), eosinophilic (<40% neutrophils, ≥3% eosinophils), mixed granulocytic (≥40% 

neutrophils, ≥3% eosinophils) or paucigranulocytic (<40% neutrophils, <3% neutrophils) 

inflammatory phenotypes. Accompanying Table (bottom) indicates the significance (p-value) 

between NTHi+ and NTHi- groups as performed by Fisher’s exact test.  

Stratification of patients into sputum inflammatory phenotypes found a higher number (10/14; 

71%) of NTHi-colonised individuals were neutrophilic (≥40% neutrophils, <3% eosinophils), 

compared to only 4/11 (36%) individuals not colonised with NTHi (Figure 7.8). Only 1 NTHi+ 

individual (4%) was eosinophilic (<40% neutrophils, ≥3% eosinophils). Although neutrophil 

percentage was significantly increased in NTHi+ individuals, the number of NTHi+ individuals 

determined as neutrophilic compared to NTHi- individuals was not significant (p=0.116). This could 

be due to a small number of NTHi+ individuals being determined as mixed granulocytic (≥40% 

neutrophils, ≥3% eosinophils).  

 

 

 NTHi+ NTHi- p-value 
Neutrophilic 10 4 0.1160 
Eosinophilic 1 3 0.2878 

Mixed Granulocytic 2 1 >0.9999 
Paucigranulocytic 1 3 0.2878 
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7.2.4 Detection of macrophage intracellular immune response macrophage genes in NTHi-
colonised samples  

To determine whether a transcriptomic signal of intracellular infection of macrophages could be 

detected in vivo, the expression of macrophage and NTHi genes identified in the intracellular NTHi-

MDM infection model by dual RNASeq were measured by qPCR. For this, BAL RNA matched to the 

25 BAL cytospin samples were used. Unfortunately, expression of the NTHi genes identified in 

chapter 5 (bioC, mepM, and dps) were not reliably detected in BAL, perhaps due to the low bacterial 

load present in BAL samples. However, the expression of all eight macrophage genes identified and 

validated in chapter 4 (CASP4, SGPP2, PNRC1, IL1B, GBP1, LAMP3, IRF1 and ACOD1) were detected 

in the 25 severe asthma BAL samples (Figure 7.9). Of these eight genes, SGPP2, IL1B and GBP1 

expression was higher in NTHi+ compared to NTHi- samples (Figure 7.9B, D & E respectively). The 

expression of CASP4, PNRC1, IRF1 and ACOD1 did not significantly differ between groups (p>0.05). 

Although it appeared that LAMP3 expression was higher in NTHi- samples, this increase was not 

statistically significant (Figure 7.9F, p=0.1656).  

 

 

Figure 7.9. Modulation of macrophage gene expression by NTHi in BAL samples. Differences in the gene 

expression of (A) CASP4, (B) SGPP2, (C) PNRC1, (D) IL1B, (E) GBP1, (F) LAMP3, (G) IRF1 and (H) 

ACOD1 between NTHi+ and NTHi- colonised individuals were measured by qPCR. Gene 

expression was normalised to B2M. Graphs show medians, n=25. Data were analysed by Mann-

Whitney U test, *p<0.05, **p<0.01 
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Figure 7.10. Correlation matrix of BAL gene expression and patient clinical characteristics. Spearman’s 

correlation was used to determine correlations between the level of gene expression and 

clinical characteristics. Larger sized dots indicate more significant correlations, with the 

correlation coefficient (rho) represented by the coloured bar (right), with blue representing 

positive correlations and red representing negative correlations. Per = percentage.  

To investigate correlations between the expression of macrophage genes and patient 

demographics, Spearman’s correlation analysis was performed and a correlation matrix was 

produced (Figure 7.10). A moderate correlation between IL1B gene expression and asthma duration 

was identified (Figure 7.11A; rho = 0.41, p=0.041). A moderate negative correlation between IL1B 

and lung function (pre-bronchodilator (BD) FEV1/FVC %) was observed, but was not statistically 

significant (Figure 7.11B; p=0.055). Similarly, the top hub gene, CASP4 was moderately positively 

correlated with pre-BD FEV1% which was also not statistically significant (Figure 7.11C; p=0.056). 

Similarly to IL1B, GBP1 expression negatively moderately correlated with pre-BD FEV1/FVC% (Figure 

7.11D, p=0.046. Finally, significant positive moderate correlations between LAMP3 and IRF1 gene 

expression with pre-BD FEV1% and age, respectively, were also found (Figure 7.11E & F).  
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Figure 7.11. Correlations between select BAL genes and patient characteristics. Individual correlations 

identified in the correlation matrix were plotted to include the presence of NTHi (NTHi + = blue, 

NTHi- = red). IL1B gene expression correlated with (A) asthma duration and (B) pre-BD FEV1. (C) 

CASP4 gene expression correlated with pre-BD FEV1, (D) GBP1 correlated with pre-BD FEV1/FVC, 

(E) LAMP3 correlated with pre-BD FEV1 and (F) IRF1 correlated with age. N=22-25, as pre-

bronchodilator measures were not taken for 3 patients (B-F). Data were analysed using 

Spearman’s correlation. R indicates Spearman’s rho correlation coefficient value. 

A correlation matrix of gene expression and BAL cells was produced to determine whether the 

expression of macrophage genes was associated with BAL immune cell proportions (Figure 7.12A). 

No significant correlations of gene expression with BAL macrophage or neutrophil cell proportion 

were identified, however increased proportion of BAL lymphocytes correlated with increased 

ACOD1 gene expression (Figure 7.12B; rho = 0.57, p=0.0027). In contrast, IL1B expression negatively 

correlated with BAL lymphocyte proportion (Figure 7.12C; rho = -0.39, but this was not significant 

(p=0.056).  

 

Figure 7.12. Correlation matrix of BAL gene expression and BAL immune cell counts.  (A) Larger sized dots 

indicate more significant correlations, with the correlation coefficient (rho) represented by the 

coloured bar (right), with blue showing positive correlations and red showing negative 

correlations. (B) ACOD1 gene expression positively correlated with BAL lymphocyte percentage, 

(C) IL1B negatively correlated with BAL lymphocytes. N=25. Data were analysed using 

Spearman’s correlation. R = Spearman’s rho correlation coefficient value. 
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Figure 7.13. Co-expression of macrophage genes in the severe asthmatic airway. (A) GBP1 strongly 

correlated with IL1B, (B) SGPP2 weakly-moderately correlated with IL1B, (C) CASP4 moderately 

correlated with IRF1, (D) SGPP2 moderately correlated with PNRC1, (E) LAMP3 correlated with 

PNRC1 and (F) IRF1 moderately correlated with ACOD1.Data were analysed by Spearman’s 

correlation, R indicates Spearman’s rho correlation coefficient value.  

The co-expression of the eight genes in BAL was assessed, which identified a strong positive 

correlation of IL1B expression with GBP1 (Figure 7.13A; rho = 0.67, p=0.00031). IL1B gene 

expression weakly to moderately correlated with a number of other genes including SGPP2 (Figure 

7.13B; rho = 0.37, p=0.068), PNRC1 (rho 0.305, p=0.139), LAMP3 (-0.302, p=0.143) and ACOD1 

(rho=-0.308, p=0.135) but these correlations were not statistically significant (Figure 7.10).  

Despite identification of CASP4 as the top blue module network hub gene in the dual RNASeq 

analysis, CASP4 only weakly-moderately correlated with one gene, IRF1 (Figure 7.13C; rho=0.39, 

p=0.057). Correlations between the expression of other genes included SGPP2 and PNRC1 (Figure 

7.13D; rho=0.54, p=0.0059), LAMP3 and PNRC1 (Figure 7.13E; rho=0.46) and ACOD1 and IRF1 

(Figure 7.13F; rho = 0.4, p=0.05).  
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7.2.5 NTHi modulation of IFN pathways was not detected in severe asthma 
As up to 80% of asthma exacerbations are virally driven and NTHi colonisation occurs during a stable 

period of disease, it was important to determine whether NTHi modulation of macrophage IFN 

pathways could be detected in vivo. Modulation of IFN pathways was assessed by measuring the 

gene expression of six IFN pathway genes differentially regulated in response to NTHi infection in 

chapter 6: IFNA, IFNB, IFNG, IRF3, IRF7 and CXCL10. The expression of all six genes were detected 

in the severe asthma BAL samples, however, no differences in expression levels for any gene were 

detected between NTHi+ and NTHi- patients (Figure 7.14).  

The expression of IFNG and CXCL10 in the BAL samples was highly positively correlated (Figure 

7.15A; rho=0.8, p<0.001), which is not unexpected given that CXCL10 expression is induced by IFNG. 

IRF7 expression was moderately positively correlated with IFNA expression (Figure 7.15B; rho = 

0.57, p=0.0029), which was also not unexpected given that IRF7 is suggested to be a master 

regulator of the type I IFN response. IRF7 was negatively correlated with IFNG expression (Figure 

7.15C; rho = -0.45, p=0.023).  

 

  
Figure 7.14. No NTHi modulation of IFN gene expression was detected in severe asthma. Gene expression 

of (A) INFA, (B) IFNB, (C) IFNG, (D) IRF3, (E) IRF7, and (F) CXCL10 between NTHi+ and NTHi- 

colonised individuals were measured by qPCR. Gene expression was normalised to B2M. 

Graphs show medians, n=25. Data were analysed by Mann-Whitney U test. 
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Figure 7.15. Co-expression of IFN genes in the severe asthmatic airway. (A) CXCL10 strongly correlated with 

IFNG, (B) IFNA moderately correlated with IRF7 and (C) IFNG moderately negatively correlated 

with IRF7. Data were analysed by Spearman’s correlation, R indicates Spearman’s rho 

correlation coefficient value.   

To determine whether the expression of these genes correlated with any clinical characteristics, a 

correlation matrix was produced. Only IFNB gene expression correlated with sputum cell counts, 

which negatively correlated with sputum eosinophil percentage (Figure 7.16, rho -0.58, p=0.002). 

Differences in steroid dose between individuals did correlate with IFN gene expression (Figure 

7.16). Both IRF7 and IFNG gene expression correlated with several clinical characteristics (Figure 

7.16). Specifically, higher IRF7 gene expression moderately correlated with increased lung function 

measures such as pre-BD FEV1% (Figure 7.17A), pre-BD FEV1/FVC% (Figure 7.17B) and post-BD 

FEV1/FVC% (Figure 7.17C). In contrast, increased IFNG gene expression weakly-moderately 

correlated with decreased lung function, which trended towards significance (Figure 7.17D-F).  

  
Figure 7.16. Correlation matrix of BAL IFN gene expression and patient clinical characteristics.  Spearman’s 

correlation was used to determine correlations between the level of gene expression and 

patient symptoms. Larger sized dots indicate more significant correlations, with the correlation 

coefficient (rho) represented by the coloured bar (right), with blue representing positive 

correlations and red representing negative correlations.  
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Figure 7.17. Correlations between IFN genes and patient characteristics. Correlations identified in the 

correlation matrix previously were plotted individually. N=22-25. As pre-bronchodilator 

measures were not taken for 3 patients Data were analysed using Spearman’s correlation. R 

indicates Spearman’s rho correlation coefficient value. IRF7 moderately-strongly positively 

correlated with (A) Pre-BD FEV1, (B) Pre-BD FEV1/FVC and (C) Post-BD FEV1/FVC, whereas IFNG 

weakly-moderately negatively correlated with (D) Pre-BD FEV1, (E) Pre-BD FEV1/FVC and (F) 

Post-BD FEV1/FVC. 

The relationship between gene expression and the proportion of immune cells in BAL samples was 

assessed, which found the expression of different IFN genes correlated with the proportion of 

different BAL cells (Figure 7.18A). Gene expression of the type I IFNs, IFNA and IFNB only correlated 

with BAL eosinophils, with increased expression of both genes associated with increased BAL 

eosinophils (Figure 7.18B & C).  

In contrast the regulators of the type I interferons, IRF3 and IRF7 displayed differential associations; 

IRF3 expression was not correlated with any BAL cells, however IRF7 positively correlated with 

macrophage percentage, and negatively correlated with BAL neutrophil percentage counts (Figure 

7.18A; rho=0.41; p=0.042 and rho=-0.48; p=0.015, respectively). However, the strongest 

correlations again included IFNG and CXCL10 gene expression. Both genes negatively correlated 

with BAL macrophages (Figure 7.19A & D) but positively correlated with BAL neutrophils (Figure 

7.19B & E) and BAL lymphocytes (Figure 7.19C & F).  
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Figure 7.18. Correlation matrix of BAL IFN gene expression and BAL immune cell counts.(A) Spearman’s 

correlation was used to determine correlations between the level of gene expression and BAL 

cell counts. Larger sized dots indicate more significant correlations, with the correlation 

coefficient (rho) represented by the coloured bar (right), with blue representing positive 

correlations and red representing negative correlations. (B) The presence of BAL eosinophils 

negatively correlated with IFNA (B) and IFNB (C) gene expression. N=25. Data were analysed 

using Spearman’s correlation. R indicates Spearman’s rho correlation coefficient value. 

These data suggest that NTHi presence did not impact on the expression of select genes from the 

type I and II IFN pathways, however the expression of IFN genes in severe asthma correlated with 

clinical characteristics and inflammatory immune cell infiltration into the airways, potentially 

suggesting modulation of these pathways in severe asthma, independent of NTHi presence.  

  
Figure 7.19. BAL IFNG and CXCL10 gene expression correlated with BAL immune cell counts. IFNG and 

CXCL10 gene expression negatively correlated with BAL macrophage counts (A & D) and 

correlated positively with both BAL neutrophil counts (B & E) and BAL lymphocyte counts (C & 

F). N=25. Data were analysed using Spearman’s correlation. R indicates Spearman’s rho 

correlation coefficient value.  
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7.3 Discussion 
The work in this chapter focussed on determining the clinical relevance of intracellular NTHi 

infection of macrophages in severe asthma. Although bacterial infections by respiratory tract 

pathogens such as NTHi have been implicated in asthma exacerbations65, NTHi was detected by 

FISH in this current work in 56% of individuals during a stable period of disease. In agreement with 

this observation, a study by Wood et al. (2010) identified that individuals with stable asthma were 

colonized with potentially pathogenic bacteria, with H. influenzae isolated from 60% of colonized 

individuals, with no respiratory symptoms reported86. Although only a single time point was used 

in this current work and by Wood and colleagues, longitudinal studies of individuals with chronic 

respiratory disease have shown NTHi persistence in the airway over an extended period of 

time421,531, suggesting the capacity of NTHi to persist within a complex inflammatory environment 

such as the asthmatic airway.  

The data in this chapter indicate NTHi presence in severe asthma is associated with increased 

sputum neutrophil proportion, supported by previous work demonstrating that individuals 

possessing a Haemophilius-dominant microbiome were more likely to be neutrophilic64,87. It is not 

clear why NTHi is associated with more severe disease, however this work found that NTHi presence 

was associated with increased asthma duration. A murine study exposing mice to long-term doses 

of H. influenzae found that over time, airway remodeling occurred following a bacteria-induced 

switch from a T2 eosinophilic inflammatory phenotype to T17, neutrophilic inflammation462. In 

agreement with this, Essilfie et al. demonstrated that the combination of NTHi infection and allergic 

airways disease promoted a steroid resistant, neutrophilic inflammatory phenotype in mice154,532. 

As these aforementioned studies used murine models of allergic airways disease, investigating the 

role of NTHi persistence in the airway of asthmatics prior to severe disease development could 

better elucidate the contribution of NTHi to severe asthma progression. This current work only uses 

asthmatic BAL samples obtained at a single time point and although these data indicate NTHi 

colonization of the airway during stable disease, this work was not designed to inform on whether 

NTHi presence drives the switch from mild to severe disease, or if the inflammatory nature of the 

severe asthmatic airway promotes NTHi persistence. Given the evidence of NTHi contributing to 

disease progression in murine models, human longitudinal studies tracking the progression of mild 

to severe asthma and identifying the role of NTHi would be informative. Due to the complex, 

multifactorial nature of asthma, it is likely that additional factors contribute to severe disease 

progression, rather than a single transitional event. Therefore, unpicking the complex relationship 

between NTHi persistence, the host immune response and severe asthma pathogenesis over an 

extended period of time could reveal therapeutic targets and the opportune moment to intervene 

to prevent disease progression.  
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Despite studies linking NTHi and neutrophils in asthma, the FISH data in this chapter indicate NTHi 

is more likely to be physically associated with macrophages, the predominant immune cell in the 

airway. The BAL samples used for this work were mainly comprised of macrophages (91.6%), 

suggesting NTHi interacts with macrophages in the airway to promote persistence. NTHi 

persistence in vivo has been shown previously by Olszewska-Sosiῄska et al. (2018), who identified 

a reservoir of NTHi within macrophages in adenoid tissue348. However, it is not clear how NTHi 

interactions with macrophages in vivo facilitate airway persistence. Therefore, qPCR was used to 

measure the expression of genes identified in the dual RNASeq analysis in severe asthmatic BAL 

samples. Unfortunately, NTHi gene expression was not able to be reliably detected in these 

samples. This could have been due to the potentially low total bacterial biomass present in BAL 

samples533; as demonstrated in chapter 3, a MOI of 100 was required to ensure a sufficient amount 

of live, viable NTHi was present within MDM for dual RNASeq.  

Furthermore, rRNA depletion was performed on sequenced samples, to ensure that NTHi 

transcripts could not only be detected and sequenced, but sequenced in enough depth to allow for 

differential gene expression analysis to be performed. Together, these optimization steps may have 

allowed for more sensitive detection and analysis of gene expression that could be harder to 

replicate in more complex and limited samples, such as BAL, using qPCR. Although a combination 

of the top upregulated (bioC, mepM) and downregulated (yadA, dps) NTHi genes identified in 

chapter 5 were used, it may be possible that in vivo NTHi gene expression may differ from in vitro 

gene expression during infection. A further limiting factor of this current work was the long-term 

colonization status of these samples was unknown. As the MDM infection model only measured 

NTHi gene expression up to 24 h, longer intracellular persistence may result in further 

transcriptomic adaptations of both NTHi and macrophages that were not identified in the dual 

RNASeq analysis.  

In contrast, all eight macrophage genes identified and validated in chapter 4 were detected in the 

25 asthmatic BAL samples. The expression of IL1B in particular was significantly elevated in samples 

that were NTHi+ and correlated with a number of clinical characteristics, presence of airway 

immune cells and the expression of the other genes. Elevated BAL IL1B gene expression in this 

chapter is in agreement with previously published studies identifying elevated IL1B expression in 

both BAL and sputum from asthma, with protein levels of IL-1β also increased in asthma53,55,362,534–

536. BAL IL-1β protein levels could not be determined in this current study as BAL fluid was not 

available for analysis of airway protein concentrations. However, measuring IL-1β protein levels 

would confirm whether the elevation of IL1B mRNA correlates with increased IL-1β protein in these 

particular samples. Interestingly, a study by Kim et al. (2017) found that inhibiting IL-1β in mice 

suppressed airway inflammation and the development of a steroid resistant phenotype54. Together, 

the work in this thesis demonstrated upregulation of IL1B gene expression and protein release by 
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NTHi-infected MDM and elevated IL1B gene expression in NTHi+ BAL samples. Therefore, it is 

possible that NTHi-infected macrophages may be the source of IL-1β induced inflammation in the 

asthmatic airway. As such, this could be a mechanism by which NTHi contributes to airway 

inflammation and the development of a steroid resistant asthma phenotype54.  

IL1B was identified as one of the top connected genes in the blue module in chapter 4, which was 

most highly associated with NTHi infection of MDM, along with the top hub gene CASP4. However, 

BAL CASP4 gene expression did not differ between NTHi+ and NTHi- individuals. Simpson and 

colleagues (2014) identified increased CASP4 gene expression in the sputum of neutrophilic 

asthmatics compared to eosinophilic and paucigranulocytic asthmatics55. Although these 

differences could be explained by sample source; this current study measured BAL CASP4 gene 

expression, whereas Simpson and colleagues used sputum. The lack of difference in CASP4 

expression between NTHi groups could also be due to the predominant neutrophilic inflammatory 

phenotype of the 25 patients in the BAL cohort. One limitation of this current work is due to the 

small sample size, comparison of CASP4 gene expression levels between neutrophilic (n=14), 

eosinophilic (n=4), mixed granulocytic (n=3) and paucigranulocytic (n=4) individuals was not able to 

be performed. Macrophages were highly likely to be the cellular source of CASP4 expression as a 

recent study found elevated levels of CASP4 expressed by alveolar macrophages from asthmatic 

patients compared to healthy controls537. As such, CASP4 expression may already be elevated in the 

current BAL samples when compared to healthy individuals or eosinophilic/paucigranulocytic 

asthma, independently of NTHi presence.  

The absence of CASP4 gene expression upregulation despite the presence of NTHi could in fact be 

a mechanism by which NTHi is able to persist in the airway. Transcriptomic analysis identified CASP4 

as a hub gene, which was also upregulated in MDM by additional clinical strains of NTHi. However, 

levels of CASP4 expression were lower in response to ST201, which was able to be recovered at a 

higher CFU at both 6 h and 24h, suggesting CASP4 is an important gene for macrophage control of 

NTHi intracellular infection. The lack of CASP4 upregulation in BAL samples despite NTHi presence 

could indicate an impairment in the macrophage ability to control NTHi infection in the asthmatic 

airway.  

The GBPs are involved in activation and recruitment of the caspase-4 inflammasome538, of which all 

7 GBPs were upregulated by MDM in response to NTHi infection. The GBP1 gene was chosen to be 

investigated in asthma BAL samples as it was present in the blue module gene network and is the 

initial GBP involved in the detection of cytosolic bacteria and recruitment of GBPs 2-4216. The 

upregulation of GBP1 in NTHi+ BAL samples suggests the intracellular presence of NTHi in the 

macrophage cytosol, resulting in activation of an intracellular immune response. However, as 

CASP4 gene expression was not similarly elevated in NTHi+ samples, it is not clear whether the non-
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canonical inflammasome pathway is important for the macrophage immune response to 

intracellular NTHi infection in vivo. 

The previous chapter demonstrated that infection with either NTHi, IAV or IAV following prior NTHi 

infection of MDM resulted in different immune response profiles to the three pathogen 

combinations. The activation of an anti-viral response, specifically a type I IFN response by NTHi 

appeared to prime macrophages to better respond to a subsequent viral infection. However, unlike 

the increased expression of macrophage intracellular immune response genes in NTHi+ samples, 

modulation of IFN pathways by NTHi in vivo was not detected. It has been documented that IFN 

responses in asthma are impaired so it is possible that NTHi intracellular persistence in vivo does 

not activate IFN pathways to the same extent observed in healthy MDM312,508.  

The lack of IFN responses may also be linked to the lack of CASP4 expression. A recent study has 

identified that IFN-γ signalling is required for rapid and robust GBP-independent activation of 

caspase-11 – the murine homolog of the human caspase-4215. Thus, impaired in vivo IFN responses 

may not only increase susceptibility to a viral infection but may also contribute to the inability of 

macrophages to control airway microbial colonisation by pathogens such as NTHi. Prior activation 

of IFN responses in chapter 6 was associated with decreased IAV infection, but the presence of even 

low levels of IAV combined with NTHi appeared to modulate the macrophage inflammatory 

response. Due to the single time point sampling of the asthma patients used in this thesis, these 

samples were not appropriate to investigate the impact of NTHi colonisation on a subsequent viral 

infection.  

However, modulation of host responses during dual infection in chronic respiratory disease has 

been reported following experimental rhinovirus infection of healthy and COPD volunteers539. The 

majority of COPD patients experimentally infected with rhinovirus developed an exacerbation, but 

those with evidence of secondary bacterial outgrowth had higher levels of total sputum 

inflammatory cells, sputum neutrophil elastase and lower peak expiratory flow and FEV1 

measures539. This study indicates that modulation of host responses during co-infection of the 

airway results in an altered inflammatory profile and worse clinical symptoms. Given the results of 

the experimental rhinovirus challenge study and the increased presence of NTHi in the severe 

asthmatic airway66,86,87, it would be important to ascertain whether NTHi airway colonisation and 

subsequent IAV infection modulates the host immune response in vivo as observed in the MDM 

model. 

Despite the absence of IFN gene modulation between NTHi+ and NTHi- BAL samples, IFNG and 

CXCL10 gene expression were both correlated with lower lung function and IFNG correlated with 

increased number of exacerbations over the past 1 year. This current work previously reported in 

chapter 6 that IAV infection did not upregulate the expression and release of IFN-γ to the same 
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extent as co-infected samples. As such, NTHi-airway colonisation may contribute to disease 

progression and lung damage during viral infection by synergistically upregulating immune 

responses biased more towards IFN-γ compared to a type I IFN response. However, T cells and NK 

cells are the main cellular sources of IFN-γ in the airway, with T cells shown to produce IFN-γ in 

response to NTHi-infected MDM199. As increased IFNG expression in BAL samples correlated with 

increased lymphocyte percentage, it is possible that the cellular source of this gene expression was 

T cells. Nonetheless, increased IFNG expression could mean increased risk of airway damage. As the 

co-infected in vitro work indicated upregulation of IFNG responses, even detecting release of IFN-γ 

from NTHi-infected macrophages, who are not generally considered the primary in vivo source of 

IFN-γ, the synergistic contribution of IFN-γ expression and release during co-infection could be why 

individuals colonised with NTHi suffer from reduced lung function and dysregulated inflammation. 

Comparing the inflammatory profile of individuals chronically colonised with NTHi during a viral-

induced exacerbation to individuals not colonised with NTHi could help address this possibility, as 

one of the limitations of this current work was that it was unable to address the co-infection 

dynamics and host immune responses modelled in vitro during asthma exacerbation.  

Due to the increasing association between NTHi presence and severe asthma, the main aim of the 

work in this current chapter was to identify the clinical relevance of NTHi presence and NTHi-

associated modulation of macrophage intracellular immune response genes in severe asthmatic 

BAL samples specifically. However, further work using healthy controls or samples from mild 

disease would be useful in determining whether the expression of these identified genes, such as 

CASP4 or the IFNs, were already modulated in severe disease independent of NTHi presence. For 

example, the high use of steroids in this sample population could account for the differences 

observed between MDM and BAL gene expression. All 25 individuals included in this work were 

treated with combination (ICS and LABA) therapy, with some patients also treated with individual 

ICS or LAMA/LABA therapies. It is therefore tempting to speculate that steroid treatment may be 

dampening the expression of some of the identified upregulated MDM genes in the NTHi+ BAL 

samples.  

The immunosuppressive effects of corticosteroids could influence the ability of NTHi to persist in 

the airway. However, a study by Marri et al. (2012) showed that a higher abundance of 

Proteobacteria were present in asthmatic individuals, 80% of whom were not using inhaled 

corticosteroids92. In this current work, no significant differences in steroid dose or use were 

observed between NTHi+ or NTHi- groups, suggesting colonisation of the airway by NTHi was 

independent of treatment. In fact, the increased expression of macrophage inflammatory genes in 

BAL despite steroid use suggests continual NTHi presence may result in the development of a 

steroid-resistant phenotype. Using the MDM model to determining whether steroid treatment 
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impacts on the macrophage immune response, specifically regulation of the identified genes in this 

thesis, would be of interest.  

In this current work, SGPP2 was also one of the top hub genes in the blue module most associated 

with NTHi infection and was found to be elevated in NTHi+ severe asthma BAL samples. Despite 

this, the role of SGPP2 in the macrophage immune response to NTHi infection has not been well 

investigated. SGPP2 encodes for Sphingosine-1-Phosphatase 2, which is involved in degradation of 

the sphingosine 1-phosphate (S1P) signalling molecule. S1P has increasingly been suggested to play 

a role in inflammation, phagocytosis and immune responses, with knockdown of SGPP2 resulting in 

reduced cytokine production540,541. Recently, Hodge et al. (2020) investigated the gene expression 

of members of the S1P pathway in children with bronchiectasis and protracted bacterial bronchitis 

and found no correlation between NTHi presence and SGPP2 expression542. However, Barnawi et 

al. (2015) have suggested a link between the S1P pathway and impaired phagocytosis by alveolar 

macrophages from COPD patients, suggesting a disease-associated impairment in the S1P pathway, 

rather than a pathogen-associated impairment543. Numerous studies have identified that 

phagocytosis is dysfunctional in airway macrophages in chronic respiratory disease but the exact 

mechanism is not well understood247,250,454. Therefore, determining the role of SGPP2 and the S1P 

pathway in phagocytosis by alveolar macrophages in severe asthma could reveal a novel 

mechanism potentially allowing for NTHi persistence in the airway.  

Work using isolated alveolar macrophages from the severe asthmatic airway would be important 

to confirm the transcriptomic MDM analysis and BAL gene expression results. As blood samples are 

more readily available, the MDM model has been extensively used to model healthy airway 

macrophages250. Although MDM have shown to be phenotypically similar to AM, there are still 

differences between the two cell types which must be considered. The regulation of AM function 

is influenced by the microenvironment of the lung and although GM-CSF is abundant in the lung, 

particularly in the asthmatic lung, other cytokines, chemokines and growth factors may affect 

macrophage steady state phenotype.  As such, transcriptional and functional responses may differ 

in vivo and the in vitro MDM culture may be too simplistic to reflect the dynamic lung environment. 

Future work using isolated AM could determine whether AM are capable of mounting a similar 

intracellular immune response to NTHi as was identified in the dual RNASeq analysis. However, 

removing AM from the lung environment and stimulating ex vivo may also influence AM phenotype 

and functional responses544. Thus, determining AM responses to NTHi within a culture system which 

attempts to retain the 3D lung architecture may allow for a better understanding of NTHi-

macrophage interactions occurring in vivo. This could include models such as a lung tissue explant 

model545, a 3D lung organoid model546, which can be further integrated with microfluidics to 

produce a lung-on-a-chip model547, a murine model261,462,532 or a human challenge model548.  
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Investigating NTHi-macrophage interactions in the context of a 3D environment may also elucidate 

the importance of cellular cross-talk in the immune response to NTHi. Ongoing bidirectional cross-

talk between macrophages and airway epithelial cells ensure homeostatic balance, whilst ensuring 

appropriate inflammatory responses are initiated. For example, epithelial cells are a source of 

regulatory cytokines such as IL-10 and TGF-β, which allows for maintenance of AM in an anti-

inflammatory state, which can also occur through direct cell-cell interactions549. Conversely, 

stimulation of epithelial cells by macrophage-derived cytokines such as IL-1β, can upregulate 

epithelial cell pro-inflammatory responses, such as release of IL-8, which promotes recruitment of 

airway immune cells550. Infiltration of immune cells can amplify immune responses, with neutrophil 

recruitment following influenza virus infection important for activation of the NLRP3 inflammasome 

and IL-1β release from macrophages551. As such, it must be considered that the macrophage 

immune response to NTHi may be different when present within the dynamic lung 

microenvironment containing a milieu of airway cells, paracrine and autocrine signalling and 

inflammatory or regulatory stimuli.  

As identification of bacterial colonisation of BAL samples was performed specifically for NTHi, it is 

not clear whether samples were colonised with other respiratory tract pathogens. The pan-

bacterial probe was used and did identify the possibility of co-colonising bacteria, however due to 

the non-specific nature of this probe, these additional bacterial species were not identifiable. 

Additionally, extra steps during the FISH procedure, such as lysozyme treatment to permeabilise 

the cell wall of gram positive bacteria, have been suggested to allow better identification of gram 

positive bacteria by FISH552. However as extended periods of lysozyme treatment have shown to 

cause lysis of gram negative bacteria, using FISH to identify mixed populations of bacteria colonising 

host samples may not be accurate552. Therefore, full characterisation of BAL samples by unbiased 

sequencing approaches would better identify the microbial composition of BAL and whether 

specific microbial signatures were more associated with the inflammatory responses observed in 

this chapter. Further in vitro comparative work assessing MDM responses to additional respiratory 

tract pathogens such as M. catarrhalis and S. pneumoniae would also allow for better 

determination of specific responses unique to each pathogen.  

Furthermore, although the BAL samples used for the work in this chapter primarily consisted of 

macrophages, BAL contains a mixed cell population. As such, it may be possible that certain gene 

signatures were from a cellular source other than macrophages. A limitation of this current work 

was that only the BAL cell pellet resuspended in QIAzol was available for this analysis. Sorting of 

BAL cells by FACS prior to addition of QIAzol would allow for the isolation of a pure macrophage 

population, which could then be used for RNA isolation and analysis of gene expression.  

Nonetheless, the in vitro modelling of NTHi with MDM and subsequent transcriptomic analysis 

indicated that NTHi infection resulted in specific upregulation of the genes assessed in this chapter. 
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Thus, it is likely that macrophages were the cellular source of the gene expression measured in 

these current samples. Therefore, this work has identified NTHi-associated modulation of 

macrophage intracellular immune response genes in severe asthma BAL samples. Given that the 

previous chapter identified increased MDM inflammatory responses in co-infected MDM compared 

to IAV-alone infected MDM, the contribution of NTHi to airway immune response modulation 

during chronic colonisation requires further exploration.  

7.4 Summary 
The work in this chapter has demonstrated presence of NTHi in severe asthmatic BAL samples 

during a stable period of disease, in agreement with other previously published studies. NTHi was 

highly associated with host cell nuclei staining, and as the BAL cell pellets were mainly composed 

of macrophages, this indicated NTHi association with airway macrophages. The expression of host 

genes (IL1B, GBP1, and SGPP2) found to be highly associated with intracellular NTHi infection of 

MDM by dual RNASeq were elevated in NTHi+ BAL samples, indicating modulation of BAL 

macrophage gene expression by NTHi. Conversely, no modulation of IFN pathways were detected, 

however this could be due to the length and severity of disease in the patient cohort used. 

Nonetheless, this work suggests NTHi modulates airway macrophage gene expression in severe 

asthma. This observation potentially has serious ramifications for a subsequent viral respiratory 

tract infection, which is the main driver of exacerbations and worsening of disease symptoms in 

asthma, given the sustained inflammatory response and bacterial outgrowth observed previously 

during co-infection of MDM. 
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Chapter 8 Discussion and Future Work 
8.1 Introduction  
Asthma is a complex, heterogeneous disease, with asthma exacerbations resulting in up to 65,000 

annual hospital admissions in the UK59. Exacerbations of disease can be mild, moderate, severe or 

life-threatening, which negatively impact quality of life and accelerate lung function decline56. NTHi 

colonisation of the severe asthmatic airway is associated with more severe, neutrophilic and 

steroid-resistant disease and has been implicated in asthma exacerbations44,45,334,532. Yet, virally 

driven exacerbations still account for the majority of asthma exacerbations67,69. However, as NTHi 

has been detected during both stable asthma and exacerbations65,86, it is becoming clear that NTHi 

presence in the airway precedes the appearance of a virus and subsequent development of a virally 

driven exacerbation. The mechanisms of NTHi persistence in the respiratory tract are not well 

understood, but NTHi has been identified to reside and replicate within macrophages from adenoid 

tissue147,348, with NTHi infection of macrophages also demonstrated in vitro149. Given that 

macrophages are the predominant immune cell in the airway, it is not clear whether NTHi 

colonisation of the airway influences the progression of a viral respiratory tract infection and 

asthma exacerbation. In this thesis, it was hypothesised that NTHi infection of macrophages would 

compromise the ability of macrophages to respond to a subsequent viral infection.  

As such, the aim of this thesis was to explore NTHi-macrophage interactions and the impact of these 

interactions on a subsequent IAV infection. This aim was achieved by first optimising an NTHi-MDM 

intracellular infection model to characterise transcriptomic changes associated with intracellular 

persistence by dual RNASeq of both host and pathogen. Transcriptomic analysis found that 

although macrophages upregulated innate intracellular immune response pathways, this was not 

sufficient to completely clear NTHi infection. NTHi transcriptomic changes were associated with 

modulation of metabolic pathways, likely as a result of adaptation to intracellular residence within 

MDM. Although the macrophage response to NTHi intracellular infection by additional clinical 

strains was conserved, changes in NTHi gene expression appeared to be strain-dependent.  

This prior NTHi modulation of the MDM response had consequences for a subsequent IAV infection. 

MDM upregulation of anti-viral pathways known to be crucial for an anti-IAV response resulted in 

macrophage priming and restriction of IAV infection. This data therefore did not support the 

primary hypothesis that this work set out to test. However, although levels of IAV were lower 

compared to MDM infected by IAV alone, IAV was still present in this co-infection model system 

and together with NTHi, stimulated a sustained macrophage inflammatory response. Co-infection 

also impacted on NTHi-infection dynamics, with NTHi presence increasing following co-infection. 

Thus, even though NTHi infection did not appear to compromise the ability of macrophages to 

respond to IAV infection, the macrophage response during co-infection was dysregulated which 

resulted in loss of bacterial control. Importantly, NTHi-macrophage interactions were of clinical 
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relevance, as modulation of the host macrophage response was observed in severe asthma BAL 

samples obtained from patients that were colonised with NTHi, and NTHi presence was also 

associated with increased neutrophilic inflammation. This chapter will discuss the overall findings 

from this thesis in further depth, considering the wider clinical implications of these results, 

limitations of the study and outline outstanding questions and areas of interest that require further 

exploration.  

8.1.1 NTHi intracellular persistence within macrophages: implications for chronic airway 
colonisation 

Numerous studies have identified chronic H. influenzae presence in the airway of individuals with 

chronic respiratory disease, not just in asthma65,86, but also COPD531,553, idiopathic pulmonary 

fibrosis (IPF)554 and cystic fibrosis (CF)555. Despite evidence for NTHi persistence, the mechanisms of 

how a respiratory tract pathogen can persist within the airway for a sustained period of time in the 

face of host immune responses are not clear. Persistent colonisation of environmental surfaces has 

been suggested to be as a result of biofilm formation556. Although biofilms have been identified in 

CF, with P. aeruginosa being the predominant identified species, NTHi biofilm formation in the 

asthmatic lung is less clear. However, previous clinical studies have identified NTHi intracellular 

persistence in macrophages from adenoid tissue suggesting that host cells such as macrophages 

could act as reservoirs of NTHi infection147,348. NTHi intracellular infection and persistence within 

host cells has been shown in vitro for monocytes, macrophages and epithelial cells123,133,149, with 

intracellular infection of macrophages further demonstrated in the data presented in this thesis. 

Although the MDM in vitro modelling demonstrated NTHi persistence within macrophages in this 

work, detection of NTHi associated with host macrophages in severe asthma BAL samples further 

confirmed the ability of NTHi to utilise host cells in vivo. Unfortunately, due to the nature of the 

patient cohort used, this work was unable to ascertain how long patients had been colonised with 

NTHi. Nonetheless, these patients were sampled at a period of stable disease and not during 

exacerbation, indicating NTHi presence in severe asthma during stable disease, in line with previous 

studies65,86.  

One of the key aims of this thesis was to explore NTHi transcriptomic changes associated with 

intracellular infection of MDM, which was why careful optimisation of the NTHi-MDM infection 

model was required in order to perform dual RNASeq on NTHi-infected MDM. Comparison of the 

top regulated NTHi genes between planktonic state and intracellularly-located NTHi by qPCR 

confirmed that these genes were differentially regulated during intracellular infection. This work 

identified an enrichment of NTHi metabolic pathways during intracellular infection, suggesting 

adaptation of NTHi to the intracellular environment within MDM. Diverse metabolic adaptations 

during infection of epithelial cells were also identified using dual RNASeq by Baddal et al. (2015), 

indicating that regulation of metabolism is key for successful NTHi infection of host cells151.  
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Restriction of nutrients required for bacterial survival is a host immune response mechanism, with 

pathogens capable of successfully scavenging nutrients from restricted environments better able 

to survive and persist intracellularly557. The top upregulated NTHi gene was a member of the biotin 

pathway. Biotin is an essential cofactor required for enzymes involved in metabolic pathways such 

as fatty acid biosynthesis and amino acid metabolism558. Other pathogens including Francisella 

tularensis, Mycobacterium spp and Candida spp, have been shown to require biotin or biotin 

synthesis pathways for intracellular survival478–480. Biotin is a limited intracellular resource, 

particularly in the macrophage phagosome, which could explain the increased requirement for this 

gene if NTHi was located in the phagosome during infection478. However, biotin is also important 

for the immune response as increased levels of pro-inflammatory cytokines, including IL-1β, have 

been observed in biotin deficiency559,560. Although the role of other vitamins in asthma, such as 

vitamin D, have been explored561, the role of biotin in development and maintenance of immunity 

in the asthmatic lung – or indeed the healthy lung - has not been investigated in such depth.  

Although the transcriptomic data presented in chapter 5 suggests NTHi adaptation to intracellular 

survival required activation of biotin synthesis genes, the bioC gene was not significantly 

differentially expressed by one of the other tested NTHi strains (ST201). Only one gene involved in 

the biotin pathway was assessed in the additional clinical strains of NTHi during infection, so it is 

possible that other members of the biotin pathway were differentially expressed for ST201. 

Conversely, the intracellular location of ST201 may differ to that of ST14 and ST408 and it may not 

be in a less nutrient-restricted environment, such as the cytosol. Expanding the sequencing work 

performed in this thesis to include additional strains of NTHi would allow for enhanced 

characterisation of conserved pathways and genes during NTHi intracellular infection of MDM.  

Differences between NTHi phenotypes in vivo would be important to identify. The intracellular NTHi 

transcriptomic changes detailed in this thesis differ to changes in the expression of genes during 

biofilm growth identified in other studies. A number of genes identified as important for biofilm 

growth490 were downregulated by NTHi during intracellular persistence in this current model. In 

fact one of these genes, dps, was the top downregulated gene at 24 h. Pang and colleagues 

identified dps to be important for biofilm growth with dps mutant NTHi strains exhibiting reduced 

biofilm development490. The NTHi expression profile in this work is therefore likely to represent 

adaptation to an intracellular environment, as opposed to a switch to biofilm formation. It would 

be of importance to determine whether this NTHi intracellular gene signature can be detected in 

vivo, as this could confirm therapeutic targets to reduce the burden of NTHi airway colonisation.  

NTHi strains isolated from different anatomical locations have demonstrated varying affinities for 

substrates, with the increased ability of two invasive strains of NTHi (C188, a blood isolate and 

R2866, a strain isolated from a child with meningitis following otitis media complications) to 

metabolise diverse substrates compared to Hi2019, a COPD isolate562. The COPD Hi2019 strain was 
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also demonstrated to be better able to invade and reside within bronchial epithelial cells compared 

to the two invasive NTHi strains562. This comparative analysis suggests that differences in metabolic 

adaptation could underpin the ability of NTHi to persist in certain anatomical niches. The three 

strains used in this current work were all obtained from different samples: lung protected bronchial 

brushing (ST14), sputum (ST201) and nasal brushing (ST408), which could account for the 

differences in gene expression measured between these strains. Deeper transcriptomic analysis of 

these three strains – and additional clinical strains – could better identify conserved genes 

regulated during intracellular infection and also identify similarities between strains from the same 

disease or location. Thus, stratifying NTHi strains by transcriptomic adaptations during infection, 

rather than by genomics, could be a better method by which to identify strains better able to persist 

in vivo.  

Furthermore, in vitro studies have shown that different clinical NTHi isolates vary in their abilities 

to tolerate antibiotics149. The β-lactam family of antibiotics, including penicillin, ampicillin and 

cephalosporins, have long been used to treat bacterial infections and act by inhibiting bacterial cell 

wall synthesis. However, bacteria such as NTHi have developed strategies to overcome the action 

of antibiotics, such as expression of β-lactamases, which inactivate this family of antibiotics563. 

Previous antimicrobial characterisation of the strains used in this thesis demonstrated that ST14 

was resistant to benzylpenicillin and cefotaxime, but was sensitive to ampicillin and did not produce 

β-lactamase (personal communication with Dr. K. Osman). In the absence of β-lactamases, it has 

been suggested that penicillin binding protein 3 (PBP3, encoded by the ftsI gene564) mediates 

resistance to members of the β-lactam family of antibiotics108,565. Presence of the ftsI gene was 

detected in ST14.No differential expression of ftsI was detected during intracellular infection of 

MDM, however this was likely due to intracellular residence of NTHi at 24 h. Instead, transcriptomic 

modulation of NTHi metabolic and stress response pathways was detected, consistent with 

adaptation of the persister phenotype566. 

It is tempting to speculate that efficient and successful intracellular residence within host cells is a 

method of persistence better utilised by NTHi strains that are more susceptible to antibiotic action. 

In chapter 3, the highest amount of bacteria recovered from MDM was when using ST201. This 

particular strain was susceptible to all antibiotics tested, including benzylpencillin (personal 

communication with Dr. K. Osman). In contrast, the lowest amount of recovery was ST408, however 

this strain was resistant to the majority of β-lactam antibiotics tested and was also β-lactamase 

positive (personal communication with Dr. K. Osman). Thus, some strains may have better 

developed the ability to infect and persist within host cells as an alternative means of escaping 

antibiotic action. Evidence for an alternate mechanism to antibiotic resistance includes a study by 

Olszewska-Sosińska et al. (2016) who demonstrated intracellular persistence of NTHi in 

macrophages isolated from children who were treated with azithromycin. Of interest, the 
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recovered persistent NTHi isolates were not deemed to be azithromycin resistant by use of 

minimum inhibitory concentration (MIC) measures. Rather than active resistance to antibiotics 

conferred by specific antibiotic resistance genes, the maintenance of persister cells and drug 

tolerance may occur by other mechanisms, such as intracellular persistence567. The transcriptomic 

analysis in this thesis demonstrated that during intracellular persistence within MDM, NTHi ST14 

modulated bacterial stress response pathways and downregulated ribosomal protein genes, which 

are often targets of antibiotics, such as the aforementioned azithromycin antibiotic. Therefore, 

identifying conserved pathways that are modulated during intracellular persistence across multiple 

strains of NTHi, not just the additional strains used herein, could uncover novel therapeutic targets 

to reduce the burden of persistent airway colonisation. 

8.1.2 Implications of NTHi-macrophage interactions for host immune responses in chronic 
respiratory disease 

In agreement with other studies, this thesis indicates that NTHi presence in vivo was associated 

with increased sputum neutrophilic inflammation. Neutrophilic asthma is an inflammatory sub-

phenotype associated with steroid-resistance, frequent exacerbations and more severe forms of 

disease. Corticosteroids have been shown to promote neutrophil survival in vitro568, which could 

account for the increased neutrophilic asthma phenotype in the severe asthma cohort used for this 

study as all patients were on high dose steroid therapy. Given the accumulating evidence of 

associations between neutrophilic asthma and NTHi64,86,87,347, and the data presented in this thesis 

providing further evidence for this, it raises the issue of the cause and effect paradox. Does 

neutrophilic inflammation, steroid use and associated airway damage promote NTHi colonisation, 

or does NTHi colonisation promote neutrophilic inflammation and the development of steroid-

resistant asthma?  

To try and unpick the complex mechanisms to this question, murine studies have investigated the 

development of neutrophilic disease following NTHi colonisation. NTHi infection of ovalbumin 

(OVA)-sensitised mice resulted in an influx of IL-17 expressing macrophages, neutrophils and 

lymphocytes, with eosinophilic inflammation reduced532. Despite an influx of immune cells during 

infection, NTHi infection was sustained in mice with allergic airways disease compared to non-

allergic mice154. The combination of allergic airways disease contributed to the emergence of a 

steroid resistant neutrophilic phenotype, suggesting the synergy between prior host allergic 

sensitisation and subsequent NTHi infection promotes development of neutrophilic disease. 

However, these aforementioned murine studies may be too short to ascertain whether the 

neutrophilic phenotype persists or if the neutrophilic inflammation was a transient event with 

inflammatory resolution occurring after the chosen study endpoint. Yang et al. (2018) extended the 

experimental endpoint to two months in a study using OVA-sensitised mice and repeated low dose 

infections of NTHi to model NTHi chronic colonisation of the airway462. As a consequence, by the 2 

month (56 day) endpoint, the inflammatory profile had switched from Th2-associated eosinophilic 
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inflammation to a Th17-associated neutrophilic inflammatory phenotype accompanied by Treg 

immunosuppression and impaired macrophage phagocytosis. Together, these murine studies 

suggest that the combination of allergic airways disease and NTHi infection drives the neutrophilic 

inflammation, with this inflammatory phenotype still present 2 months after the first NTHi 

exposure. 

As such, the development of neutrophilic asthma and chronic NTHi colonisation has implications 

for co-infection and exacerbations. In asthma patients, frequent, severe exacerbations are 

predicted to accelerate lung function decline over time569,570. Not only are neutrophils rapidly 

recruited to the lung during viral infection, they undergo degranulation causing cell lysis and airway 

damage47,68. Continual viral infection by influenza or RSV has been shown to increase neutrophil 

inflammation, a state which has been suggested to contribute to asthma exacerbations245,571. 

Furthermore, the presence of neutrophils prior to viral infection have also shown to influence 

infection outcomes. A recent study by Habibi et al. (2020) identified a transcriptomic signature of 

neutrophil activation was associated with increased susceptibility for RSV symptomatic infection 

using experimental RSV nasal inoculation of healthy volunteers572.  

This current work demonstrated significant upregulation of macrophage genes and enrichment of 

macrophage functional pathways for neutrophil recruitment in response to NTHi infection, with 

confirmation of protein release of IL-8, IL-17C and CCL20. The substantial release of CCL20 was such 

that it was unable to be quantified. In contrast, IAV infection alone did not induce release of IL-8, 

IL-17C or CCL20 from MDM to the same extent as NTHi infection alone. Furthermore, IL-8 in 

particular was released in significantly greater amounts from co-infected samples compared to IAV-

infected MDM. It could be postulated that NTHi-modulation of macrophage-neutrophil interactions 

may have dual consequences for respiratory tract viral infections. Firstly, the increased presence of 

neutrophils in severe, neutrophilic asthma may be driven by NTHi-infected macrophages during a 

stable period of disease. This neutrophil influx prior to viral challenge may result in delayed or 

impaired responses to a subsequent viral infection, as reported by Habibi et al.572. Secondly, 

macrophages may propagate the excessive inflammatory responses and airway damage 

characteristic of an asthma exacerbation by sustained and further recruitment of neutrophils. The 

interplay between NTHi-infected macrophages and other cells of the immune system, such as 

neutrophils, requires further exploration given the multi-faceted immune response.  

The cytokine IL-1β and the NLRP3 inflammasome have also been linked to neutrophilic asthma54,55. 

In this current work, upregulation of IL-1β gene and protein expression by NTHi-infected MDM and 

increased IL1B gene expression in NTHi+ BAL samples was detected. Thus, macrophages may play 

a prominent role in IL-1β-mediated inflammation in response to NTHi. Associations between NTHi 

and IL-1β are not limited to asthma, with higher levels of IL-1β measured in BAL samples from NTHi+ 

COPD patients compared to NTHi- COPD patients364. A recent study found increased neutrophils in 
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the airways of COPD patients colonised with H. influenzae573. As such, targeting the IL-1β pathway 

in chronic respiratory disease could attenuate the chronic inflammation caused by persistent NTHi 

colonisation. The notion of therapeutically targeting IL-1β in neutrophilic asthma has already 

progressed to clinical trials574. Use of an IL-1 receptor agonist reduced IL-1β, IL-6 and IL-8 sputum 

levels in healthy volunteers challenged with LPS575. However, further work is required to determine 

whether upregulation of inflammasome responses and IL-1β in chronic respiratory disease is NTHi-

specific or pan-bacterial, as IL-1 pathway interventions may only benefit a subset of patients with 

airway inflammation associated with NTHi-mediated IL-1 pathway activation. 

Additionally, macrophages are not the only target of IAV infection, with airway epithelial cells a 

primary target of IAV and release inflammatory mediators during infection576. Therefore, if similar 

mechanisms of macrophage restriction of IAV infection following NTHi challenge occurs in vivo, it is 

possible that the total viral load in the airway would not significantly decrease. In combination with 

increased NTHi load and sustained macrophage inflammation, the total inflammatory milieu 

present in the airway could contribute to an exacerbation. An epithelial-macrophage co-infection 

co-culture model could be useful in determining the cellular cross-talk that may occur during NTHi-

IAV co-infection in the airway. 

8.1.3 NTHi-IAV co-infection dynamics: friend or foe? 
Modelling colonisation of the airway preceding a viral infection, rather than a secondary bacterial 

infection from a new, opportunistic pathogen not previously present, was an important concept for 

this thesis. Although the role of commensals in modulating the host immune response has been 

explored340, it is less well known how the colonising potentially pathogenic bacteria influences and 

modulates the immune response to viral infection. In this thesis, NTHi modulation of the 

macrophage response resulted in activation of anti-viral immune responses which likely primed 

macrophages to better respond to the subsequent IAV infection, at least at the early time point 

studied. However, other mechanisms impacting on the infection processes may have resulted in 

the observed outcome of decreased IAV levels.  

A study by Gulraiz et al. (2015) found that pre-incubation of epithelial cells with NTHi subsequently 

resulted in increased rhinovirus infection, which was associated with NTHi-mediated upregulation 

of ICAM-1, which is the main cellular receptor for rhinovirus346. Previous work has shown that NTHi-

infection of MDM also causes ICAM-1 upregulation at the cell surface level234. Thus, NTHi-infected 

MDM may also be susceptible to infection with rhinovirus, however this possibility requires further 

exploration in this current model. Conversely, IAV binds to sialic acids present on host cells to 

facilitate attachment and entry into host cells577. NTHi also possesses a number of outer membrane 

proteins that bind to sialic acid, including Hia and HMW1/2 119,578,579. NTHi also utilises host sialic 

acid as a carbon source or to decorate NTHi LOS for immune evasion578. It has been established that 

human IAV strains generally preferentially bind to α2,6-linked sialic acid residues577, with NTHi 
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binding to α2,6- or α2,3-linked sialic acid residues depending on the differential expression of outer 

membrane proteins (HMW1/2 or Hia) by NTHi strains128,129. Therefore it is possible that sialic acid 

residues on receptors were occupied or utilised by NTHi in this current model, resulting in fewer 

sialylated receptors available for IAV entry into host cells. The modulation of macrophage or host 

cell responses and expression of cell surface receptors by colonising bacteria may indirectly alter 

the ability of viruses to attach and enter cells. Variation in respiratory tract virus tropism could 

partly explain the differences in results reported by co-infection studies using different 

combinations of pathogens. However, an intriguing concept is that the use of sialic acid by both 

NTHi and IAV to establish infection could in fact predispose the airway to infection by other 

respiratory tract pathogens such as S. pneumoniae, which has shown to co-infect the airway with 

NTHi580. Desialylation of epithelial cells following IAV infection was shown to result in increased S. 

pneumoniae adhesion to host cells581. This postulation of multiple pathogen interactions benefiting 

the contributing pathogens adds another layer of complexity to investigating bacterial-viral co-

infection in the respiratory tract. 

In contrast, the increased presence of NTHi following IAV co-infection was similar to the bacterial 

outgrowth observed during secondary bacterial infections252. Elucidating the mechanisms which 

result in bacterial proliferation following viral infection could help inform on how viruses 

compromise the ability of the immune system to control bacteria, not just in chronic respiratory 

disease, but also in the development of bacterial pneumonia in healthy individuals. Although 

activation of anti-viral immunity by NTHi appears to prime macrophages to better respond to a 

subsequent viral infection, it also indicates similarities in the macrophage response between NTHi 

and IAV, such as the similar induction of IFN responses. Thus, it is tempting to speculate that 

immune evasion strategies utilised by IAV will also be of benefit to NTHi. One such immune evasion 

strategy involves IAV NS1 protein binding to GBP1 to prevent macrophage intracellular inhibition 

of IAV replication512. GBP1 is also involved in the anti-microbial response by binding to bacteria or 

bacterial-containing vacuoles445, with GBP1 expression upregulated in response to all three 

pathogen combinations in this thesis. Unfortunately due to the transcriptomic nature of this work, 

protein-level inhibition of GBP1 by IAV or GBP1 binding to NTHi cannot be confirmed. However, 

given that the transcriptomic analysis identified GBP1 to be important in the MDM immune 

response to intracellular NTHi infection, it is tempting to speculate that IAV inhibition of GBP1 

facilitates NTHi escape from macrophage immune control.  

8.1.4 Host-pathogen cellular cross talk during infection may modulate immune responses 
This work has shown that NTHi infection of macrophages activated anti-viral immune responses 

that appeared to prime macrophages to better respond to the subsequent IAV infection. A recent 

study found that rhinovirus infection of epithelial cells 3 days prior to IAV infection effectively 

induced ISG expression and protected cells in an interferon-dependent manner582. Timing of IFN-β 
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responses have been shown to be crucial for restriction of viral infection. Addition of exogenous 

IFN-β to cell culture 16 h prior to IAV infection found that inhibitory effects on IAV replication were 

maintained up to 1 week in MDM497. Furthermore, a murine model of IAV and subsequent Influenza 

B virus (IBV) infection demonstrated significant protection to secondary IBV infection 3 weeks post 

primary infection, with protective immunity still detected, albeit reduced, at 6 weeks post initial 

infection583. Differences between these studies could be due to the experimental model used, with 

the murine model allowing for immune responses, such as IFN-β signalling497, to be explored in the 

context of the whole lung environment. As persistent NTHi infection in vivo has been detected for 

longer than the time frames used in these aforementioned studies, activation or priming of IFN 

pathways may wane, resulting in the loss of any ‘protective’ effect of NTHi modulation of 

macrophage immune responses by the time a viral infection occurs.  

Due to increased MDM release of cytokines and chemokines measured during NTHi infection, it is 

likely that the macrophages within this model system are communicating and signalling via these 

pro-inflammatory mediators. Moreover, this signalling may act to prime neighbouring cells prior to 

IAV infection. In addition to cytokine release, it has also become apparent that both host cells and 

pathogens are able to communicate through release of extracellular vesicles584. By packaging 

various lipids, proteins and RNA into vesicles, cells can effectively communicate the presence of an 

infectious agent either locally or systemically584. Studies using Mycobacterium tuberculosis (Mtb) 

and Mycobacterium avium have shown that Mycobacterium PAMPs packaged into extracellular 

vesicles were detected in neighbouring cells and were associated with stimulation of a pro-

inflammatory response in these uninfected/neighbouring cells585,586.  

Although uninfected/neighbouring cell activation could be due to extracellular vesicle-derived 

PAMP recognition, host mRNA and microRNA (miRNA) packaged and released in extracellular 

vesicles can have transcriptional and translational functional effects on host target cells584. miRNA 

are small non coding RNA which epigenetically regulate gene expression587. It has been identified 

that disease-associated changes in the miRNA composition of extracellular vesicles isolated from 

BALF in COPD and asthma, which could suggest secreted vesicles contribute to the dysregulation of 

airway inflammation and disease progression588,589. However, pathogens such as Mtb have 

developed mechanisms to disrupt a variety of host responses; interference with extracellular 

vesicles are no exception. Mehra et al. (2013) demonstrated the ability of Mtb to disrupt part of 

the machinery in the macrophage endolysosomal pathway involved in directing cargo destined for 

multivesicular bodies, which may alter the formation of exosomes590. As a lack of MDM 

transcriptomic data for late endosomal markers was found in chapter 4, the possibility of NTHi 

subverting extracellular vesicle development is an interesting prospect and cannot be excluded. 

Similarly to miRNA, long non-coding RNA (lncRNA) can also be transported in extracellular vesicles 

and epigenetically regulate gene expression, despite initially being considering as ‘junk RNA’587. Ilott 
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et al. (2014) characterised the lncRNA transcriptome in LPS-stimulated monocytes and identified a 

variety of lncRNAs to be differentially expressed, including two lncRNA which regulated the 

transcription of IL1B and IL8 and subsequent mediator release by a yet to be identified 

mechanism591. Given that these two inflammatory mediators were highly upregulated during both 

NTHi and co-infection, and are elevated in severe, neutrophilic asthmatics, determining their 

regulation by lncRNA could provide useful insights into how to reduce inflammation in the 

chronically colonised asthmatic airway.  

Gram-negative bacteria also have the capacity to release outer membrane vesicles (OMVs). 

Respiratory tract pathogens including NTHi and M. catarrhalis secrete OMVs containing virulence 

factors which are able to modulate host responses whilst avoiding direct bacteria-host cell contact 
592,593. M. catarrhalis OMVs have been shown to contain β-lactamase, which conferred protection 

to NTHi from β-lactamase antibiotic action during co-culture of NTHi with M. catarrhalis OMVs594. 

As only up to 55% of NTHi strains express β-lactamases, co-infection of the airway with other 

bacteria such as M. catarrhalis could be beneficial for enhanced survival108. NTHi OMVs specifically 

have been shown to contain DNA, OMP P5, IgA endopeptidase, serine protease, and heme 

utilization protein which stimulates release of IL-8 from epithelial cells593. However, as the majority 

of studies on bacterial OMVs have focussed on extracellular bacteria, the role of NTHi OMVs during 

intracellular residence is relatively unknown. Release of NTHi OMVs may be a mechanism more 

involved in the initial stages of host cell entry and invasion, rather than intracellular persistence. 

Nonetheless, the release of extracellular vesicles by macrophages and NTHi has important 

implications for host-pathogen cross talk during infection in the respiratory tract and requires 

further exploration.  

8.1.5 Potential role for trained innate immunity during co-infection 
The mechanism of immune paralysis or tolerance is one such process that could result in NTHi 

proliferation following co-infection. Immune paralysis/tolerance arises from epigenetic 

modifications of immune response genes, which can include histone modifications or DNA 

methylation587. Other recognised epigenetic modifications now include the role of miRNA and 

lncRNA, which were discussed previously in 8.1.4. Immune paralysis/tolerance results in cells less 

responsive to a secondary stimulation; exposure of monocytes to LPS for 24 h resulted in lower 

amounts of TNF-α and IL-6 production upon secondary immune stimulation177. Transcriptomic 

analysis of monocytes from sepsis patients and in a sepsis mouse model demonstrated that 

tolerance was not due to failure of signalling pathways, but rather that immunosuppressive 

signalling following primary infection contributed to the inability for cells to effectively respond to 

a second infectious challenge595. More specifically, a further study found that following stimulation 

with LPS, macrophages undergo histone modifications at the promoter regions of IL-1β and TNF-α, 

which reduces the ability of macrophages to respond to second LPS challenge596. A study has 
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recently demonstrated that immune paralysis/tolerance contributes to reduced phagocytosis in 

monocytes isolated from patients cured from sepsis and then stimulated ex vivo with E. coli and S. 

aureus597. This same study also showed mouse alveolar macrophages (AM) from a murine model of 

pneumonia also exhibited a phagocytic defect up to 28 days after onset of the first pneumonia597.  

In contrast, studies have shown that monocyte/macrophage exposure to a specific challenge such 

as β-glucan, a component of the cell wall of bacteria and fungi, induced immune training. Immune 

training for lung macrophages is a relatively unexplored topic, with immune training or memory 

more associated with the adaptive arm of the immune response598. Priming with β-glucan induced 

trained immune cells with enhanced inflammatory responses, with secondary exposure to β-glucan 

resulting in reversal of the tolerance phenotype induced by LPS595. Comparisons between LPS and 

β-glucan challenge found that macrophages undergo differential ‘training’ resulting in diverse 

transcriptomic and epigenetic profiles depending on the type of stimulus, with the local 

inflammatory environment involved in the maintenance of this trained immunity595,597.  

Such a phenomenon may be occurring during NTHi-IAV co-infection, however the time points used 

in this current work may have been too acute. The data could suggest that infection of MDM with 

NTHi for 6 h, and the continued presence of NTHi until 24 h induces trained MDM immunity prior 

to IAV challenge, shown by inhibition of IAV infection at 48 h. However, the increased NTHi 

presence in this model following co-infection was more reminiscent of immune tolerance, with 

dysregulated inflammatory responses resulting in bacterial outgrowth. One caveat to this 

postulation is that the MDM would have already been exposed and cultured in GM-CSF for the 12 

days prior to NTHi infection. Therefore, MDM used in this current work may respond differently to 

NTHi, IAV and co-infection compared to the naïve monocytes used in the aforementioned studies 

that were first stimulated with LPS or β-glucan. Novakovic et al. showed that β-glucan reversed the 

LPS-induced tolerance of macrophages, hence, it is possible that stimulation with NTHi and/or IAV 

may be re-writing the original GM-CSF generated macrophage phenotype595. 

Furthermore, the concept of trained immunity highlights potential further differences between the 

MDM used in this work and AM; macrophages resident in the lung environment may have already 

been ‘trained’ by previous exposure in vivo and may therefore respond differently to MDM177. For 

example, Watson et al. (2020), required a higher PFU of the same IAV strain to achieve AM infection 

levels comparable to MDM497. GM-CSF is commonly used to differentiate monocytes into lung-like 

macrophages, as GM-CSF is important for maintenance of AM function and phenotype in vivo166,357. 

Roquilly et al. (2020) demonstrated that the local inflammatory environment was responsible for 

maintenance of trained immunity597. Therefore, the inflammatory lung environment in asthma, 

which could involve the chronic presence of potentially pathogenic bacteria, may be compromising 

macrophage function through dysfunctional or impaired trained immunity. Roquilly et al. also found 

that a lower number of monocytes were able to phagocytose bacteria even 6 months after 
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resolution of systemic inflammation in sepsis patients. Given that numerous studies have shown 

dysfunctional macrophage phagocytosis in asthma247,454, the impact of chronic NTHi presence on 

the balance between macrophage immune tolerance and trained immunity requires further 

exploration, as this could help explain why respiratory tract pathogens are able to persist in the 

lung.  

8.1.6 Implications of bacteria-virus co-infection in the respiratory tract 
This work has identified unique patterns of MDM immune responses depending on the pathogen 

or pathogen combinations used. A sustained macrophage inflammatory response was measured in 

co-infected macrophages that was not present in IAV-infected macrophages, whereas independent 

NTHi and IAV infection resulted in two distinct inflammatory responses. This indicates that NTHi 

infection of macrophages prior to IAV infection alters the subsequent MDM immune response to a 

different profile that would not be elicited if IAV infection occurred independently. This has 

important implications for studying host-pathogen interactions; responses observed and measured 

in vitro may in fact be distinct from and may not necessarily reflect in vivo biology. Of course, this 

work only uses macrophages in cell culture and as the respiratory tract is composed of a multitude 

of cell types in a 3D lung architecture, additional factors may influence co-infection progression in 

vivo. Nonetheless, this raises the question of whether the dysregulated inflammation occurring 

during exacerbations normally deemed to be ‘virally-driven’ is actually driven by the previously 

colonising bacteria, the virus or a combination of both. Elucidating the main driver of airway 

inflammation during exacerbations may influence the course of treatment or therapies given to 

patients during exacerbations.  

As previously discussed in chapter 5, the responses observed in this thesis are reminiscent of 

secondary bacterial infection following viral infection. Secondary bacterial infections were 

commonly identified as the cause of death during the 1918 IAV pandemic, rather than the virus 

itself, which also appeared to disproportionally effect younger, ‘healthier’ individuals252. As such, 

the results of this thesis are not just relevant for co-infection contributing to exacerbations of 

chronic respiratory diseases, but also the impairment of lung immunity following viral infection 

resulting in bacterial outgrowth and bacterial pneumonia. A study by Murphy et al. (2004) 

demonstrated the difficulty in accurately detecting persistent airway microbial colonisation; their 

longitudinal study sampling the adult COPD lung found evidence of NTHi colonisation that appeared 

to disappear during subsequent sampling but the same initial strain reappeared during later 

sampling134. The method used to confirm positive NTHi samples was microbiological culture of 

sputum samples. It is possible that NTHi adaptation to persistent infection resulted in difficulty in 

culturing the isolated pathogen. Or perhaps, NTHi load was too low to be accurately detected by 

culture, a limitation overcome by recent advances in microbiome profiling by sequencing 

techniques. Nonetheless, it is clear that rather than focussing on the acquisition of bacterial 
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pathogens following viral infection, future studies need to consider the outgrowth of already 

present colonising bacteria in the lung, which due to low biomass in the lower respiratory tract, can 

often be difficult to detect.  

Although NTHi and IAV used in this thesis are both clinically relevant pathogens for severe asthma, 

individuals – both healthy and with chronic respiratory disease – can be colonised and infected by 

a wide array of pathogen combinations which can influence the host immune response. NTHi co-

infection with other viruses, such as RSV has also been identified, with in vitro work demonstrating 

that RSV infection was reduced in epithelial cells pre-incubated with NTHi345. However, this same 

study did not find any differences when epithelial cells were infected with IAV after NTHi infection. 

Potential airway interactions between NTHi and rhinovirus have also been suggested, with the 

AERIS COPD cohort study identifying increased risk of exacerbation was associated with presence 

of both NTHi and rhinovirus332. This cohort study demonstrates the real-life applications of the 

bacteria-virus co-infection in vitro studies, indicating the potential for NTHi chronic colonisation of 

the airway to modulate host responses to viral infection in vivo.  

Although potentially pathogenic bacteria such as NTHi, S. pneumoniae and M. catarrhalis are 

present in increased abundance in the airways of individuals with chronic respiratory disease, such 

pathogens have also been suggested to be members of the ‘heathy’ lung microbiome. It is not clear 

how multiple potentially pathogenic bacteria colonise the same niche and whether they are in 

direct competition or facilitate co-colonisation. Associations between these potentially pathogenic 

bacteria in vivo are apparent, with a whole genome study identifying increased NTHi carriage in 

children following the introduction of the pneumococcal vaccine502. Co-carriage of bacteria can be 

beneficial to both pathogens, with in vitro work demonstrating that M. catarrhalis secreted OMVs 

contained M. catarrhalis-derived proteins which were able to protect NTHi from complement-

mediated killing599. This cross-pathogen protection provides further evidence of pathogens 

modulating the immune response to a co-infecting pathogen, in this instance allowing for enhanced 

survival of NTHi. Multiple pathogen dynamics have also been demonstrated in a chinchilla model 

of OM. Animals challenged with NTHi, M. catarrhalis and RSV were found to exhibit more severe 

disease characteristics and enhanced persistence of M. catarrhalis in the middle ear of 

chinchillas600. Thus, considering the impact of multiple bacteria colonisation of the airway on the 

host immune response may also include modulation of responses to resident bacteria, not just 

viruses.  

8.1.7 Implications of NTHi airway persistence and viral coinfections for early life asthma 
development 

Although this work focuses specifically on NTHi and subsequent viral infection of macrophages and 

the implications for asthma exacerbations, NTHi presence at a young age has been associated with 

development of asthma in later life24. One of the seminal papers sequencing the lung microbiome 
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in asthma was published by Hilty et al. (2010), who identified increased abundance of Haemophilus 

in both adult and children25. However previous work had identified rhinovirus to be significantly 

predictive of asthma development, which has resulted in more of a focus on early life viral 

infections601–603. Retrospective studies have identified children with early life RSV infection, 

particularly those requiring hospitalisation, to be more at risk of asthma development 604. Although 

early life RSV and rhinovirus infection had been associated with the increased risk of asthma 

development in later life, emerging studies and the co-infection data in this thesis indicate that the 

modulation of the immune response to viral infection by the pre-colonising airway microbiota, such 

as NTHi, requires consideration and further investigation.  

The potential role of trained immunity in the macrophage response to secondary infection was 

discussed in Section 8.1.5. As mentioned previously, an efficient and timely IFN response is crucial 

in restricting viral infection, with epigenetic modifications also involved in modulation of IFN 

responses. Pre-treatment of human bronchial epithelial cells with IFN-γ inhibited RSV infection, 

which was shown to be associated with reduced methylation of the RIG-I promoter, with elevated 

RIG-I mRNA levels detected for up to 4 days after removal of IFN-γ605. Similarly, IFN-β stimulation 

of cells resulted in increased histone chromatin marks on numerous ISGs and immune memory that 

was sustained in macrophages606. Although this macrophage immune memory was associated with 

a faster induction of ISGs in cells exposed to a second IFN-β stimulation, the memory response was 

different to the initial response, with a number of ISGs not responding following a secondary 

stimulation.  

The local environment appears to be important for maintenance of trained immunity or tolerance, 

with different stimuli altering the overall programme of macrophage immune defences177. It is not 

clear whether the epigenetic profile induced by one stimulus would provide an enhanced or even 

detrimental response to a different, secondary stimulus. Thus, the early life colonisation of the 

airway by bacteria such as NTHi, may modify the epigenetic profile of macrophages, resulting in an 

altered response to a virus. As mentioned previously, this current model was too acute to derive 

any conclusions surrounding the longer term implications of NTHi persistence on macrophage 

epigenetic modifications and the response to a subsequent viral infection in vivo. NTHi in vivo 

airway persistence occurs over months and years421, so it will be important to ascertain how NTHi 

persistence over this long duration impacts on the epigenetic modifications of macrophage immune 

responses.  

Conversely, rather than increased abundance of potentially pathogenic bacteria, the absence of 

commensal bacteria may result in impaired immune development and responses to viral infection 

in early life. The importance of the commensal bacteria members of the microbiome for efficient 

immune responses to infection has been shown in antibiotic-treated mice which displayed altered 

immune responses to respiratory viral infection88,340. Specific commensal lung bacteria, such as 
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Prevotella, elicit lower levels of inflammation compared to NTHi607, with Prevotella spp. able to 

modulate dendritic cell responses to NTHi during co-culture, suggesting host cell-commensal 

bacteria cross-talk modulating the immune response to a pathogen608. Therefore, the loss of 

commensal species and gain of potentially pathogenic bacteria may modulate host immune 

responses. Removal of species from an environmental niche alters the ecological structure of the 

microbiome. Consequently a new pathogen colonising the now-vacant niche arrives and 

dominates; the removal of Hib through a successful vaccination programme has likely resulted in 

the increased prevalence of NTHi in disease114. Given that the presence of Prevotella spp. was 

sufficient to dampen aspects of the host response607, it poses the question whether complete 

eradication of NTHi (by vaccine for example) is required, when instead promoting the restoration 

of commensal species may result in more favourable outcomes. 

8.1.8 Role for macrophage immunometabolism during infection 
Immunometabolism is an rapidly emerging field, with rewiring of macrophage metabolic pathways 

fundamental for key macrophage functions420. This work initially demonstrated increased 

metabolic activity in response to NTHi infection using a MTS assay and measurement of LDH release 

into culture supernatants. WGCNA also identified transcriptomic modulation of metabolic 

pathways, with a specific cluster (cluster III) significantly functionally enriched. This cluster included 

specific biological process GO:terms such as oxidative phosphorylation, mitochondrial ATP 

synthesis and cellular respiration, with cellular component GO:terms relating to the mitochondrion 

similarly enriched. 

Moreover, ACOD1 was one of the top most significantly upregulated MDM genes at 6 h and 24 h, 

which encodes for a cis-aconitate decarboxylase involved in the production of itaconate from cis-

aconitate produced in the TCA (Kreb) cycle609. Itaconate inhibits succinate dehydrogenase (SDH), 

resulting in accumulation of succinate and diversion of macrophage metabolism towards aerobic 

glycolysis610. ACOD1 was previously designated IRG1 (immune responsive gene 1) as it appeared to 

play an unknown function in the inflammatory immune response, with increased gene expression 

in LPS stimulated macrophages611. However, Michelucci et al. (2013) confirmed itaconate is an 

antimicrobial metabolite, capable of restricting growth of Mtb and Salmonella enterica609. Studies 

by Nair et al. (2019) and Hoffman et al. (2019) also demonstrated that ACOD1 expression was 

important for the host response to Mtb infection612,613. Recent work by Hersch and Navarre (2020) 

demonstrated the ability of Salmonella to sense and respond to macrophage itaconate by 

expression of itaconate degradation proteins614. It is not known whether NTHi is similarly able to 

interfere with ACOD1/itaconate regulation of macrophage inflammatory processes, however the 

presence of genes for itaconate degradation in numerous other bacteria suggests this possibility615. 

Other than direct antibacterial properties, a role for itaconate in modulating inflammatory 

processes has been suggested. Itaconate activates the Nrf2 pathway to induce the transcription of 



Chapter 8 

230 

anti-inflammatory and antioxidant genes616 and can inhibit activation of the NLRP3 inflammasome 

to reduce IL-1β cleavage and release617. Itaconate and interferon regulation is also linked, with Mills 

et al. (2018) suggesting a feedback mechanism of itaconate regulating interferon signalling, which 

in turn limits further gene expression and production of itaconate616. This current work could 

indicate the immunoregulatory properties of ACOD1; ACOD1 was highly upregulated at 6 h and 24 

h, whereas expression of the type I IFNs were more lowly expressed or downregulated at 24 h in 

response to NTHi. However, in contrast to itaconate-mediated blocking of NLRP3 activation and IL-

1β release observed by Hooftman et al. (2020), IL-1β release was not restricted and was 

upregulated during NTHi and co-infection of macrophages at 48 h617. This difference could be due 

to the high MOI of NTHi used to infect MDM. Muri et al. (2020) demonstrated that high dose of 

Nrf2 activators resulted in increased apoptosis and IL-1β release, whereas low dose inhibited pro-

inflammatory cytokine transcription618. The role of macrophage-derived itaconate in chronic lung 

disease has not been fully explored. Recently, airway itaconate levels and expression levels of 

ACOD1 were found to be decreased in AM from patients with IPF compared to controls619. Given 

the impaired AM immune response in asthma, investigating the role of itaconate in regulating 

inflammatory responses could elucidate a mechanism behind this impairment.  

8.2 Translational impact of the study 

The findings of this study may have important applications for developing and designing further 

studies, therapeutics or trials to address clinical needs and improve health outcomes in individuals 

with chronic respiratory disease. The translational impact of this work is discussed below.  

Firstly, the host-pathogen dynamics occurring between MDM, NTHi and IAV identified potential 

mechanisms underlying chronic airway inflammation and exacerbations in chronic respiratory 

disease. This work suggests that NTHi persistence following invasion of macrophages may 

contribute to the chronic airway inflammation characteristic of chronic respiratory diseases such as 

asthma and COPD. Macrophages continued to elicit a pro-inflammatory responses up to 48 h after 

initial NTHi challenge, with certain macrophage inflammatory genes also found to be more highly 

expressed in severe asthmatics determined to have presence of NTHi. Furthermore, this work not 

only demonstrated differences in macrophage responses to IAV and NTHi individually, but the 

presence of both pathogens further alters the macrophage response. As the highest levels of 

macrophage inflammation were present in co-infected samples when compared to uninfected, it is 

possible that NTHi presence may predispose individuals to an exacerbation following viral infection. 

For example, the AERIS COPD cohort study identified increased exacerbation risk to be associated 

with presence of both NTHi and rhinovirus332. The AERIS cohort study demonstrates the potential 

for NTHi chronic colonisation of the airway to modulate host responses to viral infection in vivo, 

which can be explored further by bacteria-virus co-infection in vitro models, as developed in this 

current work. The implication of NTHi modulation of host responses is important; although it is 



Chapter 8 

231 

believed that the majority of exacerbations are virally-driven, it is possible that bacteria such as 

NTHi contribute to the excessive and dysregulated inflammatory response occurring during 

exacerbation of disease. As such, these findings suggest that reducing NTHi burden in the lung may 

reduce airway inflammation and risk of exacerbation.  

Secondly, this work identified potential NTHi therapeutic targets to reduce airway bacterial burden. 

Although commonly used, antibiotic therapy has shown to be ineffective at completely clearing 

NTHi348. The AMAZES trial demonstrated that azithromycin treatment reduced asthma 

exacerbations620 and H. influenzae load621. However, the work in this thesis showed that NTHi 

downregulated expression of ribosomal protein genes, which are the target of azithromycin. Thus, 

it is possible that azithromycin will not be effective against intracellularly located and adapted NTHi. 

Worryingly, the AMAZES study also found increased carriage of antibiotic-resistance genes621, a 

reminder that with increasing rates of AMR, it is important to investigate other avenues of 

antimicrobial therapy. The findings detailed in this thesis could contribute to designing better 

antimicrobial therapies against NTHi, with numerous NTHi genes and pathways upregulated during 

intracellular persistence which could be investigated further as targets for therapeutic intervention. 

As previously mentioned, the top upregulated NTHi gene during intracellular persistence, bioC, is 

involved in biotin synthesis pathway, components of which are absent in humans and could 

therefore be attractive targets to interfere with the ability of NTHi to persist within the airway. 

Although identification of initial targets of interest through to eventual use as therapeutics can take 

years, the dual RNASeq data set generated in this work can be used as a resource to identify 

potential targets that can be taken forward into drug development pipelines for validation.  

Finally, the findings of this work could provide a rationale for stratifying asthma patients based on 

NTHi presence. Transcriptomic analysis of the macrophage response to NTHi identified 

upregulation of IL-1 and non-canonical inflammasome signalling pathways. Components of the IL-

1 and inflammasome pathways are also upregulated in asthma55, but the mechanisms accounting 

for this upregulation have not been identified. Given that IL1B gene expression was higher in severe 

asthmatics with detected NTHi presence, it is possible that NTHi intracellular invasion of 

macrophages is the source of inflammasome activation and enrichment of IL-1 signalling pathways 

in vivo. Thus, it could be useful to stratify patients based on NTHi presence, which could improve 

the efficacy of IL-1 therapies that so far have shown to be ineffective in asthma622. In particular, 

individuals with airway NTHi presence who have not yet developed a T17 inflammatory phenotype 

may benefit from anti-IL-1β therapy, to prevent the progression towards neutrophilic, steroid 

resistant disease. Ascertaining whether the transcriptomic signal identified in this work is predictive 

of a switch to T17 inflammation using a larger, longitudinal cohort could identify a subset of 

asthmatics who could benefit from IL-1 therapy.  
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8.3 Limitations of the study 
One of the main limitations of this study was the use of MDM to model lung macrophages. Although 

MDM have been extensively used and display similar phenotypes and responses to AM250,356,357, 

there are dissimilarities between the two cell types. As previously mentioned, in order to achieve 

comparable levels of infection, Watson et al. (2020) infected AM with just over ten times higher 

PFU/ml of IAV compared to MDM497. Therefore, AM do not appear to be as permissive to IAV 

infection as MDM277,623. The more restrictive phenotype of AM isolated from the lung could be a 

consequence of the lung environment ‘training’ of lung-resident macrophages, as discussed 

previously. Hence, responses of AM to NTHi-IAV co-infection may differ to MDM, with potential 

disease impairment, such as diminished IFN responses and phagocytic impairment, also likely to 

contribute to different responses between cell types from health and disease. However, as 

obtaining AM by bronchoscopy is invasive for patients and can potentially result in too low a yield 

for infection model optimisation, the majority of work in this thesis was performed using the more 

readily available and accessible blood-derived MDM model.  

Furthermore, the model may be too acute to consider long term implications of NTHi infection and 

subsequent viral infection. Due to technical and financial limitations, only two time points were 

able to be taken forward for sequencing. As 6 h and 24 h allowed for exploration of NTHi 

transcriptomic adaption to intracellular infection, these two time points were chosen. 

Subsequently, as macrophage responses to the NTHi infection were characterised at the 24 h time 

point by dual RNASeq, this time point was chosen to add IAV to assess the impact of co-infection. 

However, as discussed previously, the timing of immune responses and pathogen challenge could 

influence infection outcomes. Therefore, the results observed in this thesis may not be 

representative of a chronic infection in vivo. Similar short time periods between co-infecting 

pathogens have been used in previously published studies345,511, however longer time courses 

determining the point at which modulation of the macrophage by chronic NTHi no longer restricts 

the IAV infection is warranted.  

In this study, three time points were investigated in the optimised infection model (6 h, 24 h and 

48 h). Due to the time periods of infection (6 h NTHi infection, 2 h IAV infection), gentamicin wash 

and subsequent culturing, the 6 h time point represented supernatants harvested after 6 h 

incubation, the 24 h time point represented supernatants harvested after 16.5 h of incubation and 

the 48 h time point represented supernatants harvested after 22 h of incubation. Exploring longer 

or multiple intermediate time points would overcome the limitation surrounding the dynamics of 

gene expression and protein synthesis and release. For example, IL-17C is suggested to function as 

an innate-like cytokine as it is induced during the early phases of infection624. This early role was 

mirrored in this current work, as IL-17C was only detected at 6 h and 24 h in response to NTHi, but 

not at 48 h. Conversely, the release of some cytokines may not ‘peak’ until later in the time course.  
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Some inflammatory mediators may accumulate in the cell culture supernatant and may not 

undergo the rapid recycling that might occur in vivo, resulting in saturation of the infection model 

system. As such, these proteins would be measured in higher abundance in cell culture 

supernatants harvested after 22 h of infection, compared to harvest after only 6 h. These limitations 

must be considered when determining absence or presence of cytokines and their contribution to 

the MDM inflammatory response. The wide range of mediators analysed in this work are likely to 

have a range of different regulatory processes, of which this current work was not designed to 

assess. 

To try and overcome the limitations of the MDM model, BAL samples obtained from severe asthma 

patients were used to confirm the results of the transcriptomic analysis of NTHi-MDM infection. 

However, there are a number of cofounding variables when using these samples. Firstly, the low 

sample number combined with the heterogeneous nature of asthma could have resulted in 

difficulties determining significant changes between samples colonised due to the underlying 

disease differences. As previously discussed, Simpson et al. (2014) found higher levels of CASP4 and 

IL1B in neutrophilic asthmatics compared to eosinophilic or paucigranulocytic inflammatory 

phenotypes55. The small cohort size in this thesis did not allow for stratification based on 

inflammatory status. Similarly, although this work was primarily concerned with differences in 

immune responses in severe asthma, the lack of available healthy controls did not allow for 

determination of whether gene pathways in asthma were already dysregulated (e.g. IFN 

responses). 

Another drawback of only having access to RNA from the BAL cell pellet was that the impact of 

NTHi-IAV infection of AM from severe asthma patients could not be assessed. Functional work using 

freshly isolated AM from asthma patients could better determine whether similar responses to 

MDM co-infection occur in AM. Comparing responses between AM from healthy and asthma 

individuals would also give a better indication as to whether the differences would be due to the 

cell type (AM vs MDM) or intrinsic disease impairments (e.g. IFN responses). Similarly, the impact 

of steroids on the expression of the genes identified in the dual RNASeq was not able to be assessed. 

As all BAL samples were obtained from severe asthmatic patients, the potential impact of high dose 

inhaled steroid use on BAL gene expression must be appreciated when considering these results.  

The expression of a small set of genes identified as important for NTHi persistence between 6 h and 

24 h remained consistent at 48 h, however this time point could still be too early to be defined as 

persistence. Although these genes appeared to be crucial in establishing the persistent infection 

within macrophages between 6 h and 24 h, extending the duration of infection would confirm 

whether these genes remain stably expressed throughout longer intracellular persistence of MDM. 

As such, this could be why no expression of NTHi genes in BAL samples could be reliably detected; 

further transcriptomic changes may have occurred past the time points chosen in this current study 
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and the genes identified in the dual RNASeq analysis were no longer differentially expressed in vivo. 

Extending the NTHi intracellular persistence MDM model would allow for exploration of this 

possibility, as would sequencing the asthmatic BAL samples, which would allow for better coverage 

of NTHi transcripts and evaluation of NTHi gene expression during airway colonisation.  

8.4 Further work 
One of the main outstanding questions from this work is to determine whether AM isolated from 

NTHi-colonised asthmatic individuals respond to IAV infection in line with the results observed for 

MDM co-infection. Sorting of AM from BAL by fluorescence-activated cell sorting (FACS) would 

allow for a pure population of AM cells to be isolated and stimulated ex vivo with IAV as previously 

described497. Depending on the number of AM available, RNA could be harvested for transcriptomic 

analysis, cells harvested for flow cytometry analysis of IAV infection levels and relevant cell surface 

marker expression and cell culture supernatants harvested to assess AM inflammatory mediator 

release.  

Similarly, the MDM in vitro experimental work in this thesis was performed using healthy 

volunteers, however all of the asthma patients in the WATCH study were taking steroids. As such, 

it was not clear whether the lack of differences in the expression of some genes between NTHi+/- 

groups was due to the immunosuppressive effects of steroids. Although steroids are a commonly 

used treatment in chronic respiratory diseases such as asthma and COPD, steroid used is linked to 

increased incidence of community-acquired pneumonia625.  A recent study concluded that having 

asthma was associated with three times higher risk of being hospitalised for pneumonia, with 

particular ICS compounds identified as a risk factor626. Although there is good evidence for ICS in 

reducing exacerbations627, inhibition of immune responses and inflammation via ICS therapy may 

have an undesired effect of suppressing immune responses to potentially pathogenic bacteria 

present in the airway.  One of the suggested actions of ICS is to inhibit NF-Kb activation625, a central 

transcription factor important for the response to respiratory pathogens such as NTHi and S. 

pneumoniae, two pathogens implicated in community acquired pneumonia625,628.   

Therefore, it would be of interest to perform further work assessing whether the presence of 

steroids alters the MDM response to NTHi infection, and what impact this may have on a 

subsequent IAV infection. Previous work has demonstrated that incubation of NTHi-infected MDM 

with either fluticasone propionate or budesonide resulted in decreased macrophage cell surface 

expression antigen presenting molecules and decreased release of IL-1β199,234. It is tempting to 

speculate that NTHi-induced priming of MDM anti-viral responses may not occur due to 

immunosuppressive effects of steroids, thus IAV infection may not be decreased.  

It would be important to ascertain whether the transcriptomic changes identified during infection 

were functionally relevant. The majority of the work in this thesis is transcriptomic data and would 
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greatly benefit from functional work confirming the role of specific genes or pathways identified in 

this thesis. As early NTHi activation of MDM anti-viral pathways – namely type I IFN pathways – and 

release of IFNs likely primed MDM to respond to a subsequent viral infection, it would be important 

to confirm this analysis by blocking MDM release of IFNs during NTHi infection, to prevent IFN 

stimulation of MDM prior to IAV challenge. Blocking IFN-β signalling could be achieved by addition 

of an IFN-β neutralising antibody to capture soluble IFN-β, preventing secreted IFN-β from binding 

to cells and inducing cellular signalling using a similar technique described by Wallington et al. 

(2018)352.  

A different approach may be to silence IFNB expression by transfecting MDM with short interfering 

(si)RNA to inhibit IFN-β mRNA expression as previously used by Staples et al. (2015)351. Alternatively, 

the CRISPR-Cas9 gene editing technology could be utilised to knock out the IFN-β gene. The 

feasibility of using CRISP-Cas9 genome editing in human macrophages has recently been reported 

by Freund et al. (2020), who optimised a protocol targeting B2M in monocytes obtained from the 

blood of healthy volunteers using a CRISPR-Cas9 system629. Monocytes were first nucleofected with 

B2M-specific Cas9 complexes and were subsequently differentiated into macrophages in the 

presence of M-CSF. This methodology resulted in a B2M KO efficacy of ~90%, without the need for 

further cell selection or purification. Alternatively, the interferon-αβ receptor could be knocked 

down. Receptor knockdown in MDM has been demonstrated by Cooper et al. (2016) who used 

siRNA to reduce both CD36 mRNA and subsequent cell surface expression levels in MDM240. 

However, receptor knockdown may also prevent IFN-α signalling, which could mean that any 

changes observed may not solely be due to inhibition of IFN-β signalling.  

Functionally confirming the role of the top identified NTHi genes during intracellular infection 

would be important when considering these genes or pathways as potential therapeutic targets. 

Mutagenesis methods include introducing a mutation into a target gene of interest to generate 

bacteria that no longer express the gene of interest, in order to confirm or further explore the 

suggested role of the target gene. For example, Murphy et al. (2006) constructed an OMP P6 H. 

influenzae mutant to assess the proposed cell wall structural role of OMP P6 in maintaining bacterial 

viability630. Generation of NTHi mutants lacking the top gene bioC, and then comparing the ability 

of NTHi bioC KO mutants and NTHi expressing bioC to infect and persist within MDM, would aid in 

confirming the importance of the bioC gene and the biotin pathway for NTHi intracellular 

persistence.  

As discussed previously, the lung microbiome is a rich environment, with many commonly isolated 

pathogens appearing to cohabit the lung. It has been suggested that NTHi and M. catarrhalis co-

culture results in protective benefits from host-mediated immune responses. This current work 

identified potential NTHi co-infection of asthma BAL samples with other unidentified bacteria. 

Together with S. pneumoniae, NTHi and M. catarrhalis are the most commonly isolated pathogens 
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from individuals with chronic respiratory disease. As such, these bacteria have also been implicated 

in exacerbations and have been found to be co-infecting with IAV, RSV and rhinovirus, all viral 

drivers of exacerbations. The MDM model has previously been used to investigate host responses 

to other pathogens including S. pneumoniae, M. catarrhalis and RSV240,350. Furthermore, it has been 

shown that the duration of M. catarrhalis carriage in individuals with COPD is much shorter than 

that of NTHi. The median carriage of M. catarrhalis was reported to be only 34 days631, whereas 

another study found NTHi persisted for a median of 161 days421. Given the clinical relevance of 

these pathogens, the current optimised infection model and associated techniques used in this 

thesis could be utilised to investigate whether these various pathogens and different pathogen 

combinations uniquely modulate MDM responses. 

The transcriptomic data set produced in this thesis provides a rich resource for exploration of other 

research questions focussed on investigating host-pathogen interactions. The MDM analysis in this 

thesis was only performed using the protein coding genes. However, the full read count list included 

over 60,000 transcripts, some of which were lncRNA. As mentioned in Section 8.1.4, lncRNAs were 

originally considered ‘junk’ RNA but have since been demonstrated to have diverse functional 

effects632. Determining the expression of lncRNA in response to NTHi may increase our 

understanding of how macrophage gene expression is regulated during intracellular infection. 

Future work analysing the differentially expressed lncRNAs in this data set may unveil lncRNAs that 

are master regulators of the upregulated MDM intracellular immune response pathways. This 

analysis could provide useful insights into which pathways to therapeutically target to reduce 

inflammation in the chronically colonised asthmatic airway. 

Similarly, mapping of transcripts to the NTHi ST14 draft genome assembly by Novogene identified 

a number of novel NTHi genes in the dual RNASeq data set. Unfortunately, determining the 

relevance and potential function of these genes was beyond the scope of this current project, 

however the presence of these genes could be explored further. Likewise, the NTHi genome still 

contains a number of hypothetical protein coding genes that have not yet been assigned a function. 

A number of hypothetical protein coding genes were found to be differentially expressed during 

intracellular infection and confirmation of function by additional experimental work could identify 

novel gene targets for therapeutic intervention.  

During co-infection, the three NTHi strains differentially modulated gene expression, whereas the 

MDM gene expression profile was unique for all three pathogen combinations. Although gene 

selection was evidence-led based on the outcome of the transcriptomic analysis, these select genes 

were identified as unique for NTHi-MDM interactions at 6 h and 24 h any may not represent the 

most important set of genes at 48 h during co-infection. Nonetheless, this preliminary analysis of 

NTHi and MDM gene expression at 48 h provides rationale to explore global transcriptomic 

differences of host and pathogen during co-infection by triple RNASeq513.  
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A recently published study has demonstrated the feasibility of triple RNASeq and also found 

differences in host immune responses depending on the pathogen(s) used for infection513. Triple 

RNASeq of this current model would allow for better exploration of transcriptomic changes that are 

shared between, or are unique to each pathogen and co-infection. Extension of the co-infection 

model would also allow for exploration of whether IAV is able to overcome the initial priming of 

macrophages, and if NTHi load continues to increase. For the MDM response, it would be of interest 

to ascertain whether co-infection synergistically extends the inflammatory process or if resolution 

of inflammation occurs earlier when compared to single pathogen infections. Transcriptomic 

analysis of NTHi following co-infection would be extremely used to provide insights into the 

transcriptional regulation involved in bacterial outgrowth following viral co-infection, a process still 

poorly understood. Due to strain-dependent expression of the top regulated NTHi genes that were 

validated by qPCR, sequencing additional NTHi strains would ensure comparable analysis of 

transcriptomic adaptations during co-infection between strains.  

An important and useful development in sequencing technology of recent times is single cell RNA 

sequencing (scRNASeq), which is able to provide resolution of cellular changes at the single cell 

level. As discussed previously, one of the limitations of this current work – and limitations of 

RNASeq in general – is that bulk transcriptomics provides a global view of gene expression changes. 

If a precise question or hypothesis is being addressed or the sequenced sample involves a purified 

population of cells, bulk RNASeq is useful. However, even in the MDM system which contains a 

single cell type, it is possible that a variety of macrophage phenotypes are present during NTHi 

infection. For example, in any given infected well, there may be NTHi-infected macrophages, 

macrophages that are not infected but have been cytokine-activated by neighbouring infected 

macrophages, macrophages that were previously NTHi infected and effectively cleared the 

infection and even perhaps uninfected and unstimulated macrophages. These possibilities become 

even more complex when considering the addition of IAV for co-infection. It would be of interest 

for future work to determine whether the activation of anti-viral immunity and type I IFN pathways 

was common for all macrophages, subsets of macrophages, or exclusively only MDM intracellularly 

infected with NTHi. Use of scRNASeq would also allow further exploration of NTHi outgrowth during 

co-infection. After identification of NTHi genes associated with NTHi proliferation following co-

infection, MDM containing NTHi differentially expressing these genes could be identified. This 

technique could indicate whether proliferating NTHi are associated with macrophages infected with 

NTHi-only or co-infected with both pathogens. Determining this could help to unpick the 

mechanisms of macrophage loss of bacterial control during co-infection.  

Furthermore, scRNASeq of asthmatic BAL samples would better allow for clarification of NTHi-host 

interactions and confirmation of NTHi associated with macrophages in vivo. The BAL samples used 

for this thesis contained a mixed cell population and although FISH analysis indicated association of 
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NTHi with host cells, further work is need to confirm this. The use of scRNASeq would not only allow 

for elucidation of BAL cell composition in asthma, but unearth transcriptomic profiles associated 

with different disease states (e.g. colonised vs not colonised). Subsequently, scRNASeq would help 

determine whether specific subsets of macrophages were associated with NTHi, which could be as 

a result of NTHi modulation of host gene expression. The finer complexity of scRNASeq allowing for 

resolution of host-pathogen interactions at the single cell level could provide a clearer picture of 

the multiple process and outcomes that can occur during infection633.  

Use of chromatin immunoprecipitation followed by sequencing (ChIP-seq) could be used to 

investigate epigenetic modulation of macrophages following infection634. It has been shown that 

different stimuli can induce either a tolerised or trained immune cell population177,595. Thus 

elucidating the potentially diverse epigenetic profiles associated with the different NTHi-alone, IAV 

alone and co-infection combinations could further our understanding of pathogen-mediated 

influences on macrophage immune activation and innate memory. Characterising epigenetic 

regulation of MDM following in vitro infection with multiple pathogen combinations could generate 

an epigenetic fingerprint associated with infection, which would allow for several questions to be 

addressed.  

The first question would be whether persistent colonisation of the asthmatic or COPD airway results 

in epigenetic modifications resulting in tolerised/paralysed AM displaying the characterised 

phagocytic defect in these chronic respiratory diseases247,250,454. Roquilly et al. (2020) showed that 

acute inflammation resulted in prolonged impaired phagocytosis. Altered expression of monocyte 

phagocytosis receptors was detectable for months following the initial inflammatory stimulation, 

with the local environment responsible for long-term maintenance of the phagocytic paralysis 

defect597. Thus, sustained NTHi-induced macrophage inflammation, as shown in this thesis, during 

persistence may be contributing to the phagocytic defect in asthma and COPD via maintenance of 

macrophage epigenetic modifications. ChIP-seq could be used to characterise the epigenetic 

changes associated with this sustained inflammation caused by NTHi persistence in vitro. 

Subsequent comparison of epigenetic markers from infected MDM to freshly isolated AM, as well 

as ascertaining epigenetic differences between healthy and diseased AM, would contribute to 

understanding whether epigenetic regulation is involved in the mechanism of macrophage 

impairment in chronic respiratory disease 

Secondly, future work could explore whether a subsequent IAV infection causes substantial 

epigenetic rewriting of MDM, resulting in the tolerised/paralysed state unable to respond to 

outgrowth of colonising NTHi. Such identification of an epigenetic signal in AM from patients 

following exacerbation and outgrowth of bacteria following a respiratory tract viral infection could 

identify genes or pathways that could be therapeutically targeted to prevent macrophage paralysis.  
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Finally, as previously mentioned, early life NTHi colonisation is associated with development of 

asthma, with links between number of respiratory tract viral infections and asthma development335. 

It has been demonstrated that immune cells isolated from children who later developed asthma 

exhibited aberrant immune responses to potentially pathogenic bacteria, including NTHi155. As 

such, it would be important to investigate the role of immune training and epigenetic regulation of 

macrophages in early life immune development, airway bacterial colonisation, respiratory tract 

viral infections and development of asthma.  

As previously discussed, NTHi persistence in the airway is associated with steroid resistant, 

neutrophilic, severe asthma, but it is not clear whether NTHi contributes to disease progression or 

if the asthmatic airway facilitates NTHi colonisation. Although murine studies have attempted to 

study the relationship between NTHi colonisation and Th17/neutrophilic inflammation462,532, the 

murine lung and allergic airways disease models are unable to completely recapitulate human 

asthma and infection of human-restricted pathogens. A longitudinal cohort study tracking 

individuals with mild, steroid naïve asthma and the progression to severe disease could better 

identify whether NTHi colonisation of the airway facilitates the transition to more severe disease. 

A prospective, observational cohort study of COPD patients identified associations between NTHi, 

rhinovirus and exacerbation risk332, indicating the success of repeated observations for profiling 

disease and clinical outcomes. Performing a similar study in a population of mild, steroid naïve 

asthmatics with the intention of identifying the events leading to the development of severe, 

neutrophilic asthma could identify risk factors that could be targeted at an earlier stage of disease 

to reduce the burden of severe asthma. Tracking the stability of the microbiome and bacterial load 

before, during and after a viral infection or exacerbation would confirm whether the co-infection 

dynamics between NTHi and IAV observed in this thesis are reflective of the in vivo co-infection 

process, such as outgrowth of bacteria that are present prior to viral infection and synergistic 

modulation of inflammation.  

8.5 Summary 
The dynamics of host-pathogen interactions are complex, and are even more complex when 

considering multiple pathogens and underlying deficiencies in host responses. This thesis has 

characterised NTHi-MDM interactions during intracellular infection and found NTHi adaptation to 

intracellular persistence through modulation of metabolic and stress response pathways (Figure 

8.1). NTHi appeared to avoid macrophage degradation pathways as transcriptional lack of MDM 

markers for late endosomes/phagosomes were identified, with enrichment of cytosolic signalling 

pathways suggesting NTHi was present in the cytosol. The downregulation of oxidative stress 

response pathways by NTHi further suggested that by 24 h, NTHi had escaped the macrophage 

degradation pathways.  
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In response to NTHi intracellular infection, MDM upregulated intracellular immune response 

pathways, that were found to be reminiscent of a response to a virus. Modulation of MDM genes 

identified from dual RNASeq analysis of the NTHi-MDM infection was identified in severe asthma 

BAL samples. NTHi appeared to be physically associated with host BAL cells and was associated with 

neutrophilic inflammation. Subsequently, co-infection of MDM with IAV following NTHi infection 

resulted in diminished IAV infection but conversely, increased NTHi recovery from MDM. Increased 

NTHi presence may be due to transcriptomic changes of NTHi genes required for intracellular 

persistence. However, the strain-dependent expression of NTHi genes could indicate how some 

strains are better able to persist. Inhibition of IAV infection was suggested to be as a result of the 

prior NTHi infection priming MDM via activation of anti-viral pathways, namely the type I IFN 

pathway. Despite lower IAV presence, the MDM inflammatory response was sustained in co-

infected cells, with modulation of some inflammatory processes not observed in MDM infected 

with IAV alone.  

The findings of this thesis have important ramifications not only for asthmatic individuals 

chronically colonised with NTHi, but also healthy individuals who develop bacterial pneumonia 

following viral infection. Future studies investigating host-pathogen interactions in airway diseases 

need to consider the impact of the resident lung microbiome on modulation of host responses 

when designing experimental models to address a research question, as it is becoming clear that 

single host-pathogen interactions are not reflective of the in vivo lung biology.  
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Figure 8.1. MDM-NTHi transcriptomic changes during intracellular infection impacts on the subsequent response to Influenza A infection. Summary of the proposed mechanisms of 

MDM-NTHi interactions and the subsequent response to IAV infection. (1) Modulation of macrophage gene expression of early and late endosomal markers suggests lack of 

late endosomal compartments. Residence within early endosomal compartments or within the cytosol could be a mechanism by which NTHi is able to resist macrophage 

intracellular degradation pathways. (2a) NTHi adaptation to intracellular residence involved downregulation of ribosomal protein genes and (2b) modulation of metabolic 

pathways. In addition, downregulation of oxidative response genes indicates NTHi escape from macrophage degradation pathways at 24 h. (3) Upregulation of GBP1-7 gene 

expression suggest cytosolic presence of NTHi, which in combination with upregulation of CASP4 and IL1B, indicates activation of the noncanonical inflammasome, resulting 

in increased IL-1β secretion. (4) Enrichment of cytosolic DNA sensing pathway and NOD-like signalling KEGG pathways indicate activation of other immune intracellular 

sensors, such as RIG-I (DDX58) which cause signalling cascades involving transcription factors, to upregulate the transcription of pro-inflammatory cytokines and interferons. 

Secreted pro-inflammatory mediators include cytokines and chemokines involved in recruitment of other immune cells such as neutrophils and T cells. Increased IFN release 

resulted in activation of MDM anti-viral immunity and upregulation of ISGs. (5) Prior activation of IFN immunity was suggested to inhibit subsequent IAV infection, however 

(6) NTHi presence increased following co-infection, which may have been due to further modulation of NTHi gene expression. Additionally, macrophage loss of bacterial 

control may be due to changes in the expression of genes, such as CASP4, which was previously identified to be important in the intracellular response to NTHi. (7) Together, 

the presence of both NTHi and IAV in co-infected MDM resulted in a sustained inflammatory responses which was higher compared to MDM infected with IAV alone. The 

modulation of MDM inflammatory responses by NTHi before and during co-infection with IAV has potential ramifications for individuals chronically colonised with NTHi. 

Created using BioRender.com 
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