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Abstract 

Introduction: Infants are disproportionately impacted by severe lower respiratory 

viral infections resulting in acute viral bronchiolitis (AVB). Symptoms of AVB are 

asthma-like, and infants require hospitalisation more frequently relative to older 

children, for reasons incompletely understood. Importantly, AVB in infancy is 

strongly associated with subsequent development of persistent asthma. Detailed 

studies are required on underlying AVB mechanisms to advance towards the 

prevention of both acute and persistent airways disease in children.  

Aim #1: to characterise the cellular and molecular mechanisms underlying severe 

AVB in circulating cells and local airways tissues in infants versus pre-schoolers;  

Aim #2: to characterise these mechanisms in circulating cells of atopic school-age 

children with acute exacerbations of asthma;   

Aim #3: to identify age-related developmental changes in virus-induced 

inflammatory responses; 

Aim #4: to elucidate the role of Th2-dependent mechanisms in modulating host 

immunoinflammatory antiviral responses in the airways, employing an animal 

model. 

Methods: Infants (<18mths) and pre-school children (1.5-5yrs) with AVB and 

school-age children (6-13yrs) with acute asthma were recruited at hospitalisation. 

PBMC and nasal mucosal scrapings were obtained during acute disease and 

following recovery. Immunoinflammatory responses were profiled by flow 
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cytometry and transcriptomics (RNA-Seq). Molecular profiling of group-level data 

utilised a combination of upstream regulator and coexpression network analysis, 

followed by single subject-level data analysis employing personalised N-of-1-

pathways methodology. The experimental animal model employed unsensitised 

and OVA-sensitised/challenged Th2High BN rats and Th2Low PVG rats infected with 

vMCO.  

Results: Systemic responses in infants with AVB display a unique pattern not seen 

in older children with AVB/acute asthma, characterised by hyper-activity of Type I 

IFN signalling and pro-inflammatory pathways, versus a combination of 

inflammation, growth/repair/remodelling and Th2 pathways in pre-schoolers and 

acute asthmatics. Cellular data showed mobilisation of migratory myeloid and 

lymphoid cells across the three age groups. Adjustment for cellular composition 

showed that upregulated responses in infants and asthmatics were monocyte-

associated. In the airways, in contrast to the differences observed in PBMC, both 

infants and pre-schoolers showed upregulation of IFN pathways, however the 

degree of upregulation was multi-fold higher in the infants. Immunoinflammatory 

networks differed among the three age groups. Innate immunity-related networks 

(including IFN-related) were upregulated only in infants during acute disease, 

whilst an NK cell related module was upregulated in pre-schoolers and 

corresponding upregulation of relevant genes was observed in their nasal 

scrapings. In contrast, in asthmatic children, the NK cell module was present but 

not differentially expressed. Moreover, a Th2-associated IL-4 pattern was 

observed among the putative upstream regulators in the older age groups, with 

related upregulation of immunoglobulin-associated modules during acute 
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disease. Personalised N-of-1-pathways analysis of infants and pre-schoolers with 

AVB revealed covert immunophenotypes suggesting differential immune 

maturation kinetics that are independent of chronological age, viral pathogen and 

steroid use. The experimental model demonstrated that a Th2High
  genetic 

background  predisposes animals to exaggerated airways inflammatory responses 

to viral infections, independent of allergen exposure, and this phenotype is further 

intensified by concomitant sensitisation/aeroallergen exposure.  

Conclusions: The key findings from this thesis demonstrate that viral-induced 

severe lower respiratory infections upregulate complex interlinked immune 

networks, and the myeloid compartment is a major player in acute responses. 

Infancy is a unique period in life characterised by hyper-expression of IFN 

networks in response to viral-induced bronchiolitis, whilst atopy-associated Th2 

mechanisms emerge as additional pathogenic factors in older children with AVB 

and asthma, acting in combination with inflammatory and tissue 

repair/regeneration mechanisms. The animal model findings suggest that viral 

infections and sensitisation/allergen exposure can potentially interact 

synergistically and thereby contribute to the hyper-susceptibility to infection-

associated airways inflammation characteristic of the Th2High immunophenotype, 

and that underlying aspects of this phenotype unrelated to “allergic” mechanisms 

may also contribute to their enhanced susceptibility to virus-associated 

inflammation. 

Overall, this thesis demonstrates the potential value of unbiased systems level 

approaches in elucidation of the complex inflammatory networks that drive 

airways inflammation, in particular when they are combined with personalised N-
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of-1-pathways profiling, which can unmask and leverage inter-subject variability 

which cannot be adequately dealt with via traditional analytic methodologies. The 

integrated analytic approach utilised here provides a glimpse at the future 

potential of personalised immunophenotyping, and if translated successfully to 

the clinic may offer exciting future possibilities for improved treatments in the 

respiratory field.   
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Chapter 1 Literature Review 

The purpose of the first chapter is to provide an overview of the literature that is 

covered in this thesis, which examines viral-induced inflammatory airways disease 

in different age groups, with a special focus on infants, who are at greatest risk for 

severe lower respiratory viral disease. The broad perception is that high 

susceptibility to environmental stimuli in infancy is due to the functional 

immaturity of the immune system, but details are incompletely understood. To 

address this issue, this thesis utilised relevant human clinical samples from 

subjects recruited in hospital Emergency during severe acute disease with a 

diagnosis of viral-induced bronchiolitis or asthma, and following recovery at 

convalescence, allowing for direct comparison of health (recovery visit) and 

disease (acute disease) within the same individual. These investigations were 

complimented by additional mechanistic studies employing sputum samples from 

young adults, and an experimental animal model of atopic asthma. A review of the 

relevant literature follows below.  

1.1 Acute Viral Bronchiolitis (AVB) 

Severe lower respiratory tract infections (LRTI) cause acute viral bronchiolitis 

(AVB) in infancy and are a major risk factor for the development of asthma in 

childhood. AVB is characterised by inflammation of the bronchioles, the small 

airways in the lower respiratory tract. Clinical presentation of AVB is variable and 

may reflect a heterogeneous syndrome1. However, AVB typically presents with 

symptoms of coughing, wheezing and shortness of breath2. Clinical diagnosis of 

AVB is therefore based on thorough physical examination and previous medical 



 

 2 

history. The pathophysiology of AVB is characterised by airway dysfunction and 

lower airways inflammation3. The airway dysfunction is due to small airway 

necrosis and shedding of dead epithelial tissue (epithelial sloughing), mucous 

hypersecretion and fluid accumulation (oedema) in the small airways. 

Inflammation of the bronchioles includes the recruitment of many inflammatory 

cells to the local lung tissue such as lymphocytes and granulocytes. Ultimately, this 

leads to extensive hyperinflation, airflow obstruction, coughing and wheezing4, 5. 

The kinetics of pathological changes post-viral infection show that bronchial 

epithelium necrotises and ciliated epithelial cells are damaged within 18-24 h 

post-onset of disease. The airways are covered by ciliated epithelial cells, which 

are crucial for mucous clearing via the ‘mucociliary escalator’, and when impaired, 

result in the formation of mucous plugs in the bronchial lamina and occlusion of 

the small bronchioles/airways6.  

Acute viral bronchiolitis is associated with high morbidity and mortality in young 

children worldwide2, 7, 8. The intensity of these acute episodes can range from mild 

to severe. Notably, severe AVB is the most common cause of hospitalisation in 

infants < 18 months9. In 2013, the latest global burden of disease estimated that 

LRIs resulted in 2.6 million global deaths of children <5 years of age10, 11. 

Consequently, AVB is associated with large health care costs, estimated in 

Australia to be between $24-$50 million annually12, 13.  

The main risk factors for AVB include prematurity, passive smoking, young age, 

bottle-fed formula instead of breast milk, chronic lung disease, and congenital 

heart failure. Other factors, such as gender, ethnicity, virus type and presence of 

viral co-infections remain controversial13. Treatments for AVB include an array of 
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combinational therapy options8, such as fluid hydration, nasal facemasks and 

oxygen supplementation, to provide continuous positive airways pressure and 

maintain haemoglobin saturation. In addition, therapies are directed at dilating 

the airways and facilitation of gas exchange, involving bronchodilators, steroids, 

heliox gas inhalation, chest physiotherapy and anti-inflammatory administration. 

Infants faced with complications, such as secondary bacterial infections, are 

frequently treated with antibiotics and corticosteroids in parallel, to prevent 

ensuing post-bronchiolitis wheeze. Current treatments for AVB thus remain 

supportive and non-specific, due in large to the incomplete understanding of the 

molecular mechanisms that underpin the pathogenesis of AVB. 

1.1.1 Respiratory Viruses & Biology 

AVB in infants is associated with various viral aetiologies which typically target 

airway epithelial cells (AEC) lining the respiratory tract, and/or immune cells that 

are recruited to the lungs during a viral infection. In temperate climates, there are 

seasonal epidemics of bronchiolitis; respiratory syncytial virus (RSV) infections 

peak during the winter months, accompanied with an 80% increase of AVB 

hospitalisations14. In contrast, human rhinovirus (HRV) is greatest during spring 

and autumn7. Interestingly, HRV-hospitalised children tend to be older (> 12 

months), whilst RSV infections dominate in younger infants (< 12 months)15-18, 

suggesting a ‘window of susceptibility’ to RSV infections during infancy. It is 

noteworthy, that by the age of 2 virtually all children have been infected with RSV 

at least once if not twice3. Other AVB-associated viruses include human 

metapneumovirus (HMPV), influenza (flu), parainfluenza (para), and adenovirus 

(adeno)19. It is not uncommon to find multiple simultaneous infections in the same 
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individual termed co-infections, and HRV is frequently associated with co-

detection of enterovirus (entero)20. Greer and colleagues21 showed that the 

prevalence of HRV sharply declines when RSV, HMPV, and influenza A virus are 

peaking. Of note, a number of RSV prevention strategies have been trialled, yet 

many failed to prevent primary or secondary infection with RSV2. One trial was 

successful, employing an anti-RSV monoclonal antibody (Palivizumab) in high-risk 

preterm infants without chronic lung disease22. The study resulted in lower 

incidences of recurrent wheezing at 24 months follow-up in infants who had 

received the treatment. Unfortunately, the treatment is costly and unlikely to be 

used as a common treatment option, especially in the less developed world.  

1.1.1.1 Respiratory syncytial virus 

Respiratory syncytial virus was first discovered in chimpanzees in 195623 and has 

since been widely grown and studied in in vitro cell culture. RSV consists of an 

enveloped, negative sense single strand RNA (ssRNA) virus, belonging to the 

Paramyxoviridae family24. There are two RSV subtypes A and B, and subtype A is 

isolated more frequently and is more virulent3, 25. The viral genome is 15.2 kb in 

length and contains 10 genes, which code for 11 proteins. Its genes are 

sequentially transcribed from 3’ to 5’ end (3’-NS1-NS2-N-P-M-SH-F-G-M2-L-5’) and 

replicated24, and the function of the RV protein has been extensively described by 

other groups26. The first sites of RSV infection are AECs, in particular apical ciliated 

epithelial cells. RSV attaches to the host cell with the envelope glycoprotein G and 

viral fusion is enabled by protein F. Both proteins G and F are essential for the virus 

to enter the host cell. RSV fuses with the host plasma membrane and the 

nucleocapsid is released into the cytoplasm. Genomic RNA is replicated in the 



 

 5 

cytoplasm and the M protein mediates the co-ordinated assembly of viral proteins 

and RNA. The newly produced virions (virus particles) bud from the host plasma 

membrane and the virions then fuse with neighbouring cells to form multi-

nucleated enlarged cells (syncytia)27.  

1.1.1.2 Human rhinovirus 

Recently, there has been a major shift of interest from RSV to HRV as a cause of 

severe airways disease in children28, given that HRV is more dominant in older 

children29, 30. Human rhinoviruses were first discovered in 195631, 32 and are known 

to cause the ‘common cold’, with typical accompanying symptoms of a runny 

nose, nasal congestion and a sore throat. To date over 160 serotypes have been 

identified, and these are classified into three main groups HRV-A, HRV-B, and HRV-

C, based on nucleotide sequence similarity. Interestingly, the HRV-C serotype was 

only discovered in 2006 with the advent of sensitive molecular diagnostic 

techniques33 and since then, 60 distinct formerly unknown HRV types have been 

identified belonging to the HRV-C subtype20. HRV has an RNA genome and 

comprises a non-enveloped, icosahedral, positive ssRNA virus of the 

Picornaviridae family. The differences between the serotypes are due to four viral 

capsid proteins (VP1-4), each containing greatly varying protein structures. Airway 

epithelial cell entry of HRV is receptor-mediated and the virus is engulfed 

(endocytosis)34. The major group HRV (~90%, group A) bind the intracellular 

adhesion molecule-1 (ICAM-1) receptor, whilst minor HRV (~10%, group B) utilises 

the low-density lipoprotein receptor (LDLR)35. The virus releases its RNA into the 

cytoplasm, and new viral proteins are synthesised, RNA is replicated and the newly 

assembled virions are released to infect new cells36, 37.  
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Until recently, it was difficult to study HRV-C since it could not be propagated in 

standard cell culture. However, Ashraf et al.38 showed that HRV-C requires 

differentiated airway epithelial cells propagated at air-liquid interface for 

successful growth. HRV-C is currently recognised as the most virulent HRV 

subtype, and data from a study in Western Australia shows that HRV-C is more 

frequently detected in children with acute exacerbations of asthma than other 

HRV serotypes, and importantly, it is associated with more severe LRIs39, 40.  

Of note in 2014, Bonnelykke et al. carried out a genome-wide association study 

(GWAS) and identified five susceptibility loci in subjects with recurrent and severe 

childhood exacerbations of asthma. Among the five loci, four were already known 

(GSDMB, IL-33, RAD50 and IL-1RL1), except for cadherin related family member 3 

(CDHR3), which was identified as a new asthma susceptibility gene. Moreover, it 

was highly expressed in airway epithelial cells, however, its endogenous biological 

function was unknown41. Bochkov et al. demonstrated that the CDHR3 is the 

receptor for HRV-C42. Thus, the high-efficiency of HRV-C in causing infection may 

be due to the expression of CDHR3 on the surface of bronchial epithelial cells43, 44. 

Of note in this regard, our group recently showed that CDHR3 is associated with 

ciliated epithelial cells in young adults sensitised to HDM with wheeze (Appendix 

D)45. Moreover, validation of CDHR3 protein expression in bronchial epithelial cells 

in a paediatric cohort showed higher expression in HDM-sensitised atopics with 

asthma than healthy controls45. 
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1.2 Asthma 

AVB is recognised as a major risk factor for the development of asthma, which is a 

major global health care problem impacting > 300 million people11, 46. Sigurs et al. 

showed that RSV bronchiolitis in infancy is a risk factor for asthma/recurrent 

wheezing at age 13 years (odds ratio of 10.1 and 9.3 respectively)47. Moreover, in 

the Childhood Origins of Asthma (COAST) study, in young children up to three 

years of age, RSV-and RV-associated wheezing, or both RSV and RV were shown 

to be associated with an increased asthma risk at age of 6 years (odds ratio of 2.6, 

9.8 and 10 respectively)48. Asthma is the most common chronic disease in 

childhood and the most common reason for a child to miss school. The hallmarks 

of asthma include episodic airways inflammation, airways hyperresponsiveness 

(AHR), excessive airway mucous production due to goblet cell hyperplasia, and 

airways remodelling. The symptoms of asthma manifest as shortness of breath, 

coughing, chest tightness and recurrent wheezing.  

1.2.1 Asthma endotypes/sub-phenotypes 

Asthma is an umbrella term defining a complex, chronic and heterogeneous 

disease with multiple phenotypes49, 50. Recently, there has been a slow-shift of 

focus towards the definition of sub-phenotypes or endotypes (which are based on 

cluster analysis and biological characteristics) in asthma49, 51-54. Multiple sub-

phenotypes have been identified employing for example the technique of induced 

sputum52, 55, which contains inflammatory cells lining the airway mucosa. Analysis 

of sputum has shown an array of granulocytes that infiltrate the lungs and 

different phenotypes have been observed relating to the granulocytic content: 

eosinophilic, neutrophilic, mixed granulocytic and paucigranulocytic 
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phenotypes56, as well as atopy-associated Th2high versus Th2low phenotypes54. 

Moreover, with the advent of more sophisticated computational technologies, 

classification of asthma phenotypes is relying more heavily on unbiased systems 

approaches/transcriptomic analyses57, 58, including unsupervised clustering59, 60. 

The form of asthma most relevant to a subset of the studies in this thesis is 

Th2high/atopic asthma, which usually develops in early childhood4 and in Western 

Australia, this represents the most frequent form of asthma observed among 

hospitalised children with acute exacerbations39. 

1.2.2 Asthma risk factors 

The inception of asthma has its origins in early life and there are numerous 

associated risk factors including allergy (atopy) to perennial environmental 

aeroallergens such house-dust mites (HDM), respiratory viral infections (e.g. 

rhinovirus), and genetic susceptibility, as illustrated in Figure 1.1. However, the 

relationship between these co-factors of susceptibility remains incompletely 

understood. 
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Figure 1.1 Risk factors associated with the development of asthma.  

Asthma is a complex, heterogeneous disease associated with several risk factors that 

increase the risk of developing asthma in early life. The risk factors include genetic 

susceptibility exemplified by GWAS hits such as IL-1361, CDHR341 and IL-3362; respiratory 

infections such as HRV28 and RSV63; and atopy to HDM64 and pollen65. 

1.2.2.1 Genetic susceptibility  

From twin studies, we have learnt that genetic predisposition or heritability for 

the risk of developing asthma is thought to be as high as 70-90%66, 67. GWAS 

examine genetic variants across the entire genome, known as single nucleotide 

polymorphisms (SNP), to identify associations with trait/disease susceptibility. 

From GWAS studies numerous susceptibility loci (on different chromosomes) have 

been identified that are associated with to the pathogenesis of asthma68. For 

example on chromosome 17q (17q21 locus)69, the genes ORMDL sphingolipid 

biosynthesis regulator 3 (ORMDL3), gasdermin B (GSDMB) and IKAROS family zinc 

finger 3 (IKZF3)69 have been shown to be associated with asthma that develops in 

childhood. Moreover, Li et al.61 studied adult asthmatics and identified the IL-13 

gene locus as a genetic risk factor for asthma. Furthermore, Moffatt et al.62 
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demonstrated that IL-33 is another locus for genetic susceptibility in childhood 

asthma. IL-33 is an alarmin and Th2 cytokine, produced by AECs; it mediates 

mucous production, airways hyperresponsiveness (AHR) and airways 

remodelling/fibrosis. Bonnelykke et al.41 focused on childhood asthma with severe 

exacerbations and compared these to healthy controls. They identified the 

susceptibility locus cadherin-related family member 3 (CDHR3), which is expressed 

in airway epithelial cells. Furthermore, a recent study by Ferreira et al.70 showed 

that allergic diseases such as asthma, allergic rhinitis and atopic dermatitis share 

a common genetic origin. They showed that the risk loci are enriched in both 

whole blood and lung cells. In particular, T cell subsets in blood that have known 

roles in allergic responses were enriched for SNPs. Thus, taken together, the 

genetic studies suggest that individuals with a genetic predisposition are at a 

higher risk of developing inflammatory airways diseases. 

1.2.2.2 Respiratory infections during early life 

Postnatal life represents a period of heightened susceptibility to foreign 

pathogens (viral and bacterial) and is associated with transient immune deficiency. 

Environmental perturbations to homeostasis of immune and respiratory functions 

during this high-risk period, triggered by severe lower respiratory infections, 

severely and disproportionately impact infants. Longitudinal birth cohort studies 

have provided extensive contributions to our current knowledge, highlighting 

crucial associations between severe respiratory infections in early life and the 

development of asthma. These include prospective long-term high-risk birth 

cohorts in the US, the Childhood Origins of Asthma (COAST) study48, in Europe, the 

Multicentre Allergy Study (MAS) cohort71, and in Australia, by members from our 
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group, the Childhood Asthma Study (CAS) cohort28, 72, which have shown that 

respiratory viral infections in early life play a key role in the development and 

exacerbation of asthma in children. Moreover, severe acute exacerbations of 

asthma are commonly triggered by viral infections and intriguingly, children 

presenting to Emergency departments are >80% atopic73.  

In addition, bacterial infections can promote an increased risk of developing 

asthma74-76. Notably, bacterial pathogens can facilitate the spread of viral 

infections from the upper to the lower airways76. However, it is important to note 

that not all bacteria are detrimental to the host; It has been shown that early 

exposure to (beneficial) microbes is associated with protection against the 

development of allergies and asthma. The noteworthy landmark studies77-79 

demonstrated that offspring of mothers who have been exposed to high-levels of 

microbial-rich rural farming environments are protected from allergies and 

asthma. This protective microbial effect is known as the “farming effect”. The 

authors showed that inhalation or ingestion of environmental microbes 

encountered on farms are protective. Moreover, microbial exposures during early 

life in utero and/or the first year of life mark a crucial period for the protective 

effect to occur. Moreover, studies in children and animal models have identified 

certain microbes or their components, which can function in an 

immunomodulatory capacity and accelerate immune maturation and thereby 

protect from respiratory diseases77. Immunomodulators function by regulating or 

normalising the immune system. One of these immunomodulatory agents is OM-

85 (OM-85 BV, Pharma, Switzerland). It consists of a cocktail of bacterial 

components (lysate) from 8 common respiratory bacterial pathogens including 
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Haemophilus influenzae, Klebsiella ozaenae and pneumoniae, Neisseria 

catarrhalis, Staphylococcus aureus, Streptococcus pneumoniae, pyogenes and 

viridans80-82. OM-85 is delivered orally and alters immune responses of an 

individual in a non-specific manner. Notably, OM-85 has been shown to reduce 

wheezy episodes by 38% in pre-school children with recurrent wheeze83. 

Moreover, our group recently utilised a mouse pregnancy model and showed that 

maternal pre-treatment with OM-85 prior to LPS and/or influenza-induced 

inflammation, selectively dampens inflammatory pathways, whilst conserving 

innate interferon network signalling84. The results suggest that the mode of action 

of OM-85 was via the re-wiring of innate immune mechanisms. Moreover, this 

protective effect is also transmitted to the offspring thereby protecting them from 

experimental atopic asthma85. 

1.2.2.3 Deficient antiviral responses in asthmatics 

Key in fighting respiratory infections are rapid antiviral host responses involving 

the interferon system. To date, it remains controversial whether innate antiviral 

immunity is deficient in asthmatics (type I/III interferon (IFN)) in response to 

respiratory viral infections86-88, whilst some studies report no differences between 

asthmatics and healthy controls89-91. Studies employing ex vivo bronchial epithelial 

cell cultures87, 88 and whole blood86 from adult asthmatics have reported impaired 

type I and III INF responses following rhinovirus infection. Moreover, these original 

findings were extended to atopic asthmatic children in airway samples92 and 

whole blood93. Furthermore, it is noteworthy that this interferon deficiency 

following rhinovirus infection has also been observed in asthmatics irrespective of 
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atopy and in atopics without asthma94, suggesting that atopy per se may play an 

important role in viral infections. 

1.2.2.4 Allergic (atopic) sensitisation during early life 

Key allergens associated with allergic asthma are location specific; notably, these 

include allergens such as grasses and pollen in Europe95, cockroach96 and fungal 

spores (Aspergillus, Alternaria) in the US97, 98, and house dust mites (HDM) in 

Australia64 of the species Dermatophagoides pteronyssinus and 

Dermatophagoides farina are key perennial aeroallergens that are found in our 

household environments (e.g. carpets, blankets, pillows, etc.). Of note in this 

regard, our group previously showed that HDM is the dominant asthma-

associated allergen in Western Australia and in the RAINE cohort, 40% of 

participants were sensitised to perennial household allergens at the age of 14yrs64. 

Atopic sensitisation is most frequently initiated in early life and it is risk factor for 

the development of asthma73, 99-102. Atopy is defined as a genetic predisposition to 

produce high-levels of allergen-specific immunoglobulin E (IgE) in response to 

allergen exposure. IgE production against aeroallergens usually begins after the 

age of 6 months103, 104 and occurs in nearly everyone even those who later remain 

non-atopic throughout childhood104. Thus, non-atopics cycle within a very low 

range (0.01-0.35 kU/L) of concentrations of allergen-specific IgE, which are 

generally below the threshold required to trigger significant inflammation. In 

contrast, some individuals become sensitised to aeroallergens and IgE responses 

fail to resolve, resulting in an atopy-induced wheezy phenotype.  
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IgE is bound by its receptor, the high-affinity Fc receptor (FcεRI), which consists of 

a multimeric cell-surface receptor containing α, β and γ chains (FcεRIα, -β, -γ)105. 

The receptor exists in either a trimeric (αγ2) or tetrameric conformation (αβγ2) on 

numerous cell populations: mast cells, basophils, monocytes, macrophages, 

conventional dendritic cells (cDC), plasmacytoid dendritic cells (pDC), Langerhans 

cells, eosinophils and platelets. FcεRI expression increases during periods of active 

allergic diseases such as atopic dermatitis, allergic rhinitis and allergic asthma106. 

The higher the FcεRI receptor expression on inflammatory cells, the more allergy-

specific signalling is triggered. Of note, our group previously demonstrated that 

atopic asthmatic children have increased expression of FcεRIα during acute 

exacerbations107. It is noteworthy that following binding of the high-affinity IgE 

receptor to its ligand IgE, the complexes on the receptors engage and cross-linking 

leads to extracellular release of inflammatory mediators. Importantly, FcεRI cross-

linking also impairs pDC function in viral-induced asthma108, 109. Thus, IgE has a 

catalytic effect on viral-associated airways inflammation in atopics and IgE 

‘poisons’ pDC and thereby prevents IFN production. In this regard, a proof-of-

concept study (clinical trial) was recently carried out employing anti-IgE targeted 

treatment (omalizumab) in persistent allergic asthmatic children and young 

adults, and the anti-IgE intervention resulted in reduced exacerbations110-113. 

1.2.3 Asthma causal pathways 

The current working hypothesis is that there are two main causal pathways leading 

to the development of persistent asthma, driven respectively by aeroallergen 

sensitisation and respiratory tract infections4, 114. Firstly, upper respiratory tract 

infections (URTI) can lead to infections of the lower airways resulting in episodic 
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moderate intensity airways inflammation. Secondly, continuous perennial 

aeroallergen exposure and sensitisation to these allergens throughout early 

childhood results in persistent low-level airways inflammation which eventually 

leads to low-moderate asthma risk102, 104, 115. The risk for the development of 

asthma is most severe when young children are exposed to early sensitisation AND 

early and severe viral-induced LRTIs during infancy. Thus, attenuation of either 

pathway, which may act independently or synergistically, may uncouple these key 

pathways and could thereby reduce the risk of developing persistent 

wheeze/asthma. 

1.2.4 Airways repair and remodelling 

Following initial antiviral/pro-inflammatory responses in the airways to 

respiratory infections, pathogens are cleared and subsequently, the airways 

require repair of damaged epithelium to restore the lung microarchitecture and 

regain full functional physiological capacity, including epithelial barrier function, 

to avoid secondary bacterial infections. However, in established chronic asthma, 

repetitive episodes of severe lower airways inflammation lead to thickening of the 

airways referred to as airways remodelling. These structural changes occur in the 

large and small airways and the underlying repair/regeneration processes are 

dysregulated in asthmatics91, 116. Moreover, airways remodelling is associated with 

loss in lung function117, 118 and the more severe the respiratory viral infection, the 

higher the decline in lung function. Loss in pulmonary function can occur 

throughout life, and  it is noteworthy that it is inversely related to age. 

Consequently, the largest impact is observed in infancy when the airways are 

growing at maximal rate119. Several molecules have been found to be associated 
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with repair and remodelling including members of the epidermal growth factor 

family: epidermal growth factor (EGF)120, hepatocyte growth factor (HGF)120, 

vascular endothelial growth factor (VEGF)121, amphiregulin (AREG)122, 123 and 

transforming growth factor beta (TGFB) family124, 125. 

1.3 The innate immune system in infections 

1.3.1 The airways 

The lungs are vital organs necessary for respiration and encompass two distinct 

tissue compartments, the conducting airways and the lung parenchyma. The lung 

parenchyma is made up of bronchioles, the smallest airways in the lower 

respiratory tract, packed with thin-walled air sacs (alveoli)126. The airway 

epithelium provides the first line of defence against inhaled foreign pathogens. It 

is a physical barrier and acts as an interface between inhaled air and the 

epithelium. Airway epithelial cells are connected via tight junctions, which play a 

crucial role in epithelial integrity. The airway mucosa is made up of the epithelium 

and underlying connective tissue, and networks of dendritic cells are located 

within and below the epithelium, whilst macrophage networks are only found in 

the connective tissue127. The mucosa acts as a selective barrier with a sentinel 

function; It allows the gaseous exchange whilst facilitating effective clearance of 

the airways of foreign pathogens and particulates via the ‘mucociliary 

escalator’128. 

1.3.2 Innate immune surveillance 

Immunological homeostasis in the resting airways is maintained via on-going 

immune surveillance for foreign pathogens4, 126. The innate immune response is 
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the first line of defence in the airways against incoming antigens and involves a 

range of immune cell types derived from the bone marrow (BN) including dendritic 

cells (DCs) and macrophages, which are ‘professional’ antigen presenting cells 

(APCs) and also mesenchymal cells, particularly AECs. A hallmark of the innate cell 

populations is expression of a limited set of germ-line encoded pattern recognition 

receptors (PRRs)129, which sense evolutionary conserved structures that are 

unique to exogenous microbes, known as pathogen-associated molecular patterns 

(PAMPs) and endogenous danger-associated molecular patterns (DAMPs) that are 

released from damaged host cells130. The human immune system has evolved to 

employ multiple PRRs simultaneously and an array of PRRs are used on different 

innate immune cells, thus maximising recognition of foreign pathogens. PRRs are 

localised on the cell surface, in membrane-bounded compartments (endosomes) 

and in the cytoplasm of respiratory epithelial cells128, 131. PRRs are grouped into 

four distinct classes: Toll-like receptors (TLRs), nucleotide-binding oligomerisation 

domain (NOD)-like receptors (NLRs), retinoic-acid inducible gene (RIG)-I-like 

receptors (RLRs) such as RIG-I and melanoma differentiation associated gene 5 

(MDA5)132, 133, and C-type lectin receptors (CLRs)134. 

1.3.3 Neutrophils 

Neutrophils are the most abundant granulocytes comprising 60-70% in circulating 

blood. They are key first responders to respiratory viral infections and replenish 

daily from the bone marrow. Neutrophils are characterised by segmentation or 

multi-lobed nuclei and are attracted by chemotactic gradients from both foreign 

pathogens and host chemokines to the site of infection, and are locally activated 

by macrophages. Neutrophils function in a professional phagocytosing capacity, 
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which is a receptor-mediated process, involving the engulfing of foreign 

pathogens, dying cells and debris. Of note, the defining feature of neutrophils, 

compared to macrophages, is the generation of oxidative burst, which involve the 

synthesis of reactive oxygen species (ROS), which is toxic to mircoorganisms135. 

However, ROS is also damaging to surrounding cells of the host. Moreover, a novel 

cell death program related to neutrophils was introduced in 2007 by Fuchs et al.136 

describing the formation of neutrophil extracellular traps (NETs). NETs are 

extruded following rupture of the plasma membrane, adhesive nuclear DNA is 

released in addition to microbicidal proteins. NETs therefore carry out ROS-

dependent entrapping and killing of foreign pathogens. Neutrophils also have 

bidirectional motility and can re-enter circulation following clearance of 

pathogens137. Thus, neutrophils may contribute to disease pathogenesis and NETs 

may exacerbate local airways inflammation. Of note, in fatal cases of infant severe 

viral-induced bronchiolitis, neutrophils (and macrophages) have been found to 

accumulate in the airways138, 139.  

1.3.4 Eosinophils 

Eosinophils make up 1-6 % of blood cells. They are pleiotropic leukocytes with a 

characteristic appearance containing a bi-lobed nucleus and cytoplasmic granules 

filled with cytotoxic proteins140, 141. The cytokines Interleukin-3 (IL-3), IL-5 and 

granulocyte-macrophage colony-stimulating factor (GM-CSF) regulate eosinophil 

development, yet IL-5 is the most important for eosinophil differentiation142. 

Eosinophils are mainly tissue-resident and recruited from the bone marrow and 

blood during infections. They are involved in numerous responses and have been 

attributed roles during parasitic and viral infections, allergen-driven responses 
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(including eosinophilic asthma) and tissue remodelling. Eosinophils are recruited 

in response to infection with parasites or helminths54. Importantly, eosinophils are 

mediators of allergic responses; they can also be activated in response to 

proteases such as Der f 1 from HDM allergen and from fungi (Alternaria 

allergens)140. In severe infant bronchiolitis, eosinophils and/or their de-granulated 

proteins have been identified in lung washes from infants requiring mechanical 

ventilation143, 144. Of note, Denburg et al. carried out experiments involving 

bronchial aeroallergen challenges and showed that lung homing eosinophils are 

activated prior to their release from the bone marrow145. This means that IL-5 

secreting T helper 2 cells (Th2 cells are further discussed below) are initially 

activated in the airways and then signal to the bone marrow where they mediate 

local IL-5-driven pre-activation of eosinophils, which then traffic back to the lung 

to mediate the eosinophil-driven asthma late phase response146. 

1.3.5 Basophils 

Basophils are the least abundant of the granulocytes, making up <1% of circulating 

cells147. They have a short life span of 1-2 days and are important in allergy-

mediated reactions, contributing to Th2-associated responses.148 Basophils are 

similar to mast cells in that they contain histamine and when activated 

degranulate. However, unlike mast cell, basophils are released from the bone 

marrow in a functionally mature state149, 150. Basophils respond to cytokines (e.g. 

IL-33), antibodies (e.g. IgE) and protease activity (e.g. to HDM protease Der p 1) 

and are regulated dependent on context, by IL-33/IgE-dependent mechanisms or 

via the TSLP pathway. The mode of basophil activation has been extensively 

studied and functions via the high-affinity IgE receptor and IgE-mediated cross-
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linking. Of note, basophils have been shown to accumulate in the airways of fatal 

cases of asthma151. 

1.3.6 Monocytes and Macrophages 

The bone marrow metaphorically speaking is like the ‘big brother’ directing and 

pre-programming myeloid precursor populations prior to the release into 

peripheral circulation. Myeloid cells, including monocytes, macrophages (MΦ) 

and dendritic cells (DCs), form a major migratory component of the pre-

programmed innate immune system, functioning as key effectors with rapid 

response capacity following respiratory viral infections. Monocytes belong to the 

family of mononuclear phagocytes which also includes macrophages and dendritic 

cells. Monocytes make up 5-10% of circulating leukocytes and can be divided into 

two major subsets; classical monocytes express the CD14+CD16Low/- phenotype 

and the non-classical monocytes express the CD14LowCD16+ phenotype152. During 

viral infections monocytes are recruited to the airways from the blood and bone 

marrow in a CCR2-dependent manner153, 154. The chemokine CCR2 receptor and its 

ligand CCL2 are crucial for monocyte trafficking and lung homing. Monocytes show 

relative functional plasticity and acquire different functional properties 

dependent upon their micro-environment. Thus, they can differentiate into 

inflammatory MΦ or monocyte-derived dendritic cells. Monocytes are the major 

infiltrate into the airway tissues following acute exacerbation of asthma. In 

forerunner studies107, our group showed mobilisation and upregulation of viral-

induced exacerbation-associated signatures relating to monocytes and DC.  

The notion of the lung/bone marrow axis describes the signalling highway 

between the lung and bone marrow155. Specifically, during episodes of 
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inflammation in the airways, signals are released (e.g. chemokines and cytokines), 

resulting in the recruitment of cells to replace myeloid populations in the airways 

that are turning over rapidly156. Moreover, it is noteworthy that myeloid 

progenitors are functionally programmed157 prior to their release from the BN and 

are thereby optimally equipped to carry out their function in the airways. 

Macrophages are tissue resident cells located within the airways and in lymphoid 

organs. They respond to a combination of stimuli dependent on their local 

cytokine environment. Alveolar macrophages (AM) make up about 90% in healthy 

lavage and originate from BM, yolk sac and foetal liver152, 158. Under steady-state-

tissue homeostatic conditions, AM function to clear apoptotic cells by 

phagocytosis. Importantly, they play a critical role in host defence to respiratory 

viral infections. During Th2-associated inflammation AM undergo rapid local 

proliferation159, but AM can also be replenished via recruitment of monocytes 

from circulation (=monocyte-derived macrophages), as is observed following 

bronchial allergen challenge, and monocyte-derived macrophages contribute to 

allergic inflammation in the airways160. Macrophage have been classified into M1 

pro-inflammatory MΦ, which are important for pathogen clearance and invoke an 

inflammatory milieu, and alternatively activated M2 MΦ, which function in the 

capacity of anti-inflammatory ‘cleaners’ that endocytose damaged cells, promote 

resolution and Th2 immunity161. The M1/M2 terminology of macrophage subsets 

was first proposed by Mills in 2000162. Of note, it dates to the pre-genomic era and 

was based on macrophage responses to stimuli. M1 polarisation is induced by 

various stimuli including Th1 cytokine IFNG, LPS/TLR4, GM-CSF (CSF2) and viral 

infections. In contrast, atopy-associated Th2 IL-4/IL-13, IL-10, glucocorticoids, M-
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CSF stimulate M2 differentiation. M2 have been further subdivided into M2a and 

M2b dependent on different activation cues163. However, this macrophage 

classification is oversimplified and macrophages are likely to exist on an activation 

spectrum relying on differential combination of activation or inhibitory stimuli in 

situ. Thus, research can be limited since markers are used inconsistently to define 

subsets163. 

1.3.7 Dendritic cells 

Dendritic cells are grouped into plasmacytoid and conventional/classical dendritic 

cells. pDC were first named ‘plasmacytoid’ due to their similarity in appearance 

under the microscope to plasmablasts. pDC express CD123 (IL-3 receptor α-chain), 

high levels of MHC class II and lack the expression of CD11c. pDC are important 

innate effectors, but only make up a small proportion of ~0.1% circulating cells. In 

the resting airways, pDC participate in local immune surveillance and comprise a 

relatively minor sub-group. However, during respiratory viral infections, pDC 

rapidly accumulate in the airway mucosa and contribute to primary defence 

against infections4, 164. In particular, pDC produce high amounts of IFN, which 

activates the interferon-mediated antiviral response to limit the spread of 

infection. In contrast, conventional dendritic cells, contrary to pDC, express CD11c, 

high MHC class II and varied expression of CD123. cDC are short-lived ~3-6 days152 

and function as specialised antigen presenting cells (APCs) with high phagocytic 

activity and migratory capacity, and can therefore traffic from tissues to lymphoid 

organs165. Of note, cDCs are considered critical innate cells that link the innate and 

adaptive arm of the immune systems. In the airways, resting airway mucosal DCs 

(AMDCs) are predominantly of the myeloid lineage (cDCs), and are the major 
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‘gatekeepers’ of adaptive immunity and viral clearance in the lung, and 

demonstrate a high turnover rate in the steady state126, 133. These cells normally 

spend 24-36hrs in the airway mucosa sampling incoming antigens, prior to 

transportation of their antigen load to the central immune system. Following a 

primary viral infection, the lung-bone marrow axis undergoes rapid upregulation 

and the turnover rate of the AMDC population is further accelerated4, 126. AMDCs 

are equipped with PRRs, which enable them to recognise PAMP signals via direct 

uptake of pathogens or via indirect ‘danger’ signalling from adjacent infected 

AECs. Upon PAMP recognition, the AMDCs migrate to regional lymph nodes (RLN) 

where they rapidly activate and during primary infections, viral antigens are 

presented to naïve T cells, which have been circulating in peripheral blood and the 

lymphatic system154. Naïve T cells are activated leading to rapid proliferation and 

differentiation into one of several T cell subsets, described in detail below in 

section 1.4.1. The emigrant AMDCs are replaced with immature cDCs recruits from 

the bone marrow107.  

1.3.7.1 Mediators in respiratory viral infections 

Interferons were first discovered in 1957166 and consist of pleiotropic cytokines. 

They are key players in the antiviral response and establish a pro-inflammatory 

state at the site of viral infection167. The interferon family is grouped into three 

types, namely type I (IFNA/IFNB), type II (IFNG) and type III (IFNL, also known as 

IL29, IL28A, IL28B). IRF7 is the master regulator of type I and III interferon 

responses168. Type I IFNs, IFNA and IFNB are crucial in inducing a robust antiviral 

state following respiratory viral infection, and function in a modulatory capacity 

(e.g. promote antigen presentation, enhance adaptive immunity), and recruit and 



 

 24 

activate immune cells169. The canonical signal transduction of IFN is relayed via the 

IFNA receptor (IFNAR1/2), the Janus-activated kinase 1 (JAK1) and tyrosine kinase 

2 (TYK2), followed by phosphorylation of activators of transcription 1/2 

(STAT1/STAT2) transducers, which form a complex with IRF9. Subsequently, the 

complex translocates to the nucleus and initiates transcription of IFN-stimulated 

genes (ISGs)170. In response to type I IFN signalling hundreds of genes are 

upregulated, a subset of which induce a robust antiviral state170. Of note, a core 

signature of 166 commonly activated genes has been identified across all cell 

types171. The essential constituents of the archetypal ISGs include Mx dynamin-

like GTPases (MxA/B in humans, Mx1/2 in mice), 2ʹ,5ʹ-oligoadenylate synthase 

(OAS), interferon stimulated gene 15 (ISG15), and protein kinase R (PKR). These 

core genes act in concert to induce an antiviral state in infected and surrounding 

cells to avert the spread of infection172. Of note however, some constituents such 

as OAS, which directs the ribonuclease L (RNaseL) pathway, are expressed 

constitutively at low-levels in cells, and degrade cellular and viral double stranded 

RNA170. 

Type II IFN is an effector cytokine of Th1 immunity and produced by immune 

cells87. IFNG is epigenetically regulated at birth and thus, across the general 

population a varied IFNG-producing capacity is observed173. 

Type III IFN is an early responder to infections and plays a major role in mucosal 

tissues where it is preferentially expressed over type I IFN in response to 

respiratory viruses174, due to the limited expression of the type III IFN receptor 

(IFNLR1)175. IFNL specifically targets infections at local sites at the airway 

epithelium, whilst IFNA provides protection against systemic infections176. In the 
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airways, airway epithelial cells, DCs and macrophages produce IFNL, and high IFN 

production may have detrimental effects, resulting in exacerbated inflammation 

and collateral damage of AEC169.  

1.3.8 Natural Killer cells 

Natural killer (NK) cells are large granular lymphocytes and function as innate 

immune cells that are important for antiviral defence. NK cells make up 5-15% of 

blood lymphocytes. Phenotypically NK cells lack the typical lymphocyte marker 

CD3 and express CD56. During viral infections NK cells undergo rapid population 

expansion and activate pathways enabling targeted granzyme/perforin-mediated 

cytotoxic killing of infected cells. It is noteworthy that severe infant RSV 

bronchiolitis has been associated with low NK cell numbers in peripheral blood 

and the airways138, 139 and may result in reduced cytotoxicity and viral clearance in 

the airways relative to older children. In asthmatic children during acute disease 

compared to stable “baseline” asthma, increased proportions of NK cells have 

been observed in circulation177. Moreover, NK cells have been implicated to 

promote allergic sensitisation in mouse models178 and aid in the resolution of 

allergic airways inflammation179.  

1.3.9 Innate lymphoid cells 

Recently a new member of the lymphocyte family was described, known as innate 

lymphoid cells (ILCs) which are involved in tissue homeostasis and protection of 

mucosal tissues. ILCs are a rare population and lack most lineage markers (e.g. 

CD3)180. At mucosal surfaces, ILCs function as part of a complex network 

responding rapidly to environmental signals/cytokine stimuli and secrete effector 
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cytokines such IL-5 and IL-13181. Innate lymphoid cells can be grouped into three 

classes based on their specific cytokine signatures. Group 1 ILCs (type I) includes 

IFNγ and TNFα producing cytotoxic natural killer (NK) cells and others abundant in 

the gut mucosa and liver. They express the transcription factor T-bet and require 

IL-15 for their differentiation182. Group 2 ILCs (type II) are present in numerous 

tissues such as the gut, lung and skin. They include conventional ILC2s and multi-

potent progenitor type 2 cells. They are involved in airways diseases including 

allergic disease, inflammation and asthma via the production of Th2 cytokines 

such as IL-4, IL-5, IL-9 and IL-13. Furthermore, they facilitate the recovery of airway 

epithelium, they are involved in tissue repair and remodelling of damaged airway 

epithelium and produce growth factors, matrix proteins and Th2 cytokines133. The 

third group (type III) produce Th17 type cytokines (IL-17 and IL-22) and depend on 

the transcription factor RORγt for differentiation182, 183. 

1.4 Adaptive Immunity 

Adaptive immunity, contrary to innate immunity, requires time for mobilisation 

and expansion of memory cells that ‘remember’ previous infections and are 

antigen-specific. Specifically, adaptive responses rely on antigen receptor 

repertoires that are generated by somatic gene re-arrangements during early 

development of lymphocytes and selection via clonal expansion129.  

1.4.1 T lymphocytes 

T lymphocytes (T cells) play a central role in adaptive immunity. T cells are 

produced in the thymus and thymocytes (lymphocytes within the thymus) 

undergo about 3 weeks of intra-thymic maturation with negative selection to 
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maximise self-tolerance. Naïve T cells lack the receptor specificity of mature T cells 

and naïve T cells that survive the intra-thymic selection process leave the thymus 

and are known as recent thymic emigrants (RTEs)184. RTEs are immunologically 

naïve and can be identified by their T cell receptor excision circles (TRECs), which 

are enriched stable non-replicating sequences of excised DNA generated during T 

cell receptor (TCR) rearrangement185. TRECs are highly expressed in RTEs 

compared to mature naive T cells. RTEs traffic to peripheral organs such as lymph 

nodes and require about 3-weeks maturation in the lymphoid periphery. During 

the merger of RTEs into the periphery they displace resident mature T cells and 

maintain the (antigen) naïve T cell pool186. Upon antigen encounter, naïve T cells 

undergo clonal expansion resulting in antigen-specific T cells.  

Infant T cell responses differ both quantitatively and qualitatively compared to 

older children and adults. Notably, infant RTEs are deficient in developing Th1 

responses that are driven by IFNG, due to hyper-methylation of the IFNG 

promoter173. Moreover, our group has previously shown that RTEs in infants 

undergo rapid apoptosis following an initial cycle of rapid proliferation/cytokine 

production187 following their first-time encounter with pathogens and T cell 

memory is relatively rare in this very young population187. 

1.4.1.1 CD4+ T cells 

T cell subsets are highly heterogeneous and throughout the lymphocyte life cycle 

undergo differentiation, senescence and exhaustion. T cell surface markers also 

change with age and antigen challenge. T cells of the CD4+ (CD3+) lineage can be 

grouped into several subsets. The classical T helper (Th) 1 and Th2 subsets, and 

non-classical Th17 and regulatory T cell (Treg) subsets, distinguishable by their 
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cytokine expression signatures and functional characteristics188, 189. Th1, Th2, and 

Th17 cells promote pro-inflammatory responses that are potentially tissue-

destructive (cytopathic), whilst Tregs are immunosuppressive and protect the 

tissue by counterbalancing the responses of other T cell subtypes190. 

Stimulation of uncommitted naïve T cells with IL-12 and T-Bet signalling induces 

Th1 cells, which fight intracellular pathogens (viruses/bacteria)191. Th1 cells are 

activated by dendritic cells and acquire IFNG producing capacities. In contrast, Th2 

fate is induced by IL-4 signalling and Th2 cells produce IL-4, IL-5, IL-10, and IL-13. 

Th2 cells fight extracellular parasites and induce B cells to produce IgE, resulting 

in Th2 responses found typically in atopic asthma. Th17 cells are induced by the 

RAR-related orphan receptor (ROR)-γt192, 193 and express pro-inflammatory 

cytokines IL-17, IL-21, IL-22 and TNFa194. Th17 cells function in host defence 

against bacteria and fungi, and have been shown to promote airways neutrophilia 

during viral infections via IL-8 production195, 196. 

1.4.1.2 T regulatory cells 

T regulatory cells are subsets of CD4+ lineage T cells that play a key role in 

maintaining tolerance to self-antigens, and in limiting the intensity and duration 

of immune responses against environmental antigens. Two subgroups of Tregs 

have been identified, namely natural Tregs (nTregs) and adaptive inducible Tregs 

(iTregs)197. nTregs are produced constitutively in the thymus, whilst iTregs are 

induced in the periphery in response to environmental antigens198. Tregs are 

phenotypically identified utilising Forkhead box P3 (Foxp3) expression as their 

hallmark functional marker, which is the master regulator for Treg function199. In 

addition, CD25 (IL-2 receptor alpha chain) expression is also utilised as a defining 
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marker of Tregs and CD127 (IL-7 receptor alpha) is inversely correlated with Foxp3 

expression200. Of note however, identification of Tregs varies across studies, given 

that much of the literature refers to CD4+CD25+ Tregs201. Consequently, this limits 

accurate comparisons between studies and results in conflicting findings. 

Tregs function in a immunomodulatory capacity and are crucial in suppressing 

potentially harmful immune responses to otherwise benign environmental 

allergens202. They produce immunosuppressive IL-10 and TGFB1, which inhibit the 

proliferation of naïve T cells203. Importantly, Treg functional and quantitative 

deficiencies have been observed in atopic and asthmatic individuals. Hartl et al.204 

showed reduced Treg function in paediatric asthmatic airways, and Tulic et al.205 

compared atopic versus non-atopic children and found that atopic children 

displayed delayed functional maturation of Tregs, and Treg dysfunction may thus 

occur early in life in atopics. Tregs are therefore important in inhibiting Th2-

related atopic responses.  

1.4.1.3 CD8+ T cells 

CD8+ (CD3+CD4-) T cells (also known as cytotoxic T lymphocytes) are specialised 

for recognition and killing of virally infected host cells, but can also participate in 

adaptive responses against non-microbial antigens. Similar to NK cells, they 

contain cytotoxic granules filled with granzyme and perforin proteins, which are 

released upon identification of infected host cells. During acute infections, CD8+ T 

cells divide and differentiate into effector T cells and produce IFNG and TNF. Most 

of these effector T cells die following viral clearance, and those that survive are 

long-lived and maintained via IL-7 and IL-15 signalling.  
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1.4.2 B lymphocytes 

B lymphocytes, also known as B cells, develop in the bone marrow and are 

distributed in secondary lymphoid organs. B cells make up 5-15% of all leukocytes, 

and similar to T cells, are antigen-specific (B cell receptor for antigen)206. The 

primary function of B cells is antibody production, but they can also operate as 

APCs and sample antigens, which they digest into fragments and present on their 

cell surface (via MHC II molecules) mainly to T-memory cells. T cells can then 

communicate with them via their complementary TCR complex, resulting in clonal 

B cells expansion and differentiation/maturation into plasma B cells (=effector B 

cells) which then produce antigen-specific antibodies207. 

1.5 Ontogeny of early life immune and respiratory 
function 

The infant respiratory and local mucosal immune system are functionally 

immature201. The infant airways continue to develop and undergo complex growth 

and differentiation, and the final stages of lung development only conclude 2-3 

years postnatally with the multiplication of the alveoli208. If this growth process is 

perturbed during this critical developmental period, it may lead to alterations in 

key structure-function relationships in lung tissues, which are not reversible, and 

can result in long term deleterious changes in respiratory function such as 

recurrent wheeze. Moreover, superimposing viral infections during this crucial 

period of airways differentiation may lead to permanent perturbation of growth 

and differentiation of the lungs (Figure 1.2), and airflow limitation leading to loss 

in lung function. Of note in this regard, there is a relationship between recurrent 

exacerbations and airflow limitation209. Recurrent exacerbations upregulate 
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inflammation and remodelling pathways resulting in deterioration of lung 

function. This in turn, promotes heightened susceptibility to recurrent 

exacerbations and a vicious cycle is established where exacerbations promote 

deterioration in lung function and vice versa209. 

 

Figure 1.2 Impact of respiratory infections on the developing immune and 
respiratory system.  

Severe lower viral-induced respiratory tract infections and associated inflammatory 

disease manifest as bronchiolitis in infancy and as asthma during the school-age years. A) 

In infants, the airways continue to develop in early life (e.g. alveoli growth), whilst 

simultaneously, B) the immune system is in a transient state of functional immaturity and 

undergoes functional maturation over time. This means that early life is period of 

heightened susceptibility to C) respiratory pathogens that trigger lower respiratory 

infections (e.g. viruses and bacteria). Moreover, D) during early life atopic sensitisation 

occurs to perennial aeroallergens.  

Simultaneously, infants undergo a series of dynamic age-dependent changes 

within the immune system, resulting in the functional maturation of effector and 

regulatory mechanisms that are central to the efficiency of both innate and 

adaptive immune responses210. The immune system is Th2 biased at birth211. 

Epigenetic mechanisms in the T cell compartment, exemplified by methylation of 
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IFNG promoter, dampen the Th1 response173. This Th2 environment is protective 

of the foetus in utero since Th1 cytokines are toxic to the placenta5, 211. However, 

this Th2 skewing at birth can increase the risk of infection, since Th2 pathways can 

inhibit viral clearance88. Accordingly, infants demonstrate ineffective viral 

clearance and as a result AECs are readily damaged due to the infiltration of 

immune cells into airway tissues during the long period it typically takes to clear 

pathogens in this age group212. It is also noteworthy, that the interferon producing 

capacity in infants is thought to be deficient in comparison to adults213-215. 

Functional immaturity is also seen in the DC compartment. Infant DCs 

demonstrate limited capacity for antigen-specific T cell priming, which results in a 

decreased ability to produce Th1 polarising cytokines216. Moreover, infants are yet 

to develop acquired efficient memory responses as seen in adults. As a result, 

secondary viral infections are frequent and more severe reinfections are likely3.  

1.6 The Airways and the Microbiome 

Traditionally, the lower airways were believed to comprise a sterile environment. 

Conventional bacterial culturing methods are notoriously insensitive, and many 

microbial species present in the mucosal dwelling microbiome cannot be detected 

via this methodology. Advances in high-throughput sequencing technologies have 

facilitated the study of micro-organisms that may be found colonising the airways. 

Importantly, technological advances have led to the discovery and identification 

of bacteria in healthy lungs, which has challenged the fundamental assumption 

that the lungs are normally sterile. Thus, bacterial strains can now be identified by 
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so-called “metagenomic” techniques based on sequencing of bacterial 16S 

ribosomal RNA genes217, 218. 

The Human Microbiome Project (HMP) was established in 2007 to study the 

microbes colonising our body ‘habitats’, such as the skin, the mouth, the 

nasopharynx, the intestinal tract and the airways, which harbour trillions of 

microorganisms termed ‘the human microbiome’218. The HMP was first 

established to assess the extent of the microbiota in healthy individuals (known as 

the ‘reference’ microbiome) in various body sites219. The focus of current interest 

is how the microbiota contribute to the normal human physiology and how it may 

be altered in diseased states due to changes in the microenvironment of the 

bacteria. It is generally believed that the microbiome is essential for maintenance 

of good health and human beings have developed a symbiotic relationship with 

their colonising bacteria, which is essential in this process220. 

The first “inoculation” of microbial communities occurs prenatally. Aagaard et 

al.219 demonstrated that the placenta host a rich biodiversity of bacteria. The 

neonatal microbiome exhibits complex bacterial communities in the intestine 

within the first few weeks of life. These gut bacterial populations undergo many 

fluctuations in flora until equilibrium is reached between 1-3 years of age219. 

Simultaneously, the bacteria in the lungs increase within the first two weeks after 

birth and the phyla of bacteria shift from Gammaproteobacteria and Firmicutes 

towards Bacteroidetes218. 

The airways surfaces which are covered in a rich microbiota under homeostatic 

(steady-state) conditions are known as commensal microbiota, i.e. non-
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pathogenic bacteria. The origin of this microbiota in the airways remains unclear, 

however, there is evidence that nutrition and the microbiota from the intestine 

(which is regulated by nutrition) can influence the microflora of the lungs221. In 

healthy individuals, this ‘core airway microbiota’ comprise bacteria of at least 70 

known phylogenetic types (phylotypes), the Proteobacteria, Firmicutes, and 

Bacteroidetes218, 222, 223. 

Some understanding has been gained regarding how the intestinal microbiota 

interact with the host immune system to maintain gut homeostasis224, however, 

the human airways represents a more uncharted territory. Numerous studies 

demonstrate that individuals deficient in commensal microbiota are more 

susceptible to systemic and respiratory viral infections225-227. The necessity of this 

core microbiota concurs with the concept of ‘the hygiene hypothesis’, which was 

first proposed in 1989, in an attempt to explain why asthma and allergic diseases 

were increasing with changes in lifestyle, especially in developed countries228. This 

concept is broadly based on the notion that we are living in a too ‘clean’ 

environment with insufficient early exposure to environmental pathogens (and 

commensals), which are necessary to drive functional maturation of the immune 

system. Thus, high-level exposure to microbial-rich (i.e. diverse) environments is 

beneficial to host immunity and can drive its maturation.  

Members from our group recently profiled infant nasopharyngeal microbial 

communities (bacteria and viruses) during the first year of life from the Childhood 

Asthma Study (CAS) cohort76. Samples were compared between acute respiratory 

infections (ARIs) and baseline asymptomatic visits. The study demonstrated that 

Haemophilus, Moraxella, and Streptococcus were commonly detected during 
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ARIs, whilst Alloiococcus, Corynebacterium and Staphylococcus were frequent in 

healthy samples. 

The microbiota in the airways usually does not penetrate the underlying tissues, 

except during transitory respiratory viral infections, where the epithelium may be 

damaged and microbes may gain entry leading to secondary bacterial infections. 

When this occurs, there are effective immune response mechanisms in place to 

deal with secondary infections229. Hilty et al.230 demonstrated that the lower 

airways harbour a local microbiota by profiling the microbiome in the lavage of 

healthy/asthmatic children and adults. They show firstly, that healthy microbiota 

differs significantly compared to asthmatics. Secondly, asthmatic children and 

adults are similar and proteobacteria were strongly associated with airways 

disease, in particular, the phyla Haemophilus, Moraxella, Neisseria species230.  

1.7 Animal models 

The use of small animal models to explore complex immunological interactions in 

in vivo settings has been exploited for more than a century231 and provide an 

invaluable tool in translational research. As with any model organism, 

experimental animal models come with numerous advantages as well as some 

limitations. Small rodent models, such as inbred mice and rats permit extensive 

control and manipulation, set in the natural milieu of inflammatory function and 

intact airways. Mouse models provide the means to unravel detailed mechanistic 

insights into underlying disease mechanisms and novel insight gained from animal 

models can then be explored indirectly in the human system. Yet, lab-bred animals 

have distinct immunological profiles from humans, and conclusions drawn and 
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extrapolation of results to human disease should be acknowledged and viewed 

with caution232.  

In severe lower (human) respiratory infections, rhinovirus appears to be the most 

important virus resulting in the ‘common cold’ in most of the population; 

however, in asthmatics it can trigger acute exacerbations. Experimental animal 

models have been developed to unravel the detailed mechanisms in regards to 

how these risk factors (virus/atopy) intersect to potentially contribute to asthma 

exacerbations in the human situation. These studies have shown that HRV 

infection in Balb/c mice (Th2high immunophenotype) induces an acute, short-lived 

prototypical antiviral inflammatory response (neutrophil influx/interferon), 

mainly driven by NFkB and PI3K dependent pathways 233-236. Moreover, it has been 

clearly demonstrated in these models that during ongoing allergen-induced 

allergic airways inflammation, HRV infection potentiates the Th2 inflammatory 

component of the response, supporting a role for HRV in amplifying asthma 

exacerbation severity in humans4, 108, 229. The mechanisms associated with 

enhanced Th2 response profiles include alarmins IL-25 and IL-33237, 238. There are 

some limitations associated with previous studies, including using only minor 

group HRV233, 234, 239, the use of transgenic human ICAM-1 mice (as the majority of 

the HRV serotypes (HRV-A; 90%) require human ICAM-1 receptor for infection)235, 

240, the spectrum of susceptibility/severity observed in atopics and the relevance 

to potentially different phenotypes in asthma has not been adequately 

addressed241, 242. 

Recently, an alternative model of HRV infection has been developed using 

attenuated mengovirus (vMC0), a member of the picornavirus family, in both mice 
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and rats241, 242. Of note, wild-type mengovirus causes systemic and lethal 

infections, and the poly(C) tail of the mengovirus genome is crucial for its 

pathogenicity. Duke and colleagues243 created a truncated version of the 

mengovirus genome by deleting parts of the poly(C) tail, and this resulted in a 

transformation from lethal virus to only self-limiting infections. The genetically 

modified, attenuated version of mengovirus, shares the same tropism (i.e. growth) 

for epithelial cells as HRV and induces self-limiting inflammation of the airways241, 

244. Moreover, vMC0 naturally infects rodents245 and thus provides a unique 

opportunity to model inflammation-associated airways disease (asthma).  

Our preferred rodent species for studying asthma-related disease mechanisms are 

rats246, 247 for two reasons. Firstly, functional changes due to airways 

hyperresponsiveness (AHR) are present throughout the lungs in mice and 

concentrated in the lung parenchyma, which are the small airways where gas 

exchange takes place (e.g. bronchioles)248, 249. In contrast, in sensitised and 

allergen exposed rats, methacholine challenge impacts exclusively the conducting 

airways, as in the human situation, where inflammation-induced damage due to 

asthma is observed in the conducting large airways. Secondly, rats are generally 

larger in size and have larger lung volumes than mice. This means that lung 

washes, known as bronchoalveolar lavage (BAL), which sample non-adherent 

inflammatory cells and fluid lining the airway mucosal surfaces, can be easily 

obtained without the need of digesting whole lungs246, 247. 

Our group previously developed246, 247 an experimental comparative two-strain rat 

model to study viral-induced infections. The two strains of rats are at opposing 

ends of the allergy spectrum250-252; the Brown Norway (BN) rat is genetically at 
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high-risk or hyper-susceptible for atopic asthma (and constitutively expresses the 

Th2high immunophenotype. In contrast, Piebald-Virol-Glaxo (PVG) rats are 

resistant to IgE sensitisation by natural allergen exposure. However, sensitised 

PVG can regulate and resolve the response to experimental atopic airways disease 

and are thus atopy-resistant (Th2low immunophenotype). BN and PVG rats provide 

a unique opportunity to study viral infections with a differential genetic 

background and hence susceptibility to developing allergen and/or virus-induced 

airways disease. Of note, upon allergen challenge of sensitised animals (e.g. with 

Ovalbumin), the symptoms in the two strains are very different (Table 1.1); PVG 

rats develop a moderate IgE response, low airways eosinophilia and temporary 

transient AHR. In contrast, BN rats develop high and persistent symptoms251, 

recapitulating the clinical spectrum observed in sensitised humans. 

Table 1.1 Features of PVG and BN rat strains in response to allergen. 

 
Symptoms 

 
PVG rats: low-risk strain 

 
BN rats: high-risk strain 

 

IgE response 

 

Moderate 

 

 

High and persistent 

Airways eosinophilia Low High 

Airways 

hyperresponsiveness (AHR) 

Temporary Persistent 

1.8 Systems Biology 

The activation of immune responses involves complex interactions between 

multiple genes, such as pathogen recognition receptors, intracellular signalling 

cascades, transcription factors, and effector molecules (e.g. cytokines and 

chemokines). In the past, these processes have been largely studied in isolation. 
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However, this reductionist approach to understanding biology is limited, given 

that these components do not exist or function in isolation of each other but work 

in concert. In contrast, the systems biology approach seeks to decipher biological 

systems in their entirety. Systems biology can be defined as modelling genes as 

components of an interconnected system, to understand how (dynamic) 

interactions between these components give rise to emergent properties such as 

cellular function, behaviour and robustness253, 254. Systems biology studies have 

revealed fundamental insights into the basic mechanisms and principles that 

govern biological organisation. In biological systems, individual molecular 

components interact in the context of motifs and pathways, motifs are embedded 

within modules, and modules are incorporated into a large network, as detailed in 

Figure 1.3.   
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Figure 1.3 The Complexity Pyramid. 

Biological systems are organised into elementary building blocks, which can be studied 

from a top-down and bottom-up approach. This figure is adapted from Oltvai and 

Barabasi255. 

These organisational principles have been elucidated using network graph theory. 

The underlying concept here is that a biological system can be represented as a 

network graph, where the vertices are genes or proteins, and the links represent 

functional interactions between genes or proteins. Gene networks are scale-free 

networks, which are defined as networks whose connectivity distribution follows 

a power law256. This means that a few nodes, so-called ‘Hubs’, have many links, 

whilst many nodes have limited connections. These hubs if perturbed or even 

deleted, are more likely to have a major impact on the network dynamics, and are 

expected to result in more extreme phenotypes than less connected nodes (this is 

known as path redundancy)257. Networks also have a modular organisation, where 

genes that function in the same biological pathway or process form densely 
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interconnected sub-networks. Modularity is thought to contain local damage from 

perturbations and limit the spread to the entire system254, 257, 258.  

Rooted within these functional modules are motifs, which are small recurrent 

patterns (sub-graphs)259. Motifs occur more frequently in network graphs than 

would be expected by chance. They process information from environmental cues 

by relaying the signal through loops. These loops can function as negative 

regulators such as negative feedback and feed-forward loops, which can lead to 

instability in the system, or as positive feedback and feed-forward loops, which 

utilise alternative routes to allow for signal redundancy. Thus, if one pathway or 

signalling stream is perturbed, then other alternative routes remain, which allow 

for continuity of signal transduction258, 260, 261. In addition to the organising 

principles illustrated in Figure 1.3, another organising principle relevant to 

biology/immunology is the bow-tie architecture (Figure 1.4). This is characterised 

by an hourglass configuration, with many inputs that feed into (i.e. fan-in) 

conserved and efficient core processes, and outputs (fan-out) leading to many 

downstream signalling cascades262-265.  
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Figure 1.4 The bow-tie architecture.  

Biological systems are controlled by multiple layers involving many inputs, conserved core 

processes and many outputs, known as the bow-tie architecture265. The core components 

are key to the functioning of the system, whilst input or output signalling is often 

redundant, ultimately resulting in similar downstream signalling. 

The bow-tie architecture is observable in the immune system at both a cellular 

and molecular level. On a cellular level, pathogens are recognised by PRRs (as 

described above) and lead to the activation of innate and adaptive immune cells 

including APCs, which feed into the bow-tie structure of the immune system 

converging on immature DCs and naïve T cells, and result in rapid proliferation and 

differentiation of T cell phenotypes. On a molecular level, the adaptive immune 

system relays signals by convergence on to major histocompatibility complex 

(MHC) II and T cell receptor molecules and outputs multi-cytokine production and 

T cell polarisation266. 

1.8.1 Technology platforms  

Cellular profiling is carried out with the multi-colour flow cytometry platform, a 

technology utilised for counting, identification and characterisation of numerous 
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cellular subsets. It functions by labelling cells with fluorescently tagged antibodies, 

which are passed through the cytometer where lasers excite the fluorescent dyes 

at different wavelengths, and the fluorescence emission or refraction of light is 

counted to identify cells267. In our lab we use panels of antibodies that allow for 

the simultaneous analysis of multiple cellular parameters to identify both myeloid 

and lymphoid subsets (see methods below). 

Molecular profiling permits the simultaneous interrogation of thousands of genes 

in the human genome. Two platforms of note are hybridisation-based microarrays 

and RNA-Sequencing (RNA-Seq) technology. Microarray contain an assay for every 

gene in the human genome (~25,000 protein coding genes) and continuous 

measures of fluorescent intensity are quantified for each gene. Genes that are 

“switched on” in biological samples will “light up” in this assay and genes that are 

inhibited or “switched off” will have no signal. Microarrays have some limitations 

compared to the newer high-throughput RNA-Seq technology; this includes cross-

hybridisation of related sequences, which limits the signal-to-noise ratio268 and 

arrays are limited to prior knowledge of known genomic sequences. Also, arrays 

lack sensitivity to accurately measure gene expression at the extreme end of the 

expression range, i.e. very low or high-level expression269. In contrast, in RNA-Seq, 

cDNA is fragmented and ligated to sequence adapters, and libraries of cDNA 

fragments are then PCR amplified to obtain millions of short sequences which are 

sequenced to determine the cDNA sequence. Subsequently, reads are aligned to 

a reference genome269. Some limitations of RNA-Seq include that i) the ligation 

step has sequences preferences and can result in representational biases; ii) small 

RNA profiling does not result in absolute quantification due to biases that may be 
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introduced during sample preparation and sequencing, iii) characterisation of 

alternative splicing patterns is limited by sequencing length270; iv) detection of 

novel transcripts occurs on a regular basis and mapping transcription to new splice 

variants requires splice-aware mapping tools271. Thus, careful consideration of the 

study design, aims and outcomes are required during the early planning stages. 

However, both microarray and RNA-Seq data provide an excellent starting point 

for further downstream bioinformatics analyses including standard differential 

expression analysis comparing samples of interest under different treatment 

conditions (e.g. disease versus control) or more unbiased systems analytic 

approaches. 

1.8.2 Network analysis of genomic data 

Network analysis of genomic data (RNA-Seq/microarray) provides an unbiased 

holistic approach to studying complex diseases. Network analysis focuses on 

network topology rather than gene expression levels and co-expression 

relationships of genes across samples can be identified 272. Notably, the network 

wiring diagram can be reconstructed (or reverse engineered) employing known 

interactions based on thousands of curated molecular relationships that are based 

on experimental data, for example from the Ingenuity Systems KnowledgeBase273 

or InnateDB274. These genetic interaction networks, also known as modules, carry 

out specific biological functions which can be elucidated with pathways analysis 

tools274, 275. In this regard, members from our group previously employed network 

analysis in numerous studies to unravel co-expression networks during acute 

exacerbations of asthma276, HDM-induced CD4+ T cell responses in atopics with or 

without asthma277 and cancer immunotherapy278. A limitation of network analysis 
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is that the networks are constructed across many samples (irrespective of 

treatment type) and thus cannot reveal subject-specific networks or variations 

across subjects. Thus, in future studies this limitation should be considered given 

that both acute viral bronchiolitis and acute atopic asthma are heterogeneous 

syndromes.  

1.8.3 Personalised immune response profiling  

Despite decades of research into inflammatory airway diseases, little progress has 

been made in reducing the development of asthma. Thus, current therapies for 

asthma involve medication that alleviate symptoms but do not cure or prevent the 

disease, given that the underlying mechanisms are complex and incompletely 

understood. The origins of asthma indisputably lie in early life and novel early 

interventions are required to tackle this epidemic of the airways. Moreover, 

treatments in affected infants and young children with severe bronchiolitis are 

extrapolated from older children and adults, and are not adequate given that 

immune and inflammatory functions are immature in infants. It is also noteworthy 

that therapies in the respiratory field have been gleaned from medical research 

that was based on bulk data processing and analysis, essentially disregarding the 

heterogeneity across the population210, 279 to allow for statistical inferences.  

Notably, in the 2000’s, Hood and colleagues280 first advocated the notion of 

personalised medicine. The key concept here is that each patient requires 

personalised tailored treatments for their specific underlying genetics and 

disease-associated dysregulated cellular/molecular mechanisms. With the advent 

of novel data analyses technologies, the characterisation of a subjects underlying 

immunophenotype will be essential to design successful clinical intervention trials, 
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which in the past have been based on inclusion of patients without phenotyping 

for targeted and tailored personalised treatments. The field of cancer281, 282 has 

pioneered personalised medicine and thus the immunology and respiratory field 

need to distance themselves from ‘reactive disease’ care towards treating the 

cause rather than the symptoms of the disease with novel personalised 

approaches. 

1.8.4 Transcriptomic studies in AVB 

There are a number of transcriptomic studies in AVB which are summarised in 

Table 1.2. To date, these molecular profiling studies have mainly utilised 

peripheral blood to examine systemic molecular responses by microarray283-288 

and two studies examined nasal mucosal gene expression by microarray285 289, 290. 

The main aim has been the identification of biomarkers that can be employed in 

differential diagnostics in the clinic to discriminate mild from severe bronchiolitis, 

to predict potential complications and whether hospitalisation is necessary155, 283, 

287, 291, 292. It is noteworthy, that these studies were based on limited samples 

sizes283, 284, 288 and the study populations were heterogeneous with respect to 

age283, 285, 286, 288. To date, one study employed RNA-Sequencing of whole blood286 

and another study utilised microRNA-Sequencing of sorted NK cells293, but the 

number of samples was restricted to 3 and 12 in each group respectively.  

In addition to genomic studies, there are also a number of studies examining 

cellular contributions by flow cytometry to systemic responses294-296 and local 

responses in the airways297, 298 258 during AVB; gene expression by PCR295, 

measurement of cytokines in peripheral blood mononuclear cells (PBMC) and 

plasma293, 299, and nasal samples258 299, 300; metabolomic profiling301, 302; single 
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nucleotide polymorphisms303; and statistical analysis model (latent class analysis) 

based on clinical data/medical history and viral prevalence data1. 

In order to advance to new therapies for AVB, systems approaches are urgently 

required that examine the underlying molecular mechanisms. Moreover, given 

that maturation of immunological function in early life can have a major impact 

on risk for infection and development of asthma and related traits, detailed 

studies based on defined age groups will be essential to elucidate the mechanisms 

underlying AVB. Notably, as mentioned above, most studies have focused on 

peripheral blood cells as a source of cellular material for molecular profiling 

studies. Peripheral blood cells are informative because they contain innate and 

adaptive immune populations, which are recruited to the airways during 

respiratory infections; however, local cell populations such as airway epithelial 

cells and the airway microbiome are also likely to play a major role in the disease 

process. Therefore, parallel studies in blood and the local nasal airway mucosa will 

be essential to systematically dissect the underlying immunoinflammatory 

mechanisms that determine severe acute viral bronchiolitis in infancy. Ideally, if 

we can mitigate AVB in its early stages in infancy, then we may be able to halt 

further disease progression or even prevent acute viral bronchiolitis and ensuing 

development of asthma. Thus, systemic (PBMC) and local tissue compartments 

are the major research focus in this thesis. 
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 Table 1.2 Genomic studies of acute viral bronchiolitis. 

Sample Type Profiling 
Method 

Age & Number 
of Samples Aims and Major Findings Limitations References 

Nasopharyngeal 
swabs 
 
Whole blood 

Bacterial 
16S-rRNA 
 
Microarray 

Infants <2yrs; 
RSV bronchiolitis 
n=106, healthy 
ctrl n=26 

Aim: to characterise the nasopharyngeal microbiota in 
infants with RSV bronchiolitis and test for associations 
with whole blood transcriptome and disease severity.  
Findings: Haemophilus influenzae and Streptococcus 
were associated with exaggerated inflammatory 
responses in RSV bronchiolitis. Adaptive responses (B 
and T cells, NK cells) were downregulated. 

• Healthy subjects older 
than RSV infants. 

• RSV infants received 
antibiotics compared to 
healthy controls. 

de 
Steenhuijsen 
Piters 
AJRCCM 
2016290 

Whole blood Microarray Infants <2yrs; 
RSV bronchiolitis 
n=39 

Aim: to identify a gene signature to distinguish severe 
from mild RSV bronchiolitis.  
Findings: they identified an 84-gene signature that 
discriminates between severe and mild RSV infections 
in hospitalised infants and which may be used as a tool 
for triage and patient management. 

• Infants with severe 
disease were younger 
than infants with mild 
and moderate disease 
severity. 

Jong Scir Rep 
2016288 

NK cells from 
PBMC 
population 

MicroRNA 
(miRNA) 
sequencing 

Infants <18mo; 
RSV bronchiolitis 
n=6, ctrl n=6 

Aim: To assess IL-15 as a marker of disease severity. 
Findings: IL-15 is associated with disease severity in 
hospitalised infants. 
 

• Limited number of 
samples were 
sequenced. 

• Potential confounders of 
gestational age at birth, 
breastfeeding and 
exposure to tobacco 
smoke.  

Leahy ERJ 
2016293 

Whole blood Microarray Infants < 2yrs; 
RSV bronchiolitis 
n=135, HRV 

Aim: To characterise the transcriptomic response to 
different viruses and identify biomarkers.  

• Samples were collected a 
median 2d after 
confirmation of LRTIs.  

Mejias PLoS 
Med 2013287 
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Sample Type Profiling 
Method 

Age & Number 
of Samples Aims and Major Findings Limitations References 

bronchiolitis 
n=30, Influenza 
bronchiolitis 
n=16, healthy 
ctrl n=39 

Findings: They identified a range of pathogen-related 
differences in acute immunoinflammatory response 
profiles in whole blood, together with a series of 
features common across infection groups, notably 
exaggerated expression of aspects of myeloid- and 
neutrophil-related innate immunity, with apparent 
concomitant downregulation of adaptive immune 
responses. 

• Samples were obtained 
from three different 
hospitals. 

Whole blood Microarray; 
RNA-Seq 
(cases n=3, 
ctrl n=3) 

Infants <2yrs; 
RSV bronchiolitis 
n=21, healthy 
ctrl n=37 

Aim: To characterise the systemic immune response to 
acute RSV bronchiolitis.  
Findings: Gene signatures distinguished between 
infected and healthy controls. In RSV infants innate 
immune responses (e.g. interferons) were upregulated 
and adaptive immune responses (T and B cell) were 
downregulated. 

• Different ethnicities. 
• Healthy infants were 

between 6-24mo old. 

Bucasas 
Pediatr 
Infect Dis J 
2013286 

Nasopharyngeal 
aspirates 

Microarrays Children < 5yrs; 
RSV infection 
n=30 

Aim: To identify biomarkers in nasopharyngeal airway 
samples associated with severe RSV infections.  
Findings: The authors identified a 5-gene signature that 
discriminates between mild and severe patients, 
including the genes TSPAN8, MUC13, MSP, CCL7 and 
UBD. 

• Poor RNA quality given 
that samples were 
originally designated for 
other studies. 

van den 
Kieboom ERJ 
2014289 
(cohort from 
Brand et 
al.304)  

PBMC 
 
Cultured 
primary human 
AEC 

Microarray 
 
Microarray 

RSV=1.5-3.9mo, 
ctrl=5-10mo; 
influenza=1.4-
21mo, 
ctrl=10.45-
26mo; RSV n=51, 

Aim: To characterise the transcriptional viral response 
to RSV and influenza in cultured airway cells and ex vivo 
PBMC.  
Findings: They show that PBMC responses (ex vivo) 
reflect the response at the mucosal site of infection (in 
vitro). The airway response showed upregulation of an 

• Controls older than 
cases.  

• A limited number of 
cultured primary AECs 

Ioannidis J 
Virol 2012285 
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Sample Type Profiling 
Method 

Age & Number 
of Samples Aims and Major Findings Limitations References 

ctrl=10; 
influenza, n=28, 
ctrl n=12 

interferon signature that was common to RSV and 
influenza infection. Influenza infection resulted in a 
stronger type I and III interferon response than RSV. 

were arrayed (RSV n=4, 
Influenza n=4, ctrl n=4). 

Whole blood Microarray Infants=1-8mo, 
healthy ctrl = 
1yr; RSV 
bronchiolitis 
n=5, healthy ctrl 
n=5 

Aim: To identify differentially expressed genes in 
infants hospitalised for RSV subtype B bronchiolitis.  
Findings: they identified a list of 54 genes that are 
differentially expressed between cases and controls 
including interferon-inducible genes. 

• Small sample size of 
cases and controls which 
is reflected in the limited 
number of differentially 
expressed genes. 

• Lack of age-matched 
controls: cases younger 
than controls. 

Fjaerli BMC 
Infections 
Diseases 
2006283 

Cord blood Microarray at birth; RSV 
bronchiolitis 
n=5, ctrl n=5 

Aim: To identify differentially expressed genes 
contrasting cases and controls.  
Findings: they identified 15 genes differentially 
expressed between cases and controls. 

• Limited sample size and 
number of differentially 
expressed genes. 

Fjaerli JID 
2007284 
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1.1 Hypothesis and Aims of this Thesis 

Hypothesis: During infancy, the immune and respiratory system are in a transient 

state of functional immaturity and environmental insults during this ‘window of 

susceptibility’ cause persistent changes to the developing immune and respiratory 

system.  

Aim #1: To identify the inflammatory gene networks underlying acute viral 

bronchiolitis in infancy in systemic (PBMC) and local airway responses, employing 

multi-colour flow cytometry and transcriptomic profiling (Chapter 3); 

Aim #2: To elucidate the cellular and molecular response patterns in virus-induced 

acute exacerbations of asthma in school-age children, employing molecular and 

cellular profiling technologies (Chapter 4); 

Aim #3: To identify age-related changes from infancy to school-age in virus-

induced inflammatory responses (Chapter 3-Chapter 4); 

Aim #4: To elucidate the role of Th2-dependent mechanisms in modulating host 

immunoinflammatory antiviral responses in the airways, employing an animal 

model (Chapter 5).
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Chapter 2 Materials & Methods 

In this chapter, the materials and methods are described in extensive detail, whilst 

Chapter 3-5 contain a shortened version in the appropriate format for publication. 

2.1 Buffers and Solutions 

2.1.1 Phosphate buffered saline (PBS) 

For the preparation of human PBS (Table 2.1) add chemicals with a funnel to 2L 

volumetric flask, partially fill and mix until dissolved. Add water up to the fill line, 

then filter sterilise into 20 plastic bottles of 100ml each. 

Table 2.1 Human PBS reagents 

Reagents Volume 

NaCl (Sodium chloride) Sigma 16 g 

KCl (Potassium chloride) Amresco 0.4 g 

Na2HPO4 (Sodium hydrogen phosphate) Amresco 2.3 g 

KH2PO4 (Potassium dihydrogen phosphate) Amresco 0.4 g 

Milli-Q water (“ultrapure”) 2 L 

For the preparation of rodent PBS (Table 2.2) in 5L volumetric flask, add chemicals 

to flask with funnel and partially fill. Add approximately 0.3 ml 33% HCl and mix 

until dissolved. Add water up to fill line, then filter sterilise into 10 glass bottles of 

500ml each. 
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Table 2.2 Rodent PBS reagents 

Reagents Volume 

NaCl (Sodium chloride) Sigma 43.9 g 

KCL (Potassium chloride) Amresco 1 g 

Na2HPO4 (Sodium hydrogen phosphate) Amresco 5.75 g 

KH2PO4 (Potassium dihydrogen phosphate) Amresco 1 g 

Baxter water  5 L 

33% HCL 0.3 ml 

2.1.2 Bovine serum albumin (BSA) 

For 200ml 5% BSA, add 10g BSA (Bovagen Biologicals, VIC, Australia) to 

approximately 100ml PBS. Allow to slowly dissolve and then make up to 200ml in 

measuring cylinder. Decant into 4 x 50ml plastic tubes and spin at 3000 g for 15 

minutes. Inside the tissue culture hood, attach three single use syringe filters (0.8 

μm to 0.45 μm to 0.2 μm) to the 500ml tissue culture glass bottle (red/white tape 

around base). Decant spun BSA into the bottle and sterilise the solution using the 

vacuum. Store in 20x yellow cap 10ml tubes (Sarstedt). 

2.1.3 Trisaminomethane (C4H11NO3) – Tris Base 

For 1 L of Tris Base dissolve 20.6 g Tris Base in 900ml Milli-Q water. Adjust pH to 

7.65 with concentrated HCL and make up to 1L. Filter sterilise using bottle top filter 

and aliquot into red cap plastic tubes and store at room temperature (RT). 

2.1.4 Ammonium chloride (NH4Cl) 

For 1 L of ammonium chloride for rodent use (Table 2.3) make up 900ml of 0.83% 

NH4Cl using Milli-Q water in a plastic beaker. Stir until dissolved and add 100ml 
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Tris Base. Adjust pH to 7.2 with HCl and filter sterilise using bottle top filter. Aliquot 

into 50ml red cap tubes and store at RT. 

Table 2.3 Ammonium chloride reagents 

Reagents Volume 

Tris Base  100 ml 

NH4Cl (Ammonium chloride) 7.47 g 

Milli-Q water (“ultrapure”) 1.5 L 

2.1.5 GKN 

GKN stands for 11mM D-glucose, 5.5mM KCl, 137mM NaCl, 25mM Na2HPO4. For 

5 L of GKN (Table 2.4), add chemicals to 5L volumetric flask, then the 5 bottles of 

baxter water and when dissolved fill up to line. Filter-sterilise and store in 10x 

500ml glass bottles at RT. 

Table 2.4 GKN reagents 

Reagents Volume 

NaCl  40 g 

KCl 2 g 

NaH2HPO4 17.8 g 

NaH2PO4 2H2O 3.9 g 

D-Glucose (Sigma) 10 g 

2.1.6 Red cell lysis buffer 

Red cell lysis buffer is only for rodent use. For 2 L red cell lysis buffer add chemical 

to beaker, then add approximately 1.5L Milli-Q water (Table 2.5). Mix until 
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dissolved and then top-up to 2L in measuring cylinder. Filter sterilise into four 

500ml plastic bottles. 

Table 2.5 Red cell lysis buffer 

Reagents Volume 

NH4Cl – (Ammonium chloride) 15.4 g 

NaHCO3 (Sodium bicarbonate) 0.168 g 

Milli-Q water (“ultrapure”) 1.5 L 

2.1.7 Fluorescence buffer 

For 5 L fluorescence buffer (Table 2.6), first add the sodium azide (NaN3) to the 

PBS, followed by BSA. The solution is slowly filtered through two pleated filter 

papers (Whatman) into Winchester bottles. The fluorescence buffer is stored at 

4°C in the cold room. 

Table 2.6 Fluorescence buffer reagents 

Reagents  Volume 

PBS 5 L 

BSA  25 g 

NaN3 5 g 

2.1.8 Heat-inactivated (HI) foetal calf serum (FCS) 

FCS is stored at -20°C. Thaw 0.1μm FCS (Serana, Bunbury, WA, Australia) and 

aliquot into approximately 23ml into 25 ml yellow cap tubes. Leave to equilibrate 

at RT for 30 minutes. Place in 57°C water bath for 50 minutes (of the 50 minutes, 

20 minutes to acclimatise to temperature and 30 minutes for inactivation). Allow 

to cool before storing at -20°C. 
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2.1.9 Trypan Blue 

For the human Trypan Blue, dilute 1:4 by adding 2.5ml Trypan Blue Stain 0.4% 

(Gibco) plus 7.5ml in NaCl solution. Spin for 10 minutes at 3000 x g. For the rodent 

Trypan Blue, add 1 ml Trypan Blue concentrate to 9ml rodent PBS. Filter with 

0.8μm to 0.2μm syringe filters. 

2.1.10 DNase I 

DNase I (1mg/ml) is made by mixing 25mg of powder (Sigma) with 25ml PBS and 

then filter-sterilising with 0.2μm. Aliquots of 150ul/tube are stored at -20°C. Once 

DNase I is thawed it is used within 24 hours. 

2.1.11 DMSO 

The cryo-protective agent dimethyl sulfoxide (DMSO, glycerol) is utilised for 

cryopreservation of PBMC. Prepare 42.5 mL cold HIFCS (in ice bath) and slowly add 

dropwise 7.5 mL of DMSO (store at 4°C). 

2.2 Description of the human study populations 

2.2.1 Acute Viral Bronchiolitis (AVB) 

Infants (<18 months) and pre-school children (>18 months - 5 years) from the 

acute viral bronchiolitis study were collected at the Royal Children’s Hospital, 

Brisbane, Queensland, Australia, when presenting with symptoms of bronchiolitis, 

between October 2011 and January 2015. The inclusion criteria were >37weeks’ 

gestation, normal birth weight >2,500g, no history of chronic 

pulmonary/cardiovascular disease. 
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2.2.2 Acute Asthma Study (AAS) 

The study population comprised school-age children (n=19) presenting with an 

exacerbation of asthma to Emergency at Princess Margaret Hospital for Children, 

Perth, Australia. Inclusion criteria were a gestational age of ≥ 36 weeks and no 

known chronic underlying disorder, apart from asthma. 

2.3 Sample Collection and Processing 

2.3.1 Peripheral blood collection 

Blood is collected both at the acute visit and 6-8 weeks later at the convalescent 

visit. Numbing cream is applied to the participant’s arm prior to blood collection. 

Blood sample collection within working hours: Peripheral blood from infants 

(collect 2.5ml) and children (collect 5ml) is collected into a syringe. The blood is 

transferred into 10ml screw-top tube containing 0.1ml preservative-free heparin. 

The tube is gently inverted several times to mix the blood and heparin, which 

prevents the blood from clotting. The sample is kept at RT and processed within 2 

hours of collection. Blood sample collection after working hours: As above, the 

same volume of blood is collected and stored in 10ml screw-top tubes containing 

5ml RPMI media with 0.1ml preservative-free heparin. The tube is gently inverted 

several times to mix the blood and media. Then, the sample is stored at RT and 

processed within 18 hours of collection. 

2.3.1.1 Processing of blood samples 

Processing of peripheral blood mononuclear cells (PBMC) begins with the loading 

of one 10 ml tube per vial each with 2.5 ml Lymphoprep at RT. Layer half of the 

contents of each blood tube (~5 ml) onto the Lymphoprep. Centrifuge the tubes 
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at 400 x g for 30 minutes at 18-20°C with brake off so as not to disturb the 

sedimentation layers. After centrifugation, the PBMC form a distinct band at the 

interface. Using a transfer pipette carefully aspirate PBMC from the interface 

between plasma and Lymphoprep, pooling 2 gradients into each new 10 ml tube. 

Fill the tubes with RPMI/HiFCS at RT and invert to mix. Centrifuge all tubes at 500 

x g for 10 minutes. Decant the supernatant (s/n) into a waste bucket. Wash the 

cells a total of three times to remove platelets: Re-suspend cell pellet in 

RPMI/HiFCS and fill the tube up to 10ml. Centrifuge 500 x g for 7 minutes at 20°C 

with the brake on. Decant the s/n into the waste bucket. Repeat procedure one 

more time. Then, prepare haemocytometer for cell counting and count a 

minimum of 200 viable cells. 

2.3.1.2 Cryopreservation of PBMC 

Following the counting, fill each tube up to 10ml, centrifuge at 500 x g for 7 

minutes at 20°C with the brake on, and decant the s/n into the waste bucket. Re-

suspend the cell pellets in each tube in 0.5ml cold RPMI/HiFCS and chill to 4°C on 

crushed ice. Pre-chill freezing mixture (15% DMSO in HIFCS at 4°C) on crushed ice 

and prepare a freezing container for use. Using a transfer pipette, take one tube 

at a time and slowly, drop by drop (for the duration of one minute), add 0.5 mL of 

chilled freezing mixture to the cell suspension, mixing by gently shaking the tube 

after every addition. Immediately transfer the contents of the tube into a labelled 

cryovial and keep the cryovial on ice. Repeat this procedure with further tubes. 

Immediately place both vials in the freezing container and place the freezing 

container in the -80°C freezer. Caution: Do not move the freezing container during 

the following 4 hours or ice crystals will form and burst the PBMC upon thawing. 
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24 hours later, transfer the frozen vials to permanent storage in a vapour phase 

liquid nitrogen storage vessel. 

2.3.1.3 Separation of Plasma 

Plasma must be separated within 2 hours of blood collection to preserve 

functionality. To separate plasma, centrifuge the whole blood tubes at 700 x g for 

10 minutes at RT. Using a sterile transfer pipette collect the plasma layer down to 

within 0.5-1.0 cm from the top of the red cell layer, avoiding disturbance of white 

cells. Centrifuge the plasma again at 700 x g for 10 minutes to remove platelets 

and store 2 mL aliquots in sterile 2ml microtubes at -20˚C. 

2.3.2 Nasopharyngeal aspirates (NPA) – AVB only 

Saline aspirates are collected at the acute visit only by using a suction catheter and 

mucous trap. Saline aspirates are vortexed and spun down. Pellets are re-

suspended in RNAlater stored at 4°C overnight and then at -80°C for long-term 

storage. Supernatants are split into two tubes and stored in separate tubes at -

80°C.  

2.3.3 Nasal swab/wash - AVB only 

Convalescent nasal swabs were collected from November 2011 to November 

2012. From April 2013 to January 2015, swabs were replaced with nasal washes. 

A nasal swab/wash is collected at the convalescent visit only. 2-3ml saline is 

transferred into a bulb using a syringe. The participants’ head is slightly tilted back 

and the tip of the bulb is inserted into one nostril. The participants’ second nostril 

is blocked with one finger. In a single action, the saline is expelled into the 

participants’ nostril by squeezing the bulb fully and then releasing the bulb to 
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allow mucous/saline to be drawn back into the bulb. The contents of the bulb are 

then squeezed into a 10ml screw-top tube and the bulb is rinsed out by drawing 

up 2ml of saline, swishing it about and expelling the contents into the same tube. 

The nasal washes are vortexed and spun down. Pellets are re-suspended in 

RNAlater and stored at -80°C. Supernatants are split into two tubes and stored in 

separate tubes at -80°C.  

2.3.4 Nasal mucosal scrapings (NMS) – AVB only 

Nasal mucosal scrapings are collected separately from both nostrils with the ASI 

Rhino-Pro curette (Arlington Scientific, Inc) by rubbing firmly against the surface 

of the inferior nasal turbinate. The tip of the curette is cut-off and placed into a 

1.5ml screw-top tube and immersed in RNAlater, and stored at -80°C until further 

processing. 

2.3.4.1 Viral detection 

Viral detection was carried out on acute nasopharyngeal aspirates and 

convalescent swabs/washes in Queensland for the AVB samples. Samples were 

tested for 17 viruses using previously validated and published RT-qPCR 

methods305. Viral detection included RSV A and B, parainfluenza virus 1, 2 and 3 

(PIV1-3), influenza virus A and B (FLU), human rhinovirus (HRV), human 

metapneumovirus (MPV), human adenovirus (Adeno), human bocavirus (Boca), 

human enterovirus (Entero), polyomaviruses (hPyV) WU and KI, and coronaviruses 

(HCV) HKU1, OC43, NL63 and 29E. Samples were extracted on the Qiagen X-tractor 

gene (Qiagen, Melbourne, Australia) per the manufacturer’s instructions. Nasal 



 

 62 

specimens collected during the acute exacerbation in the asthmatic cohort were 

analysed for respiratory viruses as previously described306, 307. 

2.4 Isolation of total RNA 

For the isolation of total RNA, cellular material is rapidly lysed in 500 µL of TRIzol 

by vigorous pipetting and vortexing. The sample volume should not exceed 10% 

of the volume of TRIzol. Alternatively, 1 ml of TRIzol can be utilised and all other 

volumes scaled-up accordingly. Following the cell lysis, samples are incubated at 

RT for 5 minutes. Then, samples can be stored indefinitely at -80°C for later 

processing. Samples are always extracted in batches to minimise technical 

variation. To extract the samples, they are thawed on ice, thoroughly vortexed and 

spun down. Of note, NMS were thawed overnight at 4oC in the fridge prior to RNA 

extraction to allow for complete thawing. To each sample 100µL of chloroform is 

added and the samples are mixed vigorously by trapping the samples between 

two racks and shaking them vigorously by hand for 15 seconds. This is followed by 

a 2-3-minute incubation. Samples are then centrifuged at 14,000 x g for 5 minutes 

at 4oC in the cold room. Approximately 2 x 140µL of the aqueous phase is removed 

and transferred to a new 1.5ml Eppendorf tube. If many samples were processed 

in parallel, then samples were placed on ice. The samples are incubated at 37oC 

for 2 minutes. This step if followed by one 70% EtOH wash and three 80% EtOH 

washes prior to elution. An equal volume (280µL) of 70% EtOH is added to each 

sample and mixed by pipetting. 560µL of the sample is added to an RNeasy 

MinElute Spin column and centrifuged at 8000 x g for 30 seconds. The flow-

through is discarded. For volumes > 700µL this step is repeated. 500 µL of the RPE 

wash buffer is added to the column, and spun at 8000 x g for 30 seconds. The flow-
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through is discarded. 500 µL of 80% EtOH is added, spun for 30 seconds at 8000 x 

g. The flow-through is discarded and the previous wash is repeated. Then another 

500µL of 80% EtOH are added, spun for 2 minutes at 8000 x g. The flow-through 

and collection tubes are discarded, and the RNeasy column is transferred to a new 

2ml collection tube, spun at max speed (18,000 x g) for 5 minutes to remove 

residual EtOH. The final step is the elution, where 12–20µL preheated 65oC RNase-

free water are directly pipetted onto the centre of the RNeasy MinElute 

membrane. The RNeasy column is transferred to the elution tube, and let stand at 

RT for 1 minute. The samples are spun at maximum speed (18 000 x g) for 2 

minutes to elute the RNA. Samples are immediately placed on ice, 1.8 µL aliquot 

is removed for quantification analysis on the nanodrop, and the samples are 

stored at -80oC for further analysis.  

2.4.1 Quantitation of total RNA by NanoDrop 

The NanoDrop (Thermo Scientific NanoDrop 2000) is used to assess the quantity 

of the nucleic acid sample. 1μl of RNA is required to measure the nucleic acid 

concentration of the sample in ng/μl. The 260/280 ratio provides an indication of 

the purity of the RNA sample. A ratio of ~2.0 is generally accepted as ‘pure’ RNA 

which means it does not contain any potential contaminants such as phenol. If the 

260/230 ratio is low it indicates contamination with EDTA, carbohydrates or 

phenol. Of note, TRIzol (used for the RNA extractions) is phenol-based and will 

absorb at both 230nm and 270nm.  
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2.4.2 Quality control of total RNA by Bioanalyzer 

The Agilent 2100 Bioanalyzer System is employed to assess the purity and integrity 

of the RNA (Agilent RNA 6000 Nano/Pico kit). The RNA Integrity Number (RIN) is 

utilised to assess the integrity of the total RNA, which is independent of the sample 

concentration. It assesses 28S and 18S ribosomal RNA bands308. A RIN of 10 equals 

an intact RNA sample, whilst a RIN of 1 equals completely degraded RNA.   
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2.5 Flow Cytometry – Cellular Phenotyping 

A multi-colour flow cytometry panel was chosen for cellular phenotyping of 

dendritic cells and T cells in one single tube. The antibodies utilised in this study 

are listed in Table 2.7. The laser excitation wavelengths for each antibody as well 

as the laser colour are illustrated in Figure 2.1. 

Table 2.7 List of anti-human antibodies, conjugates, dilution factor, clones and 
suppliers. 

Antibody Conjugate Dilution Clone Supplier 

CD19 FITC 1/10 HIB19 BD 

CD123  PE-CF594 1/20 7G3 BD 

HLA-DR PerCP 1/5 L243 (G46-6) BD 

CD11c PECy7 1/100 B-ly6 BD 

FcεRIα  APC 1/40 AER-37 (CRA1) eBioscience 

CD14 APC-H7 1.20 MphiP9 BD 

CD4  V500 1/40 RPA-T4 BD 

CD11b  BV605 1/80 ICRF44 BD 

CD127  BV786 1/20 HIL-7R-M21 BD 

CD25 BV421 1/20 M-A251 BD 

CD3 AF700 1/60 UCHT1 BD 

mIgG2bk APC 1/160 eBMG2b BD 

FoxP3 PE 1/20 236A/E7 BD 

mIgG1k PE 1/20 - BD 
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Figure 2.1 Laser excitation wavelengths for each antibody.  

2.5.1 Compensation Beads 

The LSRFortessa machine is setup with compensation beads and single stains 

utilising PBMC. Compensation beads anti-mouse Ig, κ/Negative control 

compensation particles set (BD) were utilised for voltage setup. Vortex 

CompBeads (BD CAT # 552843) thoroughly before use. Label a separate FACS tube 

(sterile capped) for each colour fluorochrome conjugated mouse Ig antibody in the 

panel (12 colours for this panel). Add 100μl fluorobuffer to each tube and add 1 

drop of the CompBeads Negative Control and 1 drop of the CompBeads anti-

mouse Ig beads for each tube. Then, add 2μl of each antibody stock to the 

appropriately labelled tube and vortex immediately after adding the antibody. 

Incubate 30 mins at RT, covered with aluminium foil. Following the incubation, add 

1ml fluorobuffer to each tube and pellet by centrifugation at 1000rpm for 6 min 

at 10°C. Aspirate supernatant and re-suspend each bead pellet in 100ul 

fluorobuffer/1X Perm Buffer and vortex. Store at 4°C protected from light until 

analysis. Voltage parameters were set employing compensation beads. The setup 
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involved three steps: Step 1: unstained controls, Step 2: compensation controls, 

and Step 3: single stained PBMC.  
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2.5.2 Optimisation/titrations of antibodies 

To determine a saturating concentration, a titration curve is employed using 

halving dilutions of antibody. Antibodies are titrated (diluted in fluorescence 

buffer) to optimal concentrations to allow clear separation of positive and 

negative populations (Figure 2.2 and Figure 2.3).  

 

Figure 2.2 Exemplary concatenated titrations of antibodies.  

 

Figure 2.3 Exemplary histograms of CD11b titrations.  
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2.5.3 Phenotyping Protocol and Gating Strategy 

Antibody dilutions for flow cytometry are made up fresh once a week making 

enough panel cocktail and isotype control panel to cover a week’s worth of 

phenotyping. 

2.5.3.1 Dendritic cell/T regulatory Panel 

Cocktails of antibodies for extracellular staining are prepared in micronic tubes on 

ice, made up in a total volume of 60μL (Table 2.8). The intracellular marker Foxp3 

is added at a later stage. 

Table 2.8. Antibody dilutions for the DC/Treg panel. 

Antibody Dilution uL to add in 60 uL cocktail 

CD19 FITC 1/10 6 

CD123 PE-CF594 1/20 3 

HLA-DR PerCP 1/5 12 

CD11c PECy7 1/100 0.6 

FceRIa APC 1/40 1.5 

CD14 APC H7 1/20 3 

CD4 V500 1/40 1.5 

CD11b BV605 1/40 1.5 

CD127 BV786 1/20 3 

CD25 BV421 1/20 3 

CD3AF700 1/60 1 

Fluorobuffer  23.9 

TOTAL  60 

FoxP3* 1/20 5 
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* for FOXP3/intracellular staining, refer to section 2.5.3.6. 

2.5.3.2 Isotype Controls 

Using a micronic tube on ice, prepare a cocktail of antibodies with the antibody 

dilutions listed in  

Table 2.9. The intracellular isotype control mIgG1k PE is added at a later stage. 

Table 2.9. Antibody dilutions for isotype control. 

Antibody Dilution uL to add in 60 uL cocktail 

CD19 FITC 1/10 6 

CD123 PE-CF594 1/40 1.5 

HLA-DR PerCP 1/5 12 

CD11c PECy7 1/100 0.6 

mIgG2b APC 1/160 0.375 

CD14 APC H7 1/20 3 

CD4 V500 1/40 1.5 

CD11b BV605 1/40 1.5 

CD127 BV786 1/20 3 

CD25 BV421 1/20 3 

CD3AF700 1/60 1 

Fluorobuffer  26.525 

TOTAL  60 

mIgG1k PE* 1/20 5 

* for intracellular staining, refer to methods at the end.  
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2.5.3.3 Thawing of cryopreserved PBMC 

For each vial, prepare 10 mL black cap tubes with cold commercial RPMI plus 

DNase I and place on ice (fresh DNase I, 1 mg/ml, is added to the media to avoid 

any clumping of cells). Take a blue dewar flask thermo container to the liquid 

nitrogen room, fill the bottom of the thermo with liquid nitrogen and place the 

cryopreserved vial for transportation in the container to the lab. Thaw vial in 37°C 

degree water bath for approximately 1 minute until a small ice crystal remains and 

is dislodged. Wipe vial clean with Ethanol and open the vial in the hood and pour 

entire contents of the vial into the empty 10 ml tube. Rinse vial with medium 

(RPMI/DNase I) using transfer pipette, then add medium to cells in a drop-wise 

fashion with gentle shaking. Fill 10 ml tube with medium, and then centrifuge cells 

at 400 x g for 7 minutes. Meanwhile, prepare haemocytometer. Discard s/n by 

tipping into a waste bucket and re-suspend cells in 1 ml of medium RPMI/10% 

HiFCS at a million cells per mL using a single-use transfer pipette. Mix 10μl of cells 

with 100μl Trypan blue and add to haemocytometer. Count all 9 squares (at least 

200 cells) and calculate total cell number. Count live and dead cells separately. 

2.5.3.4 PBMC for RNA-Seq 

For each sample transfer 1 x 106 cells (acute and convalescent visit) into a labelled 

1.5mL tube. Spin at 500 x g for 5 minutes, discard s/n and lyse cells in 500ul TRIzol, 

and store at -80°C. 

2.5.3.5 Surface Staining 

Prepare facs tubes in a square plastic rack (with no bottom) that has been placed 

on ice, labelled with the appropriate cocktail/no stain control. Use one label for 
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the pooled isotype control tube. For each sample add volume of PBMC using a 

single transfer pipette per sample; no stain (intracellular) 0.25mL, pooled isotype 

control 0.25mL and panel 1mL. Fill all tubes approximately 2/3 with fluorobuffer 

and spin at 400 x g for 5 minutes at 4°C (with centrifuge racks already pre-chilled 

by this stage). Then place the tubes back on ice, aspirate s/n by vacuum suction 

and leave all tubes in the rack on ice. To each tube, add 50 µL of the appropriate 

antibody cocktail to respective tubes (but not the intracellular antibodies since 

they will be processed after this as described below), and 50 µL of fluorobuffer to 

the no stain tubes. Briefly vortex tubes then immediately place them back on ice. 

Cover esky with aluminium foil and incubate tubes with antibodies on ice for 30 

minutes. Vortex again briefly, then fill tubes with approximately 2/3 volume 

fluorobuffer and spin at 400 x g for 5 minutes at 4°C. Place rack of tubes back on 

ice. Aspirate s/n by vacuum suction and leave all tubes in the rack on ice. 

2.5.3.6 Intracellular staining 

Prepare Fix/Perm and Perm buffer as instructed by eBioscience before 

proceeding. Per sample 1 mL Fix/Perm is required and approximately 4.4 mL 

1XPerm for each sample. Add 1 mL of FOXP3 Fix/Perm working solution to 

intracellular staining tubes and pulse vortex. Incubate on ice for 1 hour covered 

with aluminium foil. Following incubation, without washing, add 2 mL of 1X Perm 

Buffer to tube using a transfer pipette and vortex briefly. Centrifuge samples at 

400 x g (~1340 rpm) for 7 minutes at 4°C. Discard s/n by tipping into waste bucket. 

Do not aspirate the s/n! For the panel and isotype tubes, remove suspension with 

a pipette set to 95µL. When no more suspension can be aspirated, hold the pipette 

at that mark, then make up the remaining volume to 95µL by aspirating 1X Perm 
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buffer. To the no stain tubes, also apply this technique, but set the volume to 

100µL. Add 5µL neat antibody directly to tubes as described in Table 2.8 and  

Table 2.9 above, for both FOXP3 and its isotype control. Vortex tubes briefly and 

immediately place back on ice. Cover esky with aluminium foil and incubate tubes 

with antibodies on ice for 30 minutes. Add 2 mL of 1X Perm Buffer to each tube 

and centrifuge samples at 400 x g for 7 minutes. Discard s/n by tipping into waste 

bucket. Do not aspirate the s/n! Re-suspend cells in 200 µL of 1X Perm Buffer, 

vortex and then proceed to flow cytometry acquisition on the LSRFortessa. 

2.5.3.7 Acquisition of samples on the LSRFortessa 

BD Cytometer Setup and Tracking (CS&T) is employed for performance tracking of 

the LSRFortessa. Add 350µl sheath fluid to facs tube plus 1 drop CS&T and run this 

on the machine. This is followed by the use rainbow Calibration Particles (‘8 peak 

beads’; BD Biosciences) for day-to-day performance verification of the 

LSRFortessa. The particles are spectrally similar to the fluorochromes used. 500µl 

sheath fluid is added to one drop of the beads and the vial is run on the machine. 

For the full panel display 50,000 cells and acquire 1x106 cells, and 500,000 cells for 

the isotype control. For the no stain control acquire 100,000 cells.  
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2.5.4 Gating Strategy 

A comprehensive gating strategy is outlined in Figure 2.4. 

 

Figure 2.4 Gating strategy for a full panel analysis. 

The gating strategy allows for identification of myeloid and lymphoid lineage cells. 
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2.6 Luminex Assays for plasma samples 

Multiplex Luminex was carried out on paired acute and convalescent samples. 

Magplex magnetic microspheres were purchased from Luminex corporation and 

coupled with purified antibodies according to the manufacturer’s instructions. 

Before coupling, sodium azide was removed from the purified antibodies using 

NanoSep 10K columns (Pall Corporation). Confirmation of coupling and optimal 

antibody concentration was determined for each analyte following the 

manufacturer’s (Luminex) protocols. The purified and biotinylated antibodies 

were supplied by BD (IL-5, IL-6, IL-8, IL-10, IL-13, CXCL10, TNF) and eBioScience (IL-

1B, IL-17A, IFNG). Recombinant protein standards were supplied by BD (IL-5, IL-6, 

IL-10, IFNG), R&D (IL-8, IL-13, CXCL10, TNF) and eBioScience (IL-1b, IL-17A). 

Streptavidin PE was purchased from Life Technologies (Invitrogen, S-866).  

The pooled standards were diluted in Bio-Plex Standard Diluent (BioRad) and the 

plasma samples were diluted ¼ in Bio-Plex Sample Diluent (BioRad). All washes 

were performed 3 times with 100µl BioPlex Wash Buffer using a multichannel 

pipette. Briefly, the Luminex assay was performed as follows: Coupled beads were 

mixed and diluted in PBS/1%BSA (Sigma A7030) to a final concentration of 

0.06x106/ml. After vortexing and sonication for 30 seconds, 50µl (3000 beads) was 

added to each well of a 96-well round bottom plate (Costar, 3789). Then 50µl of 

each standard or sample was added. The plate was sealed, covered in foil and 

incubated for 1 hour on a plate shaker. The plate was put on a magnet for 60 

seconds, then washed 3 times. After removal from the magnet, the beads were 

re-suspended in 50µl of PBS/1%BSA. Biotinlyated antibodies were diluted in 

PBS/1%BSA at various optimised concentrations and 50µl added to each well. The 
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plate was sealed, covered in foil and incubated for 1 hour on a plate shaker. The 

plate was then washed 3 times, as above, and the beads re-suspended in 50µl 

PBS/1%BSA. 50µl of Streptavidin-PE (diluted to concentration of 1µg/ml in 

PBS/1%BSA) was added to each well. The plate was sealed, covered in foil and 

incubated for 10 minutes on a plate shaker. The plate was washed 4 times and the 

beads were re-suspended in 100µl of PBS/1%BSA. The 96well plate was read on a 

Luminex 200 machine (BioPlex) and the data analysed using BioPlex Manager 

software. 

2.7 Animal model 

2.7.1 Animals and vMC0 (attenuated mengovirus) infection 

Brown Norway (BN) rats and Piebald Virol Glaxo (PVG) rats were bred in-house at 

the Telethon Kids Institute (Perth, WA) under specified-pathogen-free conditions. 

8- to 12-week-old male PVG and BN rats were used for the experiments. Prof Louis 

Rosenthal from the University of Wisconsin, USA, gifted stocks of purified 

attenuated mengovirus (vMC0). vMC0 is a picornavirus that naturally infects 

rodents245. vMC0 was prepared as previously described241 and rats were 

inoculated via intranasal (i.n.) administration with 100μl of 107 PFU of vMC0. The 

inflammatory response was assessed in naïve animals (non-sensitised) at 1 and 3 

days post-infection (dpi) (Figure 2.5). The experimental asthma sensitisation OVA 

+ virus model (Figure 2.6) involved sensitisation of animals with 500μl OVA/Alum 

14 days prior to vMC0 infection, followed by aerosol challenge (Ultraneb; 

DeVilbiss, Somerset, PA, USA) with 1% OVA (Sigma Aldrich, St Louis, MO, USA) for 
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30 minutes at Dpi1 and assessment of the inflammatory response at Dpi 2 (24 

hours post-OVA challenge). 

 

Figure 2.5 vMCO animal model to study the effect of viral infection in two 
genetically different strains of rats. 

 

 

Figure 2.6 vMCO animal model to study the relationship between atopy, virus 
and genetic background. 

2.7.1.1 Euthanasia 

Animals are anaesthetised in an isoflurane and O2 chamber, followed by Lethabarb 

(Pentobarbitone sodium 325 mg/ml; 450 ml bottle; 0.4 ml/mouse, 4 ml/rat) 

euthanasia injection. Place 19-gauge needle onto syringe, fill it up with Lethabarb 

(Pentobarbitone sodium; 0.4 ml/mouse, 4 ml/rat) and inject 4 ml lethabarb via 

intraperitoneal injection per rat.  
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2.7.1.2 Bronchoalveolar lavage (BAL) 

A bronchoalveolar lavage (BAL) is performed with 8mL GKN/5%FCS to wash out 

free inflammatory cells in the lungs. For BAL fluid extraction, firstly, the trachea is 

freed from underlying and surrounding tissue with small forceps. Fiddle a cotton 

thread through underneath and tie above with a loose knot (the further up the 

better, in case it does not work it can be repeated further down). Nick the trachea 

ventrally in order to create a small incision and insert the lavage tubing (a needle 

is attached to a syringe containing PBS), then tie a double knot firmly to keep the 

tube in place. Slowly (to avoid ruptures) inflate the lungs with PBS and then 

aspirate the fluid back out into the syringe, repeat this procedure 3 times. Place 

the recovered BAL fluid (BALf) into tubes on ice for further processing. BALf was 

centrifuged for 5 min at 1800 rpm and cell pellets were re-suspended in 0.5ml 

ammonium chloride lysis buffer (NH4Cl) to lyse red blood cells. They were 

incubated for 5-6 min at RT, then 50µl FCS is added and the vial is topped-up with 

PBS/0.1%BSA, and centrifuged at 1800 rpm for 5 min. Following this, cells were 

counted and pellets were re-suspended in RNAlater (Ambion), and frozen at -80°C. 

Total RNA was extracted from BAL cells with TRIzol (Invitrogen) followed by 

RNAeasy (Qiagen). The RNA purity and integrity was assessed on the Nanodrop 

(Applied Biosystems) and Bioanalyser (Agilent) RIN (mean ± SD).  

2.7.1.3 Cytospins and histological staining 

Line each glass slide along a plastic cube with a filter paper sandwiched in 

between. Cells are concentrated on glass slides by adding 50,000 cells to the 

cytospin holder and cyto-centrifuge is set to spin for 7 minutes at 300 x g. Air dry 

the slides prior to histological staining. Cells on slides are fixed in Diff Quick fixative 
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by dipping the slide into the solution 10x. Stain with Diff-Quick solution I (pink 

colour) by dipping 10x and followed by solution II (purple colour) 10x. Finally, 

quickly rinse in tap water to remove excess stain. Dry the slides by sandwiching 

between blotting paper and proceed to the microscope for differential cell counts. 

Once stained, cells can be distinguished by their colouring and shape (Table 2.10). 

At least 300 cells are counted and cells counts are displayed as frequencies 

(percentage) and total number of cells (per mL of BAL fluid). 

Table 2.10 Differential cell count staining. 

Cell type Location Colouring Morphology 

Monocytes Nucleus 
Cytoplasm 

Dark blue 
Pale pink 

relatively large cells with a dark 
blue nucleus, light blue cytoplasm 
(majority in BAL of a healthy 
animal) 

Neutrophils Multi-lobed 
nucleus 
Cytoplasm 

Dark blue 
Pale pink 

colourless cytoplasm, 
“worm like” nucleus (rare in BAL 
of a healthy animal) 

Eosinophils Cytoplasm 
Granules 

Dark pink 
 

pink cytoplasm, a light blue 
stained nucleus (frequent in BAL 
of a healthy animal) 

Lymphocytes Nucleus Dark blue stained dark blue with a very tiny 
cytoplasm (very rare in BAL of a 
healthy animal, majority in lymph 
node tissues) 

2.7.1.4 Plaque assay 

Viral titre was measured in lung homogenates, as previously described241. Briefly, 

monolayers of Hela cells were incubated with the samples for 30 min before 

adding an agar overlay (0.9%). 24-48 hours later, cells were fixed and the number 

of plaque forming unit (PFU) were counted per g of tissue. 

2.7.1.5 Reverse transcription of RNA 

Total RNA was reverse transcribed into cDNA with the Quantitect Reverse 

Transcription Kit (Qiagen). The cDNA product was diluted 1:10 for quantitative 
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real-time PCR analysis on the ABI 7500HT Real Time PCR System (Applied 

Biosystems).  

2.7.1.6 Quantitation of dsDNA using PicoGreen reagent 

For the high-range standard curve of the PicoGreen dsDNA quantification reagent 

(Molecular Probes P-7589), make up 2μg/ml stock solution of Lambda DNA 

standard (100 μg/ml) in TE buffer (eg. Dilute the lambda DNA 1/50, 8μl in 392μl). 

Standards are prepared by making serial 2-fold dilutions from 2μg/ml down to 

31.25 ng/ml in TE. Standards should be prepared in duplicate. Note: This will make 

a standard curve with final concentrations ranging from 1μg/ml down to 15.6 

ng/ml; because there is a further 1/2 dilution after addition of same volume of 

PicoGreen). Samples are diluted in TE (1/10 for samples < 20μg/ml DNA). It is 

important to determine whether diluted samples will fall into range of standard 

curve. Samples with more than 20μg/ml DNA will need higher dilutions. To the 96-

well microplate add 50μl of standards, blanks (TE only) and samples. The 

PicoGreen reagent is diluted 1/200 in TE. Note: The PicoGreen solution should be 

protected from light until used. Then, add 50μl of diluted PicoGreen to each well 

and avoid bubbles. Wrap the microplate in aluminium foil and incubate for 2-5 min 

at RT on a plate shaker. Following the incubation, read the fluorescence at 480-

520nm. The DNA concentrations of the samples are determined using a linear 

regression standard curve with Workout (Wallac Victor 3 software) or Excel – 

subtract blanks from all readings before calculating concentrations. Note: a 

dilution factor of 2 needs to be applied to samples to account for addition of equal 

volume of PicoGreen solution. The standard curve concentrations (ng/ml): 1000 -

> 500 -> 250 -> 250 -> 125 -> 62.5 -> 31.25 -> 15.6 
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2.7.1.7 RT-qPCR 

The presence of viral copy number was confirmed by reverse transcription 

quantitative polymerase chain reaction (RT-qPCR). The following mengovirus 

primer sequence was used: forward primer: 5ʹ-GCC GAAAGC CAC GTG TGT AA, and 

reverse primer: 5ʹ-AGA TCC CAG CCA GTG GGG TA309. Differential expression of 

Th1 cytokines (MX1, ISG15, IRF7, CXCL10), macrophage alternative activation 

genes (MGL1, ARG1 and IL-10) and Th2 genes (IL-33 and IL-25) identified in the 

microarray analysis were confirmed by RT-qPCR. The mengovirus primer was 

obtained from Sigma Aldrich and all other RT2qPCR primer assays were obtained 

from Qiagen. The data were normalised to the housekeeping gene ACTB and 

relative gene expression levels were determined. Standard curves were generated 

by serial dilutions of known amounts of amplified cDNA by RT-qPCR.   
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2.8 Molecular Profiling – Microarray (animal studies) 

By employing microarray profiling of the gene expression patterns, we can 

measure differences in gene expression simultaneously across the entire genome. 

Microarray contain an assay for every gene in the human genome (~25,000 genes) 

and continuous measures of fluorescent intensity are measured for each gene. 

Thus, genes that are “switched on” in biological cells/tissues will “light up” in this 

assay and genes that are inhibited or “switched off” will have no signal. Briefly, as 

input we utilise 500ng of total RNA (500ng) from various cellular sources (e.g. BAL, 

lung tissue). Samples are shipped to the core facility (Ramaciotti Centre for 

Genomics, The University of New South Wales, Australia) for quality assessment 

on the bioanalyzer, reverse transcription, and labelling with fluorescent biotin, 

and hybridisation to a Rat Gene 2.1 ST 24-Array Plate (Affymetrix). The raw 

microarray data is available from the Gene Expression Omnibus repository (GEO 

accession, GSE98152). Of note, the data analyses employed throughout the thesis 

are by design exploratory and follow-up mechanistic studies will be required. 

2.8.1 Data pre-processing and quality control (QC) 

The gene expression data was analysed in R statistical programming language. The 

quality of the raw microarray data was assessed using ArrayQualityMetrics310. The 

raw expression data was pre-processed with the robust multi-array average 

algorithm311, which performs background correction, log2 transformation and 

quantile normalisation. A custom chip description file (ragene21strnentrezgcdf, 

Version 19) was employed to annotate probe sets to genes based on updated 

genome information312. The data was filtered with the proportion of variation 
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accounted by the first principal component (PVAC) algorithm313 to remove noisy 

probe sets from the analysis. 

2.8.2 Identification of Differentially Expressed Genes 

Differentially expressed genes (DEG) were identified employing moderated t-

statistics employing the LIMMA package314, with False Discovery Rate (FDR) 

control for multiple testing. Significant genes were identified at FDR < 0.1. 

2.9 Molecular Profiling - RNA-Seq (human data) 

For the human studies, total RNA samples (500ng) were shipped to the Australian 

Genome Research Facility for library preparation (TruSeq Stranded mRNA Library 

Prep Kit) and sequencing (Illumina HiSeq2500, 50bp single-end reads, v4 

chemistry). Up to 24 samples can be multiplexed, by applying unique barcode 

adapter sequences315, to allow for sequencing across multiple lanes. Up to 200 

million reads per lane can be obtained and approximately twenty-four million 

reads were generated per sample. For acute viral bronchiolitis samples the HiSeq 

Control Software (HCS) v2.2.68 and Real Time Analysis (RTA) v1.18.66.3 was 

employed and the Illumina bcl2fastq 2.17.1.14 pipeline was used to generate the 

sequence data. For acute asthma samples the HiSeq Control Software (HCS) 

v2.2.58 and Real Time Analysis (RTA) v1.18.64 were utilised, and the Illumina 

bcl2fastq 1.8.4 pipeline was used to generate the sequence data. 

2.9.1 Sequence alignment to the human genome 

The raw data files are downloaded from the AGRF server and deposited on the 

Telethon Kids Institute server. Upon download, the integrity or sum of each file is 
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verified with checksums.md5 in the terminal. The raw read data from AGRF 

comprises about 1GB per sample and is processed on the Telethon Kids server 

within a terminal window. An index for the human genome is created once only 

and can be re-utilised for future human RNA-Seq analyses. Raw short single-end 

reads are aligned to the human reference sequence (hg19)316, obtained from UCSC 

Genome Browser (https://genome.ucsc.edu/), using HISAT2317. The mapped reads 

are summarised at the gene-level employing featureCounts318, and the output is a 

comma-separated values (CSV) file containing the table of gene counts. Sample 

IDs are in the columns and Ensembl IDs in the rows. 

2.9.2 Data Pre-Processing 

The RNA-Seq data is analysed in the R software environment for statistical 

computing. Technical replicates are collapsed (by addition) with DESeq2 

collapseReplicates function319 and a targets file is created including all the 

phenotype information (e.g. group, treatment, date of experiment, etc.). 

Exploratory data analysis and normalisation of raw read counts are carried out 

with EDASeq package320. Firstly, the raw read counts are transformed by plotting 

boxplots of the relative log expression (RLE), which tests log-ratio of each gene in 

each sample with the median across all samples. Secondly, a principal component 

analysis (PCA) is employed to identify patterns in the data by reducing the 

dimensionality of the data. Thus, PCA summarises the variance across principal 

components and the first principal component captures the most variation across 

the data. Finally, RLE and PCA transformations were repeated following global-

scale median normalisation to account for differences in sequencing depths, i.e. 

library size, across lanes. 
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2.9.3 Differential Expression Analysis - DESeq2 

Differentially expressed genes (DEG) were identified employing DESeq2319, based 

on a negative binomial distribution model, with a False Discovery Rate (FDR) 

adjusted p-value for multiple comparisons (adjusted p-<0.05, absolute fold-

change=1.5). 

2.9.4 Removal of Batch Effects 

Following DEG, if batch effects are detected during the quality control (RLE, PCA 

and IAC) the analysis is repeated with adjustment for latent variation by employing 

the Remove Unwanted Variation (RUV) function320. Prior to RUVg normalisation, 

“in silico” empirical negative control genes are identified by carrying out a first-

pass differential expression analysis, and the 5,000 least significantly differentially 

expressed genes are utilised to determine the factors of unwanted variation (k) in 

the data. The number of k is ascertained by plotting the RLE and PCA with 

increasing numbers of k and repeating the RUVg adjusted DESeq2 analysis by 

adding the estimated factors of unwanted variation to the linear model.  
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2.9.5 Network analysis (WGCNA) 

To obtain a systems level holistic understanding of the gene expression patterns 

the weighted gene co-expression network analysis (WGCNA)321 is employed. Prior 

to network analysis, the count data is transformed using the variance stabilising 

transformation algorithm from the DESeq2 package319. The RLE and PCA of the 

variance stabilised transformed data are plotted to test for underlying non-

biological variation. ComBat was employed to remove unwanted variation of the 

transformed data (SVA package322) for the acute asthma study. Latent variation in 

the acute viral bronchiolitis dataset was removed with the removeBatchEffect 

function from the Limma package323. The DCGL package324 was utilised to identify 

the ~5,000 most variable genes for constructing co-expression networks. 

2.9.6 Personalised N-of-1-pathways analysis 

N-of-1-pathways analysis is a gene set analysis method that utilises paired samples 

from a single subject281. Gene counts were log-transformed and normalised 

employing DESeq2 VST transformation319. Latent variation was removed with the 

removeBatchEffect function from the Limma package323. N-of-1-pathways 

typically interrogates a predefined set of gene ontology terms or biological 

pathways. In the AVB study, we instead utilised response pathways identified with 

Upstream Regulator Analysis, because these pathways are predicted to be driving 

the responses. Briefly, we selected the top-50 response pathways derived from 

the upstream regulator analysis of the responses in infants and children, including 

pathways with ≥ 15 downstream targets. ‘N-of-1’ algorithm transforms paired 

transcriptomes to profiles of differentially expressed driver responses, and 

computes response pathways enrichment scores with positive values 
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(=upregulation) and negative values (=downregulation/deficient), and covariance-

adjusted log fold change of all genes within the driver/pathway signature. PCA 

analysis was employed to identify overall patterns of response pathway 

dysregulation, utilising the FactoMineR325 package. Then, PCA was combined with 

hierarchical clustering of principal components (HCPC) (metric = ward, method: 

Euclidian distance), and the cluster dendrograms were visualised with 

factoextra326. 

2.9.7 Upstream Regulator Analysis  

The Ingenuity Knowledge Base (www.ingenuity.com) was employed to perform 

Upstream Regulator Analysis (IPA)273, to identify putative molecular drivers of the 

observed differential gene expression patterns. IPA is based on prior knowledge 

of cause and effects between transcriptional regulators and target genes (e.g. 

protein-protein interactions). Putative driver genes were deemed significant with 

absolute Z-scores ≥ 2.0 (positive Z-scores infer activation, negative scores indicate 

inhibition) and overlap P-values ≤ 0.05. The overlap P-value is calculated using the 

right-tailed Fisher’s exact test to assess the overlap between regulators and the 

observed gene expression changes, i.e. it measures the over-presentation of 

regulator signatures. 

2.9.8 Reconstruction of the network wiring diagram  

Network wiring diagrams were reconstructed and visualised using the IPA network 

explorer, which leverages relations between molecules from the curated 

literature. Differential expression results (logFC) for all molecules is overlaid 
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(based on the log2FC from the DESeq2 analysis), and red molecules denote 

upregulation, whilst green molecules are downregulated. 

2.9.9 Pathways enrichment analysis 

Pathways analysis was carried out separately for up and downregulated genes. 

InnateDB274 is based on 18,780 manually curated innate immunity interactions 

and pathways from the literature. The pathways analysis tool allows the 

determination of over-represented biological pathways, based on hypergeometric 

algorithm with Benjamini Hochberg correction for multiple comparisons. 

Enrichr327 gene list enrichment tool encompasses 180,184 annotated gene sets 

and calculates the significance of overlap utilising an adjusted Fisher’s exact test. 

2.9.10 Submit gene expression data to GEO 

Transcriptomic data is submitted to an online database such as the Gene 

Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/) to provide data 

that is publicly available for downloading and re-analysis. 
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Chapter 3 N-of-1-pathways analysis 

reveals heterogeneous 

immunophenotypes in 

children with viral 

bronchiolitis  
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3.1 Abstract 

Background: A subset of infants are hyper-susceptible to severe/acute viral 

bronchiolitis (AVB), for reasons unknown.  

Objectives: To characterise the cellular/molecular mechanisms underlying infant 

AVB in circulating cells/local airways tissues. 

Methods: PBMC and nasal scrapings were obtained from Infants (<18mths) and 

children (1.5-5yrs) during AVB and post-convalescence. Immune response 

patterns were profiled by multiplex analysis of plasma cytokines, flow cytometry, 

and transcriptomics (RNA-Seq). Molecular profiling of group-level data utilised a 

combination of upstream regulator and coexpression network analysis, followed 

by individual subject-level data analysis employing personalised N-of-1-pathways 

methodology. 

Results: Group-level analyses demonstrated that infant PBMC responses were 

dominated by monocyte-associated hyper-upregulated type I interferon 

signalling/pro-inflammatory pathways (drivers: TNF, IL6, TREM1, IL1B), versus a 

combination of inflammation (PTGER2, IL6) plus growth/repair/remodelling 

pathways (ERBB2, TGFB1, AREG, HGF) coupled with Th2 and NK-cell signalling in 

children. Age-related differences were not attributable to differential steroid 

usage or variations in underlying viral pathogens. Nasal mucosal responses were 

comparable qualitatively in infants/children, dominated by interferon types I-III, 

but the magnitude of upregulation was higher in infants (range 6-48-fold) than 

children (5-17-fold). N-of-1-pathways analysis confirmed differential upregulation 

of innate immunity in infants and NK cell networks in children, and additionally 
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demonstrated covert AVB response sub-phenotypes that were independent of 

chronological age. 

Conclusions: Dysregulated expression of interferon-dependent pathways 

following respiratory viral infections is a defining immunophenotypic feature of 

AVB-susceptible infants and a subset of children. Susceptible subjects appear to 

represent a discrete subgroup who cluster based on (slow) kinetics of postnatal 

maturation of innate immune competence. 
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3.2 Introduction 

Severe lower respiratory tract viral infections, particularly those resulting in acute 

viral bronchiolitis (AVB), represent the most frequent cause of hospitalisation of 

young children9, 328, 329, and the level of risk is inversely related to postnatal age. 

AVB is characterised by asthma-like symptoms, and clinical presentation is 

variable, and may reflect a heterogeneous syndrome/sub-phenotypes1. 

Moreover, these infections are a major risk factor for the subsequent 

development of chronic pulmonary diseases including persistent asthma208, 330. 

The heightened susceptibility of infants to these infections has been ascribed to 

transient functional immaturity of the immune system during this period4, 331, 332, 

in particular reduced functionality of interferon (IFN) pathways which mediate 

resistance to pathogens210. However, studies on the kinetics of maturation of 

individual defence functions during infancy point to high-level variation across the 

human population279, 333-336, and hence chronological age per se is unlikely to be a 

reliable predictor of severe infection risk. 

 A number of previous studies have focused on elucidation of inflammatory 

mechanisms associated with AVB susceptibility283, 292, 298, however attempts to 

gain a holistic, systems level understanding of these processes has been limited to 

two studies restricted to circulating cells in infants <24mths286, 287. We have taken 

a different approach, firstly, contrasting AVB-associated expression profiles in 

PBMC from affected infants <18mths age with toddlers/pre-schoolers, but 

importantly including parallel profiling of scraping samples from the site of 

primary infection i.e. nasal mucosa. Additionally, we have sought to determine the 

contributions to inter-subject variation in AVB response profiles from the major 



 

 94 

potential confounders; pathogen type, steroid usage, and cellular content of test 

samples. Finally, we have evaluated the potential of N-of-1-pathways analysis, 

which utilises transcriptomic signals at the individual subject-level, to more 

precisely define the basis for inter-subject variation337, 338. 

3.3 Methods 

3.3.1 Study population 

Infants (<18mths, n=26) and children (1.5-5yrs, n=27) were recruited at 

presentation with symptoms of AVB at the Royal Children’s Hospital Emergency 

Department, Brisbane, Australia. Ethics was approved by Children’s Health 

Queensland and the University of Queensland, with ≥1 parent/guardian providing 

informed written consent. The inclusion criteria were >37weeks’ gestation, 

normal birth weight>2,500g, and no history of chronic pulmonary/cardiovascular 

disease. 

3.3.2 PBMC processing  

Peripheral blood was collected during the acute visit (AV) and the (symptom-free) 

convalescent visit (CV; 8.8±2.5wks post-AV). Peripheral blood mononuclear cells 

(PBMC) were cryobanked as previously described339. 

3.3.3 Plasma cytokines 

Plasma was stored at -80°C. Cytokine levels were quantified by Luminex for 

IFNA1/IFNA2 (BD Biosciences), CXCL10 (BD Biosciences), IL-5 (BD Biosciences), IL-

6 (BD Biosciences), IL-10 (BD Biosciences); and ELISAs for soluble CD14 (sCD14; 

R&D Systems), LPS binding protein (LPB; Hycult), Neopterin (IBL International), 
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fibronectin 1 (FN1; R&D Systems) and S100A8/S100A9 (R&D Systems) following 

the manufacturer’s instructions. 

3.3.4 Collection of nasal samples 

Nasal mucosal scrapings (NMS; AV/CV) and nasopharyngeal aspirates (NPA; AV) 

were obtained. Briefly, the ASI Rhino-Pro curette (Arlington Scientific, Inc) was 

utilised by rubbing firmly against the surface of the inferior nasal turbinate of both 

nostrils. The curette tip containing the cells was then submerged in RNAlater 

(Ambion) and stored at -80°C until further processing. NPAs were collected 

employing 1 mL of sterile saline at AV, and stored at -80°C until further processing. 

NPAs were tested for 10 viruses using RT-qPCR305. 

3.3.5 Flow cytometry of PBMC 

Immunostaining of viable PBMC was conducted on a subset of infants (n=14 pairs) 

and children (n=10 pairs) with sufficient cell numbers employing monoclonal 

antibodies. One million cells were stained with CD19-FITC (#555412, BD), CD123-

PE CF594 (#562391, BD), HLA-DR PerCP (#347364, BD), CD11c PE-Cy7 (#561356, 

BD), CD14 APC-Cy7 (#641394, BD), CD4 V500 (#560768, BD), CD11b BV605 

(#562723, BD), CD3 AF700 (#561027, BD) for 20 min on ice. A comprehensive 

gating strategy was employed to identify myeloid subtypes (Error! Reference 

source not found. Figure A.1.). Samples were acquired on the LSR-Fortessa (BD) 

and compensation and analysis was carried out with FlowJo software (version 

10.0.8r1). Absolute cell numbers (per ml of blood) are presented as mean ± 

standard deviation (mean±SD).  
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3.3.6 RNA isolation and transcriptome profiling (RNA-Seq) 

Total RNA was extracted from PBMC and NMS employing TRIzol (Ambion, Life 

Technologies) followed by RNAeasy MinElute (Qiagen, Hilde., Germany). RNA 

integrity was 9.0±0.5 for PBMC and 7.6±2.0 for nasal scrapings (mean±SD) as 

assessed on the bioanalyzer (Agilent Technologies, California, USA). Total RNA 

samples (PBMC n=62, 500ng total RNA, NMS n=56, 300ng total RNA) were shipped 

to the Australian Genome Research Facility for library preparation (TruSeq 

Stranded mRNA Library Prep Kit) and sequencing (Illumina HiSeq2500, 50bp 

single-end reads, v4 chemistry). Up to 24 samples were multiplexed utilising 

unique barcode adapter sequences. Approximately twenty-four million reads 

were generated per sample. The raw sequencing data are available from Gene 

Expression Omnibus (GEO) (Series GSE113211, 

http://www.ncbi.nlm.nih.gov/geo/). 

3.3.7 Pre-processing and exploratory data analysis (EDA) 

FASTQC340 was employed for pre-alignment quality control (QC) of raw sequence 

data. Reads were aligned to the human reference genome (hg19)316 using 

HISAT2317, and summarised as gene-level counts employing 

summariseOverlaps318, followed by post-alignment QC with SAMStat341. Genes 

with an official HUGO Gene Nomenclature Committee (HGCN) symbol were 

retained, and EDASeq package320 was employed for EDA; Gene counts were used 

to check for sample outliers through use of boxplots, relative log-transformed 

expression (RLE) and principal component analysis (PCA), pre-and-post global-

scale median normalisation.  
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3.3.8 Computational inference of cell type abundance 

The xCell method342 was employed to estimate the cellular composition of nasal 

mucosal scrapings. Fragments per kilobase million mapped (FPKM) values were 

employed, duplicate transcripts were averaged and gene expression was 

transformed to ranks. Then ssGSEA analysis342 was employed to compute average 

ssGSEA scores for possible 64 cell types. Raw enrichment scores were transformed 

to relative proportions and adjusted utilising the spill over compensation 

matrix342. 13/64 cell types were selected for further analysis and relative 

proportions were transformed to equal one in each sample. Ranked-based paired 

comparisons (Wilcoxon test) were utilised and p-value ≤ 0.05 was considered 

statistically significant. 

3.3.9 Differential expression analysis 

Differentially expressed genes (DEG) were identified employing DESeq2319, based 

on a negative binomial distribution model, with a False Discovery Rate (FDR) 

adjusted p-value for multiple comparisons (adjusted p-<0.05, absolute fold-

change=1.5). Genes were deemed significant with an adjusted p-value<=0.05 and 

absolute fold change of >=1.5 (log2FC = 0.58). The analysis was adjusted for 

unwanted variation employing RUVg320. In brief, a set of negative control genes 

was identified by taking the union (2,108 genes) of the least differentially 

expressed from the DESeq2 analysis in infants and children. The number of k 

adjustment variables was estimated by using exploratory data analysis (RLE, PCA 

and p-value distribution plots) by addition of increasing number of k’s to the 

models. Finally, for PBMC samples with available paired flow cytometric data 

(n=14 infants, n=10 children), the DE analysis was repeated, adjusting for cellular 



 

 98 

composition utilising log-transformed proportions of myeloid cells, by addition as 

covariates to the model. 

3.3.10 Pathways analysis 

Pathways analysis was carried out separately for up/down-regulated genes using 

InnateDB version 5.4274, where enrichment testing is based on a hypergeometric 

distribution and p-values are corrected using the Benjamini & Hochberg method 

for multiple testing.  

3.3.11 Upstream regulator analysis 

Ingenuity Systems273 was employed to identify putative molecular drivers of DEG 

(absolute Z-score>2, p<0.05). 

3.3.12 Network analysis 

Network analysis was performed with WGCNA321. Gene counts were log-

transformed and normalised employing DESeq2 VST transformation319. Latent 

variation was removed with the removeBatchEffect function from the Limma 

package323. The data was filtered removing genes with low expression variability 

employing DCGL343. The co-expression networks were constructed independently 

for each age group, employing the filtered RNA-Seq data (14,452 genes) and 

utilising the union of most variable genes (5,029 genes) in infants and children. 

Infant/child networks were constructed with the following parameters: signed 

networks, softpower = 8/6, Pearson correlation, minimum module size = 50, 

deepsplit = 0, merge cut height = 0.1. Then, co-expression modules were examined 

for enrichment of differentially expressed genes from the DESeq2 analysis result. 

Eigengene values were computed representing the first principal component, 



 

 99 

summarising the overall expression of the modules. Network modules were 

compared between data sets employing module preservation statistics344 (Z-

score<5=no preservation, Z-score>10=high-preservation). 

3.3.13 Reconstruction of the network wiring diagram  

The wiring diagram of the Innate immunity module (F) in infants and IFN module 

(G) in children was reconstructed employing Ingenuity Systems. The prior 

knowledge is based on experimentally supported findings from published studies, 

including direct and indirect molecular relationships such as protein-protein 

interactions. Red molecules indicate upregulation and green indicates 

downregulation. 

3.3.14 N-of-1-pathways analysis  

N-of-1-pathways analysis is a gene set analysis method that utilises paired samples 

from a single subject281. Gene counts were log-transformed and normalised 

employing DESeq2 VST transformation319. Latent variation was removed with the 

removeBatchEffect function from the Limma package323. N-of-1-pathways 

typically interrogates a predefined set of gene ontology terms or biological 

pathways. In this study, we instead utilised response pathways identified with 

Upstream Regulator Analysis, because these pathways are predicted to be driving 

the responses. Briefly, we selected the top-50 response pathways derived from 

the upstream regulator analysis of the responses in infants and children, including 

pathways with >= 15 downstream targets, resulting in 81 pathway signatures. The 

‘N-of-1’ algorithm transforms paired transcriptomes to profiles of differentially 

expressed driver responses, and computes response pathways enrichment scores 
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with positive values (=upregulation) and negative values 

(=downregulation/deficient), and covariance-adjusted log fold change of all genes 

within the driver/pathway signature. PCA analysis (FactoMineR325) was employed 

to identify overall patterns of response pathway dysregulation, plus hierarchical 

clustering of principal components (factoextra326). 

3.3.15 Statistical analysis 

Differences in sample ranks of cellular subsets/N-of-1-pathways enrichment 

scores were assessed via paired Wilcoxon-test (p<0.05) utilising Prism (version 

7.0). 

3.4 Results 

3.4.1 Study population 

Subject demographics are presented in Table 3.1.  
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Table 3.1 Characteristics of the study population. 

  Infants Children P-value 

Number of participants, n 26 # 27 ^  

Male, n (%) 17 (65.4) 14 (51.9) 0.406 

Age at recruitment in months,  
median [range] 

5.24 [0.7-17.7] 44.5 [19.0-70.2] 
 

 

Number treated with 
corticosteroids, n (%) 3 (11.5) † 14 (51.9) † 

0.003 

Prevalence of respiratory viral infections    

Virus positive, n (%) 23/23 (100) # 25/27 (92.6) ^ 0.493 

Multiple infections, n (%) 10/23 (43.5) 16/27 (59.3) 0.395 

RSV coinfection, n (%) 4/12 (33.3) 1/2 (50) 1 

HRV coinfection, n (%) 8/10 (80) 14/16 (87.5) 0.625 

Respiratory syncytial virus (RSV),  12/23 (52.2) 2/27 (7.4) 0.001 

prevalence, positive/tested, (%)       

Rhinovirus (HRV),  10/23 (43.5) 16/27 (59.3) 0.395 

prevalence, positive/tested, (%)       

Adenovirus (AdV), 3/23 (13.0) 5/27 (18.5) 0.711 

prevalence, positive/tested, (%)      

Bocavirus (Boca), 2/23 (8.7) 5/27 (18.5) 0.430 

prevalence, positive/tested, (%)      

Influenza (Flu), 0/23 (0) 5/27 (18.5) 0.054 

prevalence, positive/tested, (%)      

Parainfluenza (Para), 1/23 (4.3) 2/27 (7.4) 1 

prevalence, positive/tested, (%)      

Human Polyoma virus (hPyV), 4/23 (17.4) 3/27 (11.1) 0.689 

prevalence, positive/tested, (%)      

Human corona virus (HCV), 1/23 (4.3) 4/27 (14.8) 0.357 

prevalence, positive/tested, (%)      

Human metapneumovirus (MPV), 3/23 (13.0) 3/27 (11.1) 1 

prevalence, positive/tested, (%)      

Enterovirus (Entero), 2/23 (8.7) 10/27 (37.0) 0.024 

prevalence, positive/tested, (%)      

# A subset of samples was available for the following analyses: Transcriptomics: PBMC n=15 
pairs, NMS n=7 pairs, xCell method n=28; Plasma cytokines n=14 pairs; Flow cytometry: n=14 
pairs.  
^ A subset of samples was available for the following analyses: Transcriptomics: PBMC n=16 
pairs, NMS n=8 pairs, xCell method n=28; Plasma cytokines n=17 pairs; Flow cytometry: 10 pairs.  
† = Of the subjects with PBMC available for transcriptomics analyses, 1/15 infants and 8/14 
children received steroids at AV, whilst in the nasal scraping analyses 2/7 infants and 6/8 
children received steroids at AV. 
The p-value is derived from comparison of the two groups employing a Fisher’s exact test.  
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3.4.2 Distinct PBMC transcriptomic profiles in infants and 

children with AVB 

We identified differentially expressed genes (DEG) at AV versus CV in the subset 

of infants (n=15 pairs) and children (n=16 pairs) with paired samples available. We 

observed 964 and 1,701 DEG in infants and children, respectively (Figure 3.1A, 

Error! Reference source not found. Table A.1, A.2). Pathway signatures in the two 

groups overlapped significantly (Figure 3.1B), however, the most prominent 

difference was the dominance of Type I IFN signalling in infants (Figure 3.1B, Error! 

Reference source not found. Table A.3). This was reiterated in ensuing upstream 

regulator analysis which demonstrated that in infants, the top 20 regulators 

(ranked by P-value and activation Z-score) were again dominated by antiviral/IFN-

related signatures, in contrast to inflammation-associated regulators (PTGER2, IL-

6), IL-4, and an array of growth factors and remodelling/repair-associated drivers 

(CSF2, ERBB2, TGFB1, VEGF) in the children (Figure 3.1C). Common to both groups 

was an LPS signature (Figure 3.1C) designating microbial-associated inflammation, 

which is predicted by recent studies indicating the covert presence at baseline of 

bacteria in the lower airways of children at risk of severe virus-associated airways 

inflammatory events74, 75, 230, and the switch from commensal-dominance to 

pathogen-dominance in their nasopharyngeal bacteriomes during the acute phase 

of these events76. 

We additionally performed ELISA/Luminex analyses on plasma samples to obtain 

validation data at the protein level (Figure 3.1D). Key observations consistent with 

the profiles in Figure 3.1C include upregulation at AV of IFNA1/A2 in the infants, 

upregulation of IL-6 and the archetypal Th2 cytokine IL-5 restricted to the children, 
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and clear upregulation of LPS-associated markers LPB, sCD14, Neopterin and 

S100A8/A9 in both age groups.  
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Figure 3.1 Distinct systemic PBMC responses in infants and children during acute 

viral bronchiolitis. 

PBMC were sampled from infants (n=15) and children (n=16) at presentation to the 

emergency department during acute viral bronchiolitis (AV), and following recovery at 

convalescence (CV). Differentially expressed genes were identified with DESeq2. A) 

Volcano plots showing differentially expressed genes (DEG) in infants and children. 
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Upregulated genes are denoted in red, downregulated genes are marked in blue, B) 

Pathways enriched in responses from infants (left side) and children (right side). Red 

indicates upregulated pathways, blue indicates downregulated pathways, C) Predicted 

upstream regulators of the responses in infants (left side) and children (right). Absolute 

activation Z-scores≥2.0 and P-values≤0.01 were deemed significant. Red drivers indicate 

activation, blue drivers indicate inhibition, D) Box-and-whisker plot showing validation of 

antiviral and pro-inflammatory cytokines at the protein level by multiplex Luminex in 

plasma from infants (n=14 pairs) and children (n=17 pairs). No changes in plasma 

concentration were observed for IL-1B, IL-17A, CCL3 and IL-8 at AV. IFNG and IL-13 were 

below the limit of detection. 

3.4.3 Monocytes are major contributors to infant AVB-

associated gene expression profiles  

We next focused upon the status of circulating myeloid cell populations during 

AVB (Error! Reference source not found. Figure A.1.A). Total numbers of PBMC 

and of individual myeloid subsets were higher in infants relative to children 

throughout, and children displayed leukocytosis at AV relative to respective CV 

‘baselines’, whilst infants displayed more variable numbers (Error! Reference 

source not found. Figure A.1.B). In contrast, monocyte numbers in the infants 

surged during AVB, suggesting selectively increased monocyte output from 

immature bone marrow (Error! Reference source not found. Figure A.1.B).  

We next questioned the extent to which variations in the relative content of 

myeloid subsets influenced response profiles by repeating the analyses in Figure 

3.1A-C after adjustment for proportions of myeloid cells within individual PBMC 

samples. Adjustment for pDC/cDC content did not substantially alter the pathways 

and drivers detected in either group, whereas adjusting for monocytes virtually 

abrogated the DEG response in infants while having minimal effects in children 

(data not shown).  
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3.4.4 AVB-associated gene networks in PBMC from infants 

versus children 

To obtain a holistic understanding of the AVB response we employed co-

expression network analysis, utilising the most variable genes across infants and 

children. The modular architecture differed between infants and children (Figure 

3.2A, Error! Reference source not found. Table A.4, A.5). Pathways analysis 

showed that the modules were functionally coherent, mapping to 

immunoinflammatory activities listed in Figure 3.2B. We summarised the overall 

expression of each module by computing the first principal component and 

compared each module at AV versus CV. Common to infants and children were 

upregulation of cell cycle-associated modules (E) and downregulation of T and B 

cell related modules (B, D) (Figure 3.2B). In contrast, upregulation of the innate 

immunity-associated module (F) was restricted to infants, whilst immunoglobulin 

module (A) and NK-cell mediated cytotoxicity module (H) were upregulated only 

in children. We confirmed that the NK module (H) identified in children was not 

present in infants, employing network preservation statistics (z-score=0.17, Figure 

3.2C). Of note, in infants the IFN signature was embedded within a large innate 

immune module (F), whilst it formed a discrete network (G) in the children (Error! 

Reference source not found. Figure A.2.A, A.2.B).  



 

 107 

 

Figure 3.2 AVB-associated gene networks in PBMC from infants versus children. 

Co-expression networks were constructed separately for infants and children employing 

weighted gene co-expression network analysis (WGCNA). The resulting co-expression 

networks comprised 6 modules in infants (designated A-F) and 8 modules in children 

(designated A-H). In A) Modular architecture of the co-expression networks in infants and 

children; B) Network modules were examined for enrichment of differentially expressed 

genes from the DESeq2 analysis. Significance of the overall network modules are based 

on paired signed Wilcoxon test statistics of eigengene values, which summarise the 

overall expression of the modules based on the first principal component, **** p<0.0001, 

*** p<0.001, ** p<0.01, * p<0.05; C) Network preservation statistics were calculated to 
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compare infant and child networks. Z-scores < 5 indicates a module is not reproducible, 

whereas Z scores > 10 indicates high preservation. 

3.4.5 Contributors to variability between AVB inflammatory 

response profiles 

As noted in Table 3.1, in addition to age, steroid treatment and/or virus type could 

potentially contribute to variability in AVB response profiles. Removing data from 

the single steroid-treated infant in Figure 3.1 did not appreciably alter the infant 

response profiles shown. We also stratified children into steroid naïve (n=8 pairs) 

and steroid-treated (n=8 pairs) prior to re-analysis (Figure 3.3, Error! Reference 

source not found. Table A.6, A.7). Treated subjects showed reduced DEG (1058 vs 

1559 DEG) (Figure 3.1A), and were associated with dampening of adaptive 

immune and cell cycling-related signatures (Figure 3.1B). Inflammation-associated 

drivers (PTGER2, IL6, TNF) and growth factors (ERBB2, HGF, VEGF, AREG), which 

were highly ranked in steroid naïve children, were no longer detected in the 

responses of treated children (Figure 3.1C). Of note, however: absence of steroid 

treatment in the children did not result in the appearance of infant-equivalent 

type I/III IFN-related signatures in their profiles.   
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Figure 3.3 Effect of steroid treatment in PBMC of children. 

Children were stratified based on steroid use: steroid naïve (n=8) and steroid-treated 

(n=8) children. Differentially expressed genes were identified with DESeq2 analysis. In A) 

Volcano plots showing differentially expressed genes (DEG) in steroid naïve (left side) and 

steroid-treated (right side) children. Upregulated genes are denoted in red, 

downregulated genes are marked in blue; B) InnateDb pathways enriched in the 

responses from infants (left) and children (right). Red indicates upregulated pathways, 

blue indicates downregulated pathways; C) Upstream regulator analysis was employed to 

identify molecular drivers of the differential responses. Absolute activation Z-scores≥2.0 

and P-values≤0.01 were deemed significant. Red drivers indicate activation; blue drivers 

indicate inhibition. 



 

 110 

RSV was more frequently detected in respiratory infections in infants compared 

to older children (Table 3.1), in whom the range of pathogens tends to be more 

varied. We accordingly stratified infant samples based on viral infection type (RSV 

n=4 pairs versus “others” n=6 pairs), and compared respective response profiles. 

While the overall number of DEG was higher in the infant RSV responses (Figure 

3.4A, Error! Reference source not found. Table A.8, A.9), the underlying pathways 

involved (Figure 3.4B) and their respective molecular drivers (Figure 3.4C) were 

very similar in both groups and were dominated by IFNs and related genes. 

Moreover, 4 of the 6 subjects in the “infant/other” group were RV positive, and 

re-analysis of the transcriptomic data in this group after removal of the RV 

negative individuals did not significantly alter the group response profile relative 

to that illustrated (data not shown). 
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Figure 3.4 Effect of viral pathogen on PBMC responses in infants and age-
associated differences between infants and children. 

We stratified infant PBMC samples based on viral infection type (RSV versus “others”), 

and compared respective response profiles in A-C, and stratified children based on non-

RSV/steroid naïve children in D-F. In A) Volcano plots showing differentially expressed 

genes (DEG) in RSV infants and “other” infants. Upregulated genes are denoted in red, 

downregulated genes are marked in blue; B) Pathways enrichment analysis of DEG was 

carried out with InnateDB separately for up-and-downregulated genes; C) Upstream 

regulator analysis was employed to identify molecular drivers of the differential 

responses; D) Volcano plots showing differentially expressed genes (DEG) in non-

RSV/steroid naïve children; E) Pathways enrichment analysis of DEG was carried out with 

InnateDB separately for up-and-downregulated genes; F) Upstream regulator analysis was 

employed to identify molecular drivers of the differential responses. Red colour in A-B 

and D-E indicates upregulation, blue colour indicates inhibition. Drivers in red in C and F 

indicate activation, drivers in blue indicate inhibition. Drivers with absolute activation Z-

scores≥2.0 and P-values≤0.01 were deemed significant. 
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To confirm that the age-associated differences in Figure 3.1 were not exclusively 

due to variations in the frequency of RSV infections, we additionally compared the 

differential expression response and associated pathways/molecular drivers in the 

“child/other” group (Figure 3.4D-F) to data from the “infant/other” group (Error! 

Reference source not found. Table A.10). The key findings were that while the 

children display a more intense response (1884 versus 504 DEG), the high ranking 

of innate immune (particularly type I/III IFN-related) signatures within the list of 

upstream drivers, which is the hallmark feature of the infant response profile, is 

not seen in the corresponding child profile (Figure 3.4C). 

3.4.6 Upregulation of IFN signatures in airway tissues 

To confirm if immunoinflammatory responses also differed in the airways, we 

compared the profile of AVB-associated DEG in the nasal mucosal transcriptome 

of infants (n=7 pairs) and children (n=8 pairs). While the response in infants 

resulted in more DEG (Figure 3.5A, Error! Reference source not found. Table A.11, 

A.12), the underlying pathways (Figure 3.5B, Error! Reference source not found. 

Table A.13) and associated upstream drivers (Figure 3.5C) identified were 

remarkably similar in the two groups. However, consistent with the PBMC pattern, 

the children’s airways profile displayed an NK signature that was barely detectable 

in the infant group, while the level of upregulation of type I/III IFN related genes 

was considerably higher in infants (range 6-48-fold) than children (5-17-fold) 

(Figure 3.5D).  
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Figure 3.5 Transcriptomic profiling of nasal mucosal scrapings in infants and 
children shows quantitative differences in interferon activation. 

Nasal mucosal scrapings were obtained in a subset of subjects during AVB and following 

recovery in infants (n=7 pairs) and children (n=8 pairs). A) Volcano plots showing 

differentially expressed genes (DEG) in infants and children. Upregulated genes are 

denoted in red, downregulated genes are marked in blue; B) Pathways analysis of DEG 

was carried out with InnateDB separately for up-and-downregulated genes. Red indicates 

upregulated pathways, blue indicates downregulated pathways; C) Upstream regulator 

analysis was employed to identify molecular drivers of the differential responses. 

Absolute activation Z-scores≥2.0 and P-values≤0.01 were deemed significant. Red drivers 

indicate activation; blue drivers indicate inhibition; D) Heatmap depicting log2FC obtained 

in the DESeq2 differential analysis from infant and child responses.  
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3.4.7 Computational inference of cellular proportions in 

airways tissues  

Flow cytometric data was not available for nasal scrapings and we therefore 

estimated the relative cellular proportions for each sample using bioinformatic 

cell-type specific gene-set enrichment (xCell)342. The data showed that relative 

proportions of M1 macrophages were increased in infants and NK cells were 

increased in children, at AV relative to CV (Error! Reference source not found. 

Figure A.3). No statistically significant differences were observed in neutrophil 

content (Error! Reference source not found. Figure A.3). 

3.4.8 N-of-1-pathways analysis of immune responses to 

address inter-subject variability 

To address in more detail the potential impact of inter-subject variation on the 

apparent age-dependent differences, we employed personalised N-of-1-pathways 

analysis, which identifies biological pathways that are dysregulated in the 

responses of individual subjects. The biological pathways were extracted from the 

upstream regulator analysis we performed above (see section 3.3.14, Figure 3.1C). 

The median number of dysregulated pathways was 72 (range 34-81) in infants 

versus 57 (range 12-81) in children. Group-wise comparisons of the pathway 

enrichment scores between infants and children unveiled 29 differentially 

regulated pathways. PCA analysis of the enrichment scores for these 29 pathways 

revealed that the subjects clustered into two subgroups (Figure 3.6A), which 

differed with respect to the ratio of infants:children, and the activation of innate 

immune and type I IFN-related pathways (Figure 3.6B-C). Cluster membership was 

not attributable to steroid usage or pathogen type (data not shown), or mean age 

(3.88±0.49 yrs vs 3.29±0.39 yrs).   
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Figure 3.6 Personalised immune response profiles underlying AVB. 

N-of-1-pathways analysis was performed to identify immunological pathways that were 

dysregulated during AV and CV for each individual subject. The biological pathways were 

extracted from the upstream regulator analysis performed in Figure 3.1C. Group-wise 

comparisons of the pathway enrichment scores between infants and children unveiled 29 

differentially regulated pathways. In A) Supervised PCA analysis combined with 

hierarchical clustering of the enrichment scores identified two subgroups: phenotype I 

(blue) and phenotype II (yellow). Red circles denote infants; black circles signify children; 

B) Heatmap illustrating the pathway enrichment scores; C) Box and whisker plots of 
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pathway enrichment scores contrasting phenotype I and II. Statistical significance was 

obtained by Mann-Whitney U Tests. ****P<0.0001. 

We then addressed the question of whether pathways were differentially 

expressed at the single subject-level in the nasal mucosal responses. In contrast to 

the findings in Figure 3.6A for PBMC, PCA analysis of overall nasal data did not 

resolve subjects into discrete subgroups, and this is consistent with results in 

Figure 3.6B, which suggests that the range of pathways expressed in this tissue 

are qualitatively similar across the test populations. 

3.5 Discussion 

The differential susceptibility of children between birth and age ~18mths to severe 

lower respiratory infections requiring hospitalisation represents a currently 

intractable challenge to health care systems. Identification of the developmental 

“choke points” in the immature immune system, which underlie this susceptibility 

is challenging, given the high-level of complexity of the underlying immune 

defence networks that is being revealed by the application of techniques capable 

of interrogating multiple immunoinflammatory pathways in parallel. An important 

example is the recent study by Mejias et al.287, which employed microarray 

profiling of whole blood cell populations from healthy infants <24mths versus 

those infected with different types of viral pathogens. This identified a range of 

pathogen-related differences in acute immunoinflammatory response profiles in 

circulating cells, together with a series of features common across infection 

groups, notably exaggerated expression of aspects of myeloid- and neutrophil-

related innate immunity, with apparent concomitant downregulation of adaptive 

immune responses. Two significant limitations of this study (and others in this 
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area285, 286) have been the lack of parallel data on the operation of 

immunoinflammatory pathways in respiratory tract tissues of affected infants, and 

secondly, exclusive reliance on group-wise comparisons, which potentially masks 

underlying heterogeneity in response profiles that can arise from factors other 

than variation in pathogen type, such as highly variable kinetics of the processes 

governing the maturation of immune function(s) during the pre-weaning 

period279, 333-336.  

We have addressed these issues in the present study, which involves parallel 

assessment of gene activation profiles in paired PBMC and nasal mucosal samples 

taken from individuals at AV and CV, and the use of N-of-1-pathways analysis281 to 

capture inter-subject variation in more detail across the immunoinflammatory 

response networks. Our findings relating to overall activation profiles of circulating 

cells in severely affected infants align with the main features described by Mejias 

et al.287, notably that systemic transcriptomic responses are biased towards high-

level expression of innate immunity dominated by strong monocyte-associated 

Type I IFN signalling (which in our study was accompanied by elevated levels of 

IFNA1/A2 protein in blood), together with downregulated adaptive immunity. 

Furthermore, our data suggests that these differences transcend variations 

related to pathogen type and/or steroid treatment.  

Based on current knowledge of cell trafficking patterns during inflammatory 

episodes, it is likely that these myeloid-related acute gene expression patterns 

predominantly reflect cells in transit from bone marrow to peripheral tissues, 

including those specifically programmed in bone marrow in response to signals 

from infection sites in the airways157. It is accordingly important to determine the 
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relationship between circulating and airway tissue gene expression patterns. 

Comparative analyses of gene expression profiles in paired AV/CV nasal scrapings 

from the two age groups indicated that in contrast to the patterns observed in 

PBMC, the expression profiles in nasal scrapings from both groups were 

remarkably similar qualitatively, however, the degree of upregulation differed 

quantitatively. Infants displayed overall increased IFN signatures, especially Type 

III IFNs, which were increased 23.4-48.2-fold compared to 10.6-17.3-fold in 

children, in conjunction with elevated chemokine signatures (8.8-44.9-fold versus 

5.5-21.7-fold respectively). In contrast, upregulated NK cell-associated gene 

signatures in AV nasal tissue samples were observed only in the children, mirroring 

the upregulation of NK-cell-related coexpression networks in their PBMC. 

Interferons are pleiotropic cytokines and key players in the antiviral response167. 

Type I IFNs (IFNA/B) are crucial in promoting antiviral immunity following 

respiratory viral infections, but also modulate immune responses (e.g. promoting 

antigen presentation, enhance adaptive immunity), and initiate recruitment and 

activation of immune cells169. IFNA plays a central role in protection against 

systemic infections345, 346, which is consistent with the upregulation of Type I IFNs 

we observed in infant PBMC. In contrast, Type III IFNs (IFNL) are early responders 

to respiratory viruses and major players in mucosal tissues, where they are 

preferentially expressed over Type I IFN by airway epithelial cells (AECs) and 

myeloid cells174, 347. Of note, IFNL expression has been shown to correlate with 

severity of bronchiolitis348, and exaggerated/dysregulated IFN may have 

detrimental effects, resulting in excessive inflammation and collateral damage to 

AECs169. IFNL also activates neutrophils which express high amounts of IFNLR 
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compared to other leukocytes346. It is relevant to note that lung sections of fatal 

cases of infant bronchiolitis show abundant accumulation of neutrophils and 

macrophages in the airways349. In this regard, employing a computational 

approach to estimate cellular composition in the nasal mucosa suggested that pro-

inflammatory M1 macrophages were increased, whereas neutrophil signatures 

were not discernibly different between the groups. 

In addition to exaggerated Type III IFN in the infant airways, we also found 

elevated expression of several chemokines which function as amplifiers of acute 

inflammation. The most prominent were IFN-inducible chemokines CXCL9, CXCL10 

and CXLC11, the magnitude of expression of which were higher in infants relative 

to children. The most highly expressed of these, CXCL11, is a chemoattractant for 

IL-2 activated T cells and has higher affinity for CXCR3 than CXCL9 or CXCL10350. 

NK cell-associated networks were unique to the child PBMC responses and 

corresponding upregulation was observed in their nasal scrapings. NK cells 

undergo rapid population expansion during viral infection and activate pathways 

enabling targeted granzyme/perforin-mediated killing of infected cells. Until 

recently, immunological memory was thought to be exclusive to T and B cells, 

however, there is growing evidence of innate immune memory in NK cells351. 

Infant severe RSV bronchiolitis has been associated with low NK cell numbers in 

peripheral blood and the airways138, 139, resulting in reduced cytotoxicity and viral 

clearance. Ivarsson et al.352 showed that NK cells develop early in life in utero and 

foetal NK cells have limited expression of killer-cell immunoglobulin-like receptors 

(KIRs), which serve as both negative and positive regulators of NK cell effector 

functions352, 353. Of note in this regard, the AVB profiles of both PBMC and nasal 
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samples from children showed upregulation of KIRs and granzymes/perforin, 

whilst infants displayed only low-level upregulation of a limited number of KIRs. 

In summary, our findings are consistent with a general model in which hyper-

susceptibility to severe respiratory viral infection during the early postnatal period 

is linked to developmental-associated dysfunctionality of key mechanisms which 

mediate innate immune defence. The key additional finding in this study, revealed 

by the personalised N-of-1-pathways analysis281, relates to the identification of 

two major AVB response phenotypes in PBMC from young children, one of which 

was common to 80% of infants, while older children were evenly distributed 

between both phenotypes. The ‘N-of-1’ approach revealed that a subset of older 

children demonstrate infant-equivalent hyper-upregulation of IFN pathways, a 

pattern which was concealed in the ‘average’ expression profiles of the responses 

in older children. The greater heterogeneity in the response patterns of the 

affected children relative to infants is likely due to the higher cumulative impact 

of environmental perturbations (particularly those driven by microbial exposures) 

on immune development trajectories in this older age group. Given the small 

sample size in this study, it is likely that these two phenotypes underestimate the 

level of heterogeneity across the population. However, the present results provide 

support for the application of unbiased systems immunological approaches of this 

nature which focus on “personalised” data in future studies in this area, as these 

provide new opportunities for identification of risk-associated 

immunophenotypes beyond those that are possible using traditional analytical 

techniques. 
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Our study has several limitations in addition to sample size, that need to be 

considered in future studies. Interferons peak early within the first 48hrs following 

respiratory viral infection116 and subjects are likely to be hospitalised some days 

following the initial infection. Thus, variations in IFN expression patterns may in 

part reflect differential sampling times in relation to the viral infectious cycle and 

early innate immune activation. Additionally, parents of infants may seek medical 

attention more rapidly than for older children. Further, PBMC/NMS comprise 

heterogeneous cell populations thus limiting the resolution of the analyses. To 

address this in future studies, single-cell RNA-Seq technology offers unique 

possibilities for high-precision mapping of transcriptomic responses to specific 

cellular subsets, which should be exploited. Finally, we cannot distinguish in what 

transitional state the cells were at time of sampling within the peripheral blood, 

as they likely represent a combination of cells in transit from the bone marrow 

plus spill-over from the site of inflammation. Nevertheless, our study has major 

strengths: i) the inclusion of both circulatory PBMC and nasal tissue data, the latter 

comprising the primary site of infection (since lower airway biopsies in infants are 

not ethically feasible), ii) samples are based on a paired design (AV/CV) and 

thereby internally controlled for, iii) parallel use of multi-parameter flow 

cytometry or computational estimation of cellular composition, to account for 

variations in cellular content between samples, and iv) the application of group-

wise comparisons coupled with personalised ‘N-of-1’ immune response profiling. 

Follow-up studies in larger cohorts will be necessary to fully exploit the potential 

of this latter approach, to identify the complete set of immunological sub-

phenotypes underlying AVB and inform the selection of therapies that are 

specifically targeted to the molecular drivers of disease of each individual.  
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Chapter 4 Exacerbation-associated gene 

networks in circulating cells in 

asthmatic children 




