
 1 

 

The Type I and Type III Interferon Response 

in Cystic Fibrosis Aspergillus fumigatus  

Related Lung Disease 

 

By Sarah Louise Laverty 

 

Supervisors: 

Dr Peter Kelleher 

Dr Anand Shah 

Professor Darius Armstrong-James 

 

Imperial College London 

Department of Medicine: Infectious Diseases 

Centre for Immunology and Vaccinology  

 

Thesis submitted for the degree of Doctor of Philosophy 

July 2023 

 



 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 3 

Declaration of Originality  

I, Sarah Louise Laverty, declare that all the work presented in this thesis is my own. It has been 

acknowledged and correctly referenced where any information used is sourced from other 

published work, unpublished work, or carried out by colleagues.  

Sarah Louise Laverty 

September 2023 

 

Copyright Declaration 

The copyright of this thesis rests with the author. Unless otherwise indicated, its contents are 

licensed under a Creative Commons Attribution-Non Commercial 4.0 International Licence (CC 

BY-NC).  

Under this licence, you may copy and redistribute the material in any medium or format. You 

may also create and distribute modified versions of the work. This is on the condition that: 

you credit the author and do not use it, or any derivative works, for a commercial purpose.  

When reusing or sharing this work, ensure you make the licence terms clear to others by 

naming the licence and linking to the licence text. Where a work has been adapted, you should 

indicate that the work has been changed and describe those changes.  

Please seek permission from the copyright holder for uses of this work that are not included 

in this licence or permitted under UK Copyright Law. 

 



 4 

Acknowledgements  

I would first like to thank Dr Peter Kelleher for being such a brilliant primary supervisor 

throughout my PhD. Your support and confidence in my ability allowed the perseverance 

required of a project that spanned a global pandemic. To my other supervisors, Dr Anand Shah 

and Professor Darius Armstrong-James, thank you for all the support, expertise and guidance 

that was essential to the formation of the work in this thesis.  

Secondly, I would like to thank the DAJ lab group, specifically Dr Tom Williams, Renad Aljohani, 

and Dr Luis Gonzales-Hertá for sharing our PhD journeys together. A particular mention to the 

Brompton crew, Valentina Capizzuto and Louis Hewitt for the understanding, insights, 

expertise, and empathy provided through the last three years. Valentina, I am grateful for your 

continued friendship and support, l’amico vero si vede nel momento del bisogno.   

I would like to give special mention to the Cystic Fibrosis Trust for providing the funding for 

this research project and for gifting me this opportunity. An additional special thanks to the 

one with the lungs that inspired it all, Izzy, someone had to attempt to understand what makes 

you the way you are…! 

Finally, I would like to thank my family. Anna and Rory, I hope to be less annoying now this is 

over, thank you for putting up with me. Thank you to my Granny, who inspired my love of 

Biology from a young age through her study of Zoology and love of nature. To Callum, thank 

you for meeting my worry and stress with your unwavering kindness and imperturbable 

outlook to life, I couldn’t have done it without you. To my parents, I am eternally grateful for 

the infinite love, support, and encouragement you have provided my whole life and 

particularly in the last three years, I will get a job now I promise! 



 5 

Abstract (300 words) 

Af is an airborne fungus that healthy human lungs clear daily. Af infection in CF leads to more 

hospitalizations and intravenous antibiotics, contributing to lung function decline. Recent 

research highlights type I and III IFNs as crucial for fungal immunity. While these IFNs regulate 

antifungal neutrophil responses in mice, their role in humans remains unexplored, particularly 

in CF lungs, where IFN levels are downregulated during bacterial and viral infections.  

 

This study investigated Af infection response with and without CFTR modulators in CF and CF-

corrected human BECs. Cells were infected with the Af strain CEA10 as HK conidia or fixed 

hyphae. Bulk RNA sequencing showed significantly upregulated ISGs in CF-corrected BECs 

compared to CF BECs post-Af infection. GSEA indicated enriched TRAF6-mediated IRF7 

activation in Af-infected CF-corrected BECs, but not in CF BECs. Monolayer and ALI cultures 

showed significantly reduced IFNβ and IFNλ1 expression in CF BECs compared to CF corrected 

BECs post-infection. However, no difference was observed in PBMCs from CF patients and 

healthy donors post-Af infection.  

 

The impact of CFTR modulators (tezacaftor, ivacaftor, and elexacaftor) on the type I and III IFN 

responses in CF BECs was assessed. Modulator treatment partially restored IFNβ and IFNλ1 

expression and significantly upregulated ISGs at 12 hours post-HK conidia infection but not 

post-hyphae infection. Modulator treatment significantly downregulated NLRC3, a gene 

inhibiting type I and III IFN signaling through TRAF6, STING and TBK1.  
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Neutrophils, essential for controlling fungal infections, from healthy donors and CF patients 

were treated with exogenous IFNβ and IFNλ1. The addition of IFNλ1 (10ng/ml) enhanced the 

fungicidal capacity of CF neutrophils without increasing NET or ROS.  

 

This study reveals a novel downregulation of type I and III IFN expression in CF BECs after Af 

infection, a defect partially rescued by CFTR modulators. Exogenous IFNλ1 showed promising 

antifungal and immunoregulatory effects.  
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Abstract 

Aspergillus fumigatus (Af) is a globally distributed, airborne, saprophytic fungus that is inhaled 

and successfully cleared by the healthy human lung daily. 60% of CF patients worldwide have 

positive Af cultures which is linked to more frequent hospitalisations and need for intravenous 

antibiotics, ultimately contributing to lung function decline. Increasingly, type I and III 

interferons (IFN) are described as major contributors to fungal immunity. Recent evidence 

describes how both type I and III IFN are critical for the regulation of optimal antifungal 

neutrophil responses in mice, however, this response has not been studied in humans. As 

downregulation of type I and III IFNs has been observed in response to bacterial and viral 

challenge in the CF lung, this study aims to address this in Af infection.  

Healthy, CF and CF corrected human bronchial epithelial cells (BEC) were infected with Af 

strain CEA10 heat killed conidia or fixed hyphae. Bulk RNA sequencing showed significantly 

more upregulated IFN-stimulated genes (ISGs) following Af infection in CF corrected BECs 

compared to CF. Gene Set Enrichment Analysis (GSEA) revealed that the TRAF6 mediated IRF7 

activation was enriched in Af infected CF corrected BECs, but not in CF. Expression of IFNβ and 

IFN𝝀1 mRNA was significantly reduced in both monolayer and air-liquid interface cultures in 

CF BECs compared CF corrected BECs (p≤0.01) post-infection with Af conidia and hyphae. 

Expression of IFNβ and IFN𝝀1 mRNA was also assessed in PBMCs isolated from patients with 

CF and healthy donors, however, no difference in expression was observed following Af 

infection.  

In 2019, CFTR modulators were introduced on the NHS and have significantly altered 

treatment courses and improved morbidity and mortality in patients with CF. The impact of 
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CFTR modulators on type I and III IFN immune responses was assessed following incubation 

of CF BECs with Tezacaftor, Ivacaftor and Elexacaftor combination therapy at a concentration 

of 1nM and a 1:1:1 ratio. Modulator treatment partially rescued the expression of IFNβ and 

IFN𝝀1 and RNA sequencing confirmed upregulation of significantly more ISGs at 12 hours post 

conidia infection (p≤0.05) but not after hyphae infection. Additionally, the expression of 

NLRC3 was significantly downregulated by modulator treatment. NLRC3 can interact with 

TRAF6, STING, and TBK1 to reduce their downstream type I and III IFN signalling ability, 

suggesting a possible mechanism of IFN response rescue.  

Neutrophils are professional phagocytes that are essential in the control of fungal infections. 

To assess the effects of type I and III IFNs on the fungicidal capacity of these cells, neutrophils 

isolated from healthy donors and patients with CF were treated with exogenous IFNβ and 

IFN𝝀1 at 1 and 10ng/ml. NET and ROS production, fungal killing and cell death were measured. 

Addition of IFN𝝀1 (10ng/ml) but not IFNβ increased the ability of CF neutrophils to kill Af 

without increasing NET or ROS production or influencing cell cytotoxicity.  

In conclusion, this data shows a novel down regulation of type I and III interferon expression 

in CF BECs, but not PBMCs, after Af infection and this defect was partially rescued by CFTR 

modulators in BECs. Exogenous IFN𝝀1 exhibited anti-fungal and immunoregulatory activity. 

Further research into the potential of IFN𝝀1 immunotherapy in CF Af related disease should 

be considered.  
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Chapter 1: Introduction 

 

1.1 – Cystic Fibrosis  

 

Cystic fibrosis (CF) is an autosomal recessive disease caused by a mutation in the cystic fibrosis 

transmembrane conductance regulator (CFTR) gene which encodes a chloride and 

bicarbonate ion channel. CF occurs in approximately 1/3500 births, affecting more than 

70,000 people globally, and is the most common disease of its kind in the Caucasian 

population(1, 2). Clinical manifestations of this disease are thought to be caused by reduced or 

absent CFTR protein function in epithelial cells in the lung, pancreas, intestines, and 

reproductive system. CF in the lung is characterised by thick mucus production causing chronic 

and recurrent infections, contributing to a hyperinflammatory lung environment and, 

eventually, to lung function decline(3). CF lungs appear healthy at birth, but patients become 

symptomatic very quickly, with the first clinical presentations being poor weight gain and 

recurrent respiratory infections occurring in the first months of life(4). Thanks to improved 

understanding, treatments and therapies, the CF lifespan has increased from mid-30s to 44-

45 years of age(5).  

1.1.1 – CFTR and mutations  

The CFTR gene was discovered and mutations in this gene were determined as the cause of 

CF in 1989, located on chromosome 7 it is described as consisting of 230kb of DNA spanning 

over 27 exons(6-8). The CFTR protein is expressed on cell membranes and phagolysosome 

membranes of cells across various organs in the body including, but not limited to, the lungs, 

intestines, pancreas, and liver and is most widely located on the apical surface of epithelial 
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cells. The function of the transmembrane glycoprotein is to control the movement of chlorine 

and bicarbonate across membranes, activated by cyclic adenosine monophosphate (cAMP)(9). 

This ion movement has an integral role in the homeostasis of the airway surface fluid, so loss 

or reduction in function of the CFTR protein results in a dehydrated, thickened, and sticky 

airway mucous layer, reduced muco-ciliary clearance, and a fertile environment for harmful 

pathogens. Clinical severity of CF is determined by the extent of CFTR function dependent on 

the type of genetic CFTR mutation the individual possesses(10). The CFTR protein consists of 12 

transmembrane domains in two groups each associated with their own nucleotide binding 

domain and sharing a regulatory domain (Figure 1.1.1).  

 

Figure 1.1.1: Cystic fibrosis transmembrane conductance regulator structure. CFTR protein structure. 

H2N = Amidogan; NBD = nucleotide binding domain; R-domain = regulatory domain; ATP = adenosine 

triphosphate; ADP = adenosine diphosphate; P = phosphate; COOH = carboxylic acid.  
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Over 1700 different disease causing CFTR mutations have been described, with the most 

common being a deletion of phenylalanine at codon 508 (F508del) mutation. 80.3% of CF 

patients in Europe express at least one allele of the F508del mutation, however, this varies 

depending on geographical region(5, 11). In 1993, Welsh and Smith defined classes of CFTR 

mutations (class I to V) using in vitro cell function and chloride transport assays and based on 

CFTR protein consequences(12). This was revised in 1999 and a further class (VI) was added(13). 

Class I mutations result in no protein synthesis and therefore complete functional loss. Class 

II mutations, encompasses the F508del mutation and includes variants resulting in defective 

protein maturation, processing, or rapid degradation of CFTR, so defective CFTR with some 

functionality. Both class III and IV mutations allow CFTR protein to be present at the apical 

membrane but result in defective channel conductance through reduced channel opening and 

altered conductance through ion selectivity, with class III providing no function but class IV 

providing some. Class V mutations allow for a reduced amount of functional protein due to 

abnormal splicing of CFTR mRNA. Finally, class VI results in reduced CFTR function because of 

increased plasma membrane turnover and reduced apical expression through reduction of 

conformational stability(11). Increased understanding and matching of mutation to disease 

pathway have significantly improved patient outcomes. 

In 2018, a single-cell RNA sequencing study grouped the cell types of the airway epithelium 

by gene expression, including known cell types such as goblet, ciliated, and basal cells(14, 15). 

This study also revealed a new and rare cell type with very high expression of Forkhead Box I1 

(FOXI1) and CFTR named ionocytes. Despite accounting for less than 1% of the cellular 

composition of airway epithelium, ionocytes were shown to express 50% of the total CFTR 

mRNA transcripts isolated from the whole epithelium and are thought to be involved in 
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governing the airway's surface physiology and mucus viscosity(16). There is no difference in 

ionocyte abundance between CF and healthy individuals, suggesting the abundance of 

ionocytes is not affected by functional CFTR expression in the airway(16, 17). Ionocytes have 

been shown to overcome a limit on NaCl absorption through the CFTR channel by a cation-

selective paracellular pathway with basolateral barttin/Cl- channels(18). It was predicted that 

without ionocytes, much of the actively absorbed Na+ would be refluxed back into the airway 

surface fluid(18). Although their contribution to CF pathophysiology is unknown, a better 

understanding of this cell type could have implications for CF treatment targets.  

 

1.1.2 – Infection and Immunopathology in Cystic Fibrosis   

Due to the speed at which CF lungs are colonised and infected with pulmonary pathogens 

such as Haemophilus influenzae and Staphylococcus aureus after birth, and later 

Pseudomonas aeruginosa (P.a.), human rhinovirus, and Aspergillus fumigatus (Af) infections, 

it was assumed the inflammatory airway environment that characterises CF 

immunopathology arose from chronic and recurrent infections. However, after several studies 

were conducted to assess the role of lung epithelial and innate immune cells in the acquisition 

of hyperinflammation including mouse models and CF foetal examination, it soon became 

clear that inflammation predisposed infection, in turn promoting susceptibility to infection(19-

21). The thick and sticky mucus layer in the CF lung causes hypoxia in the epithelia, which 

stimulates a ‘sterile’ inflammatory response through the release of the pro-inflammatory 

interleukin (IL)-1 and IL-1(22). This results in the recruitment of neutrophils, excess reactive 

oxygen species (ROS) production and further pro-inflammatory cytokine release and 

promotes susceptibility to infection(23, 24).  
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The CFTR gene has been implemented in the modulation of multiple signalling cascades that 

are crucial for an effective but regulated immune response. The CFTR protein can directly bind 

and colocalise the TNF signalling intermediate, TRADD, and inhibit the production of IL-8, 

thus regulating activation of nuclear factor kappa-light-chain-enhancer of activated B cells 

(NF-B) and reducing immune cell recruitment, however, mutated CFTR is unable to do this(25, 

26). Furthermore, CFTR mutations reduce cell’s ability to produce PPAR, a transcription factor 

associated with reducing NF-B activation. Together these result in overactivation of TNF 

dependent NF-B expression(26, 27). NF-B overexpression increases pro-inflammatory 

cytokine production such as TNF , IL-1, IL-6, and IL-17A, in turn activating oxidant production. 

Elevated neutrophil influx and the resultant elevated ROS production is a hallmark of CF 

immunopathology. However, increased neutrophil numbers are not the only source of 

elevated ROS. Cells with a CFTR mutation cannot efflux cysteine, glycine, and glutamic acid, 

together referred to as the antioxidant glutathione, effectively. Another key ROS and NF-B 

regulatory signalling pathway is the Nrf2 pathway and there is evidence of dysfunction in this 

pathway in cells with mutated CFTR(28), therefore, further misbalancing the already 

exacerbated redox imbalance in the CF lung. Complement effectors affecting neutrophil 

function of inflammation are heavily involved in disease progression. Studies have shown 

increased pro-inflammatory C5a and decreased anti-inflammatory C3a in CF, both being linked 

to a reduction in body mass index (BMI) and forced expiratory volume (FEV) scores(29). 

Furthermore, misfolded mutant proteins, such as mutated CFTR, cause endoplasmic reticulum 

stress triggering an unfolded protein response and further inflammation(30).  

Between the 1990s and early 2000s, studies have been published that show CF epithelial cells 

are more susceptible to viral and bacterial infections than healthy cells(31-33). More recently, 
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the reason for this increased susceptibility has been centred around the type I and type III 

interferon (IFN) response. Type I and III IFNs are well known for their antiviral properties, but 

their importance in bacterial and fungal biology is increasingly being investigated. Type I and 

III IFNs induce the expression of hundreds of interferon stimulated genes (ISGs) that have 

powerful effects on cell physiology, including cell proliferation, survival, differentiation, 

protein translation and differentiation, as well as inhibition of pathogen replication at 

numerous stages of its lifecycle(34, 35). Due to their wide range of effects, it is unsurprising that 

their expression and signalling is tightly regulated. However, many of the elements of the 

regulatory pathways governing both the signalling pathway and IFN gene expression are 

themselves regulated by IFN, providing an intricate network of feedback and feedforward 

regulatory loops(36, 37). Epithelial cells are potent producers of both type I and type III IFNs, and 

with many infections in CF beginning at mucosal surfaces, IFNs are predicted to be of major 

importance. CF bronchial epithelial cells (BECs) were reported to have lower IFN, IFN1 and 

IFN2/3 expression as well as lower expression of some ISGs and pattern recognition 

receptors (PRRs) involved in the type I and III IFN response such as TLR3, MDA5, and RIG-I 

during infection(38). CF P.a. infection shows diminished IFN expression and a significant 

reduction in recruitment and activation of type I IFN-dependent monocyte-derived dendritic 

cells (mo-DCs)(39). Interestingly, the type I and III IFN response was reported to be even lower 

in rhinovirus and P.a. co-infection in CF BECs with reduction of many ISGs such as IFIT1, ISG15, 

2'-5'-Oligoadenylate Synthetase L (OASL), and IFI44(40). This year, Gray’s group in Edinburgh 

published data to prove the CFTR dependency of dysregulation of the type I IFN signalling in 

CF macrophages by showing the rescue of this response after treatment with CFTR protein 

modulators(41). Mechanistically, there has also been progress with the confirmation of a 

defective cGAS/STING/IRF3 type I IFN pathway in CF P.a. infected human bone marrow derived 
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macrophages(42). To my knowledge, there have been no studies published investigating a 

downregulation in the type I or III IFN response during fungal infection.  

As previously mentioned, the immune dysfunction is not limited to mucosal surfaces, but 

involves innate immune effector cells such as macrophages, basophils, and neutrophils. 

Airway CF macrophages are present in higher numbers even prior to infection but show 

impaired pathogen recognition and phagocytosis while displaying hyperinflammatory 

properties and reduced clearance of apoptotic self-cells, a process referred to as 

efferocytosis(43-46). Therefore, they present as poor drivers of defence and present little 

resolution of inflammation. Eosinophils have not been investigated as thoroughly as other 

innate immune cells; however, their levels have been shown to be increased in CF and are 

positively correlated with increased respiratory symptoms and lung function decline(47, 48). 

Therefore, it is predicted that they have further mechanistic defects that are contributing to 

immunopathology in CF.  

The increased numbers of neutrophils present in the CF lung drives an aberrant and 

uncontrolled neutrophilic inflammatory state(49). Neutrophil dysfunction in CF is like that of 

macrophages as they have been shown to have reduced pathogen killing ability, while 

contributing to hyperinflammation. Neutrophils infiltrate the lung in response to cytokines, 

chemokines and complement factors already described to be released in increased levels in 

the CF lung, such as IL-8, TNF, and C5a(49, 50). When neutrophils enter the lung in response to 

infection, phagocytosis, generation of ROS and release of cytotoxic peptides occur in a process 

known as degranulation, and release DNA in the form of a neutrophil extracellular traps (NETs) 

that can clump microbes also occurs(51). The damage of excessive ROS production is described 
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as the perpetuation of the inflammatory response and damage to proteins, lipids, and DNA, 

leading to cellular dysfunction and injury(52).  

Neutrophils express CFTR protein on their cell and phagolysosome membranes, and as CFTR 

acts as a chloride channel, it is required to supply the phagolysosome with optimal levels of 

chloride for microbial killing by phagocytosis(53). Phagocytosis is the process of a cell 

internalising a microbe, formation of the phagolysosome which is an organelle that 

encapsulates the microbe that has been internalised. The phagolysosome will then be 

acidified to degrade the microbe, which starts with the nicotinamide adenine dinucleotide 

phosphate (NADPH) oxidase II (NOX-2) generating internal ROS(54). A component of the ROS 

produced is hydrogen peroxide (H2O2), which reacts with chloride ions to produce 

hypochlorous acid (HOCl), catalysed by the presence of myeloperoxidase (MPO). This reaction 

allows for the acidification and chlorination of the phagolysosome, which is crucial in the 

degradation of the microbe, however, due to the CFTR loss of function, it has been shown to 

be defective in CF neutrophils(55-57). CFTR dependency of this response has been shown 

through experiments involving CFTR knockdown HL60 cells(58). Excessive NET production is 

another characteristic of CF neutrophils. Despite NET production providing a method of 

capturing and clumping microbes, their protective function is highly debated due to their 

hyperinflammatory properties and links to increased disease severity in CF and other 

autoimmune conditions(59). High levels of DNA, MPO and elastase are detected in the sputum 

and bronchioalveolar lavage (BAL) of CF patients and positively correlate with increased 

symptoms and disease severity(60, 61). Excessive DNA release in the lung increases viscosity of 

the airway surface liquid and mucus, further hampering the already defective muco-ciliary 
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clearance. It has also been shown that CF neutrophils suppress apoptosis, leading to increased 

survival and a lengthening of their inflammatory effects(62, 63).  

Finally, proteases, particularly neutrophil-related proteases, have been linked to the 

immunopathology of CF(64). Proteases play diverse biological functions across organisms. In 

the healthy human airway, proteases regulate the airway surface liquid layer, tissue 

remodelling, and host defence, including inflammation(65-67). Protease/anti-protease 

homeostasis prevents inflammation-related tissue damage(68). In CF, however, excessive 

neutrophil-driven inflammation disrupts this delicate protease-antiprotease equilibrium, as a 

result proteases have been associated with increased morbidity and disease progression(69, 

70). Specifically, neutrophil-derived proteases, such as neutrophil elastase (NE), proteinase 3 

(PR3) and cathepsin G (Cat G), overwhelm cognate antiproteases, leading to impaired mucus 

clearance, persistent inflammation, and compromised immune responses and tissue 

integrity(70, 71). Notably, the epithelial sodium channel is regulated by proteolytic cleavage and 

is considered an important component in CF pathogenesis(72).  

1.1.3 – Clinical Presentation of Cystic Fibrosis  

As previously mentioned, CF is a multisystem disease, primarily affecting the respiratory, 

digestive, and reproductive systems(73). The clinical presentation of CF can vary from birth to 

adulthood, with symptoms and complications becoming more pronounced as individuals age. 

New-born screening for CF was introduced in the UK in 2007, allowing early diagnosis through 

an immunoreactive trypsinogen (IRT) test(74). IRT is produced by the pancreas, and, in healthy 

individuals, it is then transported to the small intestine and converted to trypsin which aids 

digestion. In individuals with CF, the transport of IRT is blocked by mucus, forcing its secretion 

into the bloodstream. New-borns with abnormally raised IRT will then undergo CFTR mutation 
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screening and a sweat test to confirm the diagnosis (chloride levels in sweat >60mmol/l are 

confirmatory). From birth over 90% of CF infants show symptoms of respiratory problems such 

as difficulty breathing, coughing, and wheezing due to the inflammation and subsequent 

respiratory infections leading to pneumonia and bronchitis(75). Meconium ileus is common in 

10-20% of CF infants, where the first stool is abnormally thick and sticky, due to the 

dehydration of intestinal mucosal surfaces, leading to intestinal blockages(76). CF is also the 

cause of poor growth and weight gain from infancy because of the reduced absorption of 

nutrients through the thick and sticky mucus layer in the digestive system and reduced IRT 

transportation(77). As patients with CF progress into childhood and adolescence, the recurrent 

lung infections and subsequent inflammation starts to become chronic and lung function will 

begin to decline. Pancreatic insufficiency continues to worsen in 85% of patients, heightening 

malabsorption of fats and fat-soluble vitamins again contributing to poor weight gain and 

nutritional deficiencies and starting to cause abdominal pain and other gastrointestinal 

symptoms(78). Coming into adulthood, lung disease and function loss continues to persist 

alongside the pancreatic and digestive complications. CF adults can also face issues with CF-

related diabetes due to pancreatic damage, reproductive issues due to thickened cervical 

mucus in women and congenital absence of the vas deferens in males, liver disease, 

osteoporosis, and chronic sinus infections(79).  

1.1.4 – Treatments for Cystic Fibrosis  

Treatment for CF was historically based around managing symptoms and infections. There was 

a need for fast diagnosis and implementation of a high calorie and high fat diet along with fat-

soluble vitamin supplements and pancreatic enzymes to compensate for the intestinal 

malabsorption and pancreatic insufficiency(80-82). Compensation and treatment of respiratory 
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symptoms and infections involves a combination of physical therapies to enhance mucus 

clearance and inhaled therapies to reduce inflammation and clear infections. Examples of 

inhaled treatments including DNase to reduce viscosity of the mucus, corticosteroids, and 

broad-spectrum antibiotics such as azithromycin to reduce bacterial infections and the 

inflammation associated(83). In late-stage disease, organ transplantation, especially lung 

transplantation, are often the only option.  

Increased understanding of structure and function of CFTR protein has led to the development 

of CFTR modulators, which have made a significant impact of those living with CF, improving 

general health, and reducing treatment burden in up to 90% of patients with CF worldwide. 

CFTR modulators are small molecules that can improve and even restore the function of the 

CFTR protein using multiple methods(84). The small molecules can be separated into five 

distinct groups determined by their method of function: potentiators, correctors, stabilizers, 

read-through agents, and amplifiers(85). Potentiators (e.g., Ivacaftor) can restore the 

probability of the CFTR channel opening and, therefore, allow ion conductance through the 

channel. Potentiators can improve CFTR channel function for CF patients with mutations in 

class III and IV, contributing for about 5% of the CF population. Ivacaftor was approved by the 

U.S. Food and Drug Administration (FDA) and the European Medicines Agency (EMA) in 2012 

and has been on the market for over 10 years(86, 87). Correctors are small molecules that can 

rescue folding and increase processing and trafficking of the CFTR protein to the plasma 

membrane. Correctors can improve CFTR function in class II CFTR mutations, which includes 

the F508del mutation that is the most prevalent CF-causing mutation. Elexacaftor and 

Tezacaftor are examples of currently used correctors and a combination therapy of Ivacfator, 

Tezacaftor and Elexacaftor, named Kaftrio was approved by the FDA in 2019 and by the EMA 
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in 2020, and is now the most common therapy for CF patients aged 12 and above(88-92). 

Stabilizers can rescue the channel protein stability while at the plasma membrane, read-

through agents can rescue protein synthesis and amplifiers can increase the amount of CFTR 

protein present. 

CFTR modulator treatment has shown to increase FEV scores, reduce pulmonary 

exacerbations and need for intravenous antibiotics due to lesser detection of microbes such 

as P.a., increase of BMI, exercise capacity, and general quality of life(93, 94). There has also been 

evidence suggesting improved pancreatic and muco-ciliary function, reduction in overall 

inflammation, and slower deterioration of lung function so reduced need for transplant and 

better overall survival. As mechanistic studies begin to use CFTR modulator therapies as 

controls in their experiments, more functional effects are coming to light, such as the rescue 

of the type I IFN response in macrophages and the increase of Nrf2 ROS regulatory pathway(41, 

95, 96) . Hence use of CFTR modulators may have more widespread clinical benefits that just 

correction of anion channel function(96, 97). 
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1.2 – Aspergillus fumigatus 

 

Aspergillus fumigatus (Af) is a ubiquitous saprophytic and filamentous fungus. Af is the most 

commonly occurring Aspergillus species that can cause disease in humans, along with 

Aspergillus niger, Aspergillus flavus, and Aspergillus terreus to name a few. Despite primarily 

occurring in air, soil, and decaying vegetation, its ability to survive in a temperature range of 

25C to 38C and a pH range of 2 to 9, Af can be found globally and isolated from many other 

environments(98). 

1.2.1 – Aspergillus fumigatus life cycle   

Af reproduces through production of asexual spores, termed conidia, from conidial heads on 

a structure called the conidiospore which is produced when the Af reaches starvation(99). Af 

conidia are more hydrophobic than many other fungal species and extremely small at 2-3m 

in diameter allowing them to become buoyant in air and disperse effectively(100). Because of 

this, Af conidia are consistently the most prevalent fungus in air sampling studies and healthy 

individuals are expected to inhale and successfully clear 100-1,000 conidia daily(101-103).  

Directly after initial release from conidiospores, resting conidia are surrounded by a 

hydrophobin rodA layer of rodlet and melanin proteins, aiding their protection and dispersal. 

When conidia encounter an environment with favourable conditions such as sufficient carbon 

and moisture, they will begin to swell and germinate, breaking and shedding its rodA layer(104, 

105). Eventually, the Af will form their vegetative structures called hyphae which can form an 

extracellular matrix and ultimately, if the environment is stable, they will form a biofilm, where 

the cycle will start again(106). At each stage of growth, Af possess distinct cell wall 

compositions(106). In 2009 there was the first report of Af sexual reproduction between an 
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environmental and a clinical strain under the extremely specific conditions of 3-6 months on 

poorly aerated oatmeal agar at 30C(107). This process has yet to be observed in the 

environment, however, this cryptic sexual reproductive cycle could account for the increasing 

levels of diversity and recombination observed in the Af strains. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2.1: Aspergillus fumigatus Morphological Forms. During starvation a conidial head is formed, 

and resting conidia (A) are produced and released. Once favourable growing conditions are found by 

the released conidia, they begin to swell (B) and germinate (C), eventually forming hyphae (D).  
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1.2.2 – Aspergillosis 

Af can cause a range of diseases under the umbrella term Aspergillosis(108). Risk factors for 

development of Aspergillus related disease include prolonged neutropoenia and 

monocytopenia, defects in neutrophil function, immunosuppressive therapy post-transplant 

medication, corticosteroids, structural lung disease, post-viral infection, atopic disorders such 

as asthma and CF. Aspergillosis can be classified into three broad categories consisting of 

invasive infection, chronic colonisation or infection, and allergic disease. The type and severity 

of Aspergillosis depends on the immune status of the host and despite distinct 

immunopathology across the conditions, symptoms often overlap and converge over time 

(Figure1.2.2)(109).  

Allergic bronchopulmonary aspergillosis (ABPA) is cause by a Type 1 immune hypersensitivity 

to fungal components and is a complex allergic disorder. Predisposing conditions to ABPA are 

atopic disorders such as CF and asthma, with estimates of 15% of CF patients and up to 30% 

of asthma patients struggling with this condition(110, 111). ABPA can be diagnosed with a 

combination of microbiological and immunological tests, chest imaging, and symptom 

assessments, however, it can take years to diagnose due to the non-specific symptoms(109, 112). 

Af specific and serum total immunoglobulin (Ig)E antibodies are good markers of an allergic 

response to Af, along with positive tests for elevated eosinophil levels, sputum cultures of Af, 

Af skin prick tests, and chest radiographs(109). Symptomatic asthmatic patients who have Af 

sensitisation but do not meet all formal criteria for ABPA are categorised as severe asthma 

with fungal sensitisation (SAFS)(108). Clinical features of ABPA include increasing cough, 

sputum, wheeze, shortness of breath, fatigue, and blood in the sputum. ABPA patients can 

also be asymptomatic, with a study of 155 asthma patients in 2007 showing a 19% rate of 
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ABPA positive patients presenting with controlled asthma(113). In late stages of infection 

without appropriate treatment, there are signs of pulmonary hypertension and respiratory 

failure. ABPA exacerbations are common with the previously listed symptoms becoming more 

severe for a period of time and requiring more extensive treatment. Treatment for APBA is 

based around reducing the inflammatory immunopathology induced Af sensitisation, so it 

includes inhaled corticosteroids rather than antifungals(114). However, in some severe cases, 

the use of itraconazole and voriconazole have been used to reduce the amount of Af in the 

airway, successfully reducing the number of allergens and, therefore, alleviating 

symptoms(115). 

Chronic pulmonary aspergillosis (CPA) encompasses a series of diseases, ranging from 

aspergilloma (a fungus ball) to chronic non-invasive inflammatory fungal disease(114). CPA 

usually proceeds those who have pre-existing lung damage, with 20% of recovered 

tuberculosis patients developing CPA. Again, CPA has a non-specific list of symptoms such as 

a cough, wheezing, blood in sputum, weight loss, and fatigue which leads to problems with 

timely diagnosis(108, 109). Chest imaging can reveal an aspergilloma, however, not all are 

apparent, nor do they have a uniform size or shape to confirm diagnosis. Therefore, they need 

to be combined with a positive Af sputum culture, tests for anti-Af IgG and IgM antibodies and 

assessment of clinical symptoms for a successful diagnosis(112). To treat CPA is challenging as 

it requires prolonged and intense administration of inhaled and systemic antifungals such as 

itraconazole and voriconazole. However, it is difficult to monitor progression of recovery and 

it is common that patients relapse soon after the suspension of treatment(115).  

Invasive aspergillosis (IA) is the most severe and aggressive form of aspergillosis and is a major 

cause of mortality and morbidity in immunosuppressed individuals. Of the >250 species of 
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Aspergillus, Af accounts for 60% of the predicted 300,000 IA cases globally. Symptoms include 

a cough, fever, chest pain, dyspnoea which is a feeling of running out of air, and coughing up 

sputum with blood, referred to as haemoptysis(116). As these symptoms are non-specific, a 

series of diagnostics are required to confirm IA, which often consist of lung biopsies, sputum 

cultures, and radiological methods to detect a ‘halo sign’ characteristic of IA(117, 118). However, 

due to the severe immunosuppressed status of many IA patients, other pulmonary infections 

may be present and chest imaging can be indistinguishable from other conditions. Recipients 

of hematopoietic stem cell transplants, leukaemia patients, and those with chronic 

granulomatous disease (CGD) are the most at-risk groups for IA and regularly show mortality 

rates of 50%(119, 120). Due to the body hosting the perfect conditions for Af growth, hyphenation 

is aggressive and destructive to surrounding tissue leading to vascular penetration and fungal 

dissemination as well as damage to the lung tissue resulting in necrosis, intravascular 

thrombosis, and haemorrhagic pulmonary infarct. Vascular dissemination is found in one third 

of cases of IA at autopsy and can cause further, more severe complications as hyphae can 

travel to and infect other organs such as the heart, liver, brain, and kidneys(120). To prevent 

such high mortality rates, quick diagnosis and treatment with systemic antifungals is essential, 

however, this is limited by the difficulty posed with diagnosis(119). Due to its prevalence and 

costly, sustained, treatments, IA is the most expensive fungal disease in the US. Potent 

antifungals called triazoles, such as voriconazole, are the most common treatments for IA and 

work by inhibiting the activity of an enzyme involved in the synthesis of ergosterol, a crucial 

component of Af cell membranes(121). However, their effectiveness depends on how complex 

and persistent the underlying cause of immunosuppression is in the patient, and the speed at 

which the treatment can be administered(122). Other treatments include surgical removal of 
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necrotic tissues and immunomodulatory treatments in selected patients such as IFN in some 

patients with CGD. 

 

 

 

 

 

 

 

Figure 1.2.2: Clinical Spectrum of Aspergillosis. The clinical presentation of Aspergillosis depends on 

the immune status of the host. When the host is severely immunosuppressed such as those on 

immunosuppressants or with a primary immune deficiency they will present with invasive 

aspergillosis. Patients who present with neither immunosuppression nor hypersensitivity but have risk 

factors such as lung cavitation or bronchiectasis will present with chronic pulmonary aspergillosis 

(CPA), Aspergillus bronchitis, or aspergilloma. Finally, those who have an exaggerated immune 

response consisting of hypersensitivity or allergy conditions like cystic fibrosis or asthma will present 

with allergic bronchopulmonary aspergillosis (ABPA), or severe asthma with fungal sensitisation (SAFS).  

 

Due to increasing azole use in both clinical and environmental environments, there has been 

a surge of azole-resistance rates(123). With limited numbers of antifungals, lack of research 

funding in the area, and heavy reliance on azoles for treatment, this is a growing and pressing 

concern. Af antifungal resistance has reached rates as high as 28% in Europe in a cohort of 
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CPA patients on long-term azoles(123). In 2015, a new clinical antifungal called isavuconazole 

was approved by the FDA that can inhibit the synthesis of ergosterol through a different 

mechanism to other azoles(124, 125). However, an environmental antifungal used in agriculture 

has since been released that uses the same mechanism for fungal killing. With at least 300 

species of fungi associated with human diseases, this is not a problem limited to Af, revealing 

the importance of understanding the mechanisms underlying all fungal infections and host 

responses with the aim to develop new therapeutics(126-128).  

1.2.3 – Aspergillus fumigatus Immune Recognition 

Af has three key attributes that allow it to be a successful disease-causing human pathogen. 

Af replicates efficiently at 37C, its spore particle size is 2-3m meaning it is relatively 

successful at bypassing pulmonary barriers and chemical immune defences, and finally, the 

hydrophobic rodA and melanin layers previously mentioned that serve to conceal PAMPS such 

as the -glucans, galactomannans, and other polysaccharides that make up 90% of the Af cell 

wall at this stage, making them immunologically inert(129, 130). In healthy individuals, the Af 

conidia will encounter the airway mucosa, including the bronchial and alveolar epithelial lining 

and the airway surface fluid, mucus, and lung resident immune cells such as alveolar 

macrophages. The muco-ciliary tract, along with the lung resident immune cells and soluble 

antimicrobial proteins in the airway surface liquid successfully clear and control the inhaled 

Af in a healthy lung daily(108). However, in risk factor groups such as immunocompromised 

individuals, the resting conidia bypass the pulmonary barriers more easily and settle in the 

alveoli, where they begin to swell. This means the hydrophobic surface layer breaks open to 

reveal the cell wall, along with the PAMPs it is composed of. The cell wall is >90% 

polysaccharides and is composed of an alkali-insoluble fibrillar skeleton, which is made of an 
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outer layer of galactomannan, β(1,5)-galactofuranose residues attached to α-mannan linear 

chains, and an inner layer of β(1,3);(1,4)-glucans linked to chitin, with both layers bound 

together by covalent bonds and other polysaccharides such as α(1,3) glucan. When the fungi 

hyphenate, the cell wall composition changes again, with less β(1,3)-glucans, less, but not loss 

of melanin, and differing distribution of carbohydrates(131, 132). At body temperature, the 

swelling and shedding of the hydrophobin rodA layer takes around 4 hours, with germination 

starting at 6 hours and hyphae formation between 8-9 hours. It has recently been discovered 

that Af can also alter its cell wall depending on environmental conditions, such as different 

pH, oxygen levels, and even in the presence of antifungals(106, 133). All the described cell wall 

components of Af can be recognised by the human innate immune cells such as alveolar 

macrophages, dendritic cells, and epithelial cells, through multiple membrane bound intra- 

and extracellular PRRs such as C-type lectin receptor (CLRs), and Toll-like receptors (TLRs). 

Nucleotide-binding oligomerisation domain (NOD)-like receptors (NLRs) and retinoic acid-

inducible gene-I (RIG)-like receptors (RLRs) are involved in intracellular recognition of Af as 

well as soluble scavenger receptors such as lung surfactant proteins and pentraxin3 

(Figure1.2.3)(98, 104, 134).   

1.2.3.1 – C-type Lectin Receptors  

CLRs are arguably the most important PRRs in fungal recognition due to their affinity to β(1,3)-

glucans and galactomannan. CLRs are a superfamily of proteins with over 1,000 members and 

are divided into 17 groups based on their domain organisation and phylogeny(135). They are 

named because of their ability to bind carbohydrates in a calcium dependent manner, 

however, as the superfamily expanded and more CLRs were discovered, it was determined 

that not every member bind carbohydrate, with some able to bind protein, lipids, and other 
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inorganic molecules. There are four CLRs that can recognise Af, dectin-1, dectin-2, melanin-

sensing CLR (MelLec), and dendritic cell-specific intracellular adhesion molecule-3-grabbing 

non-integrin (DC-SIGN)(136). Dectin-1 is a group V CLR that recognises β(1,3)-glucan, therefore, 

it can recognise swelling and germinating Af at the cell surface, with some evidence to suggest 

that it can also play a role in some intracellular interactions when internalised in 

endosomes(137). Dectin-1 is expressed primarily on phagocytes, such as macrophages, DCs, 

neutrophils, and monocytes, as well as bronchial and alveolar epithelial cells, therefore, it is 

heavily involved in the activation of the innate immune system and expression is upregulated 

during fungal infection and inflammation(138). Once bound to β(1,3)-glucan, dectin-1 engages 

with spleen tyrosine kinase (Syk) through its immunoreceptor tyrosine-based activation 

(ITAM)-like motif(139). It can then lead to canonical and non-canonical NF-B activation. 

Canonical NF-B activation occurs through recruitment of caspase recruitment domain-

containing protein 9 (CARD-9), formation of a CARD9/ B-cell lymphoma/leukemia 10 (Bcl10)/ 

mucosa-associated lymphoid tissue lymphoma translocation protein 1 (MALT1) complex that 

activates IB kinase (IKK) and subsequently NF-B. CARD9-independent non-canonical NF-B 

pathway relies on the ubiquitination and processing of NF-B2 precursor protein, p100, to 

activate the p52/recombination signal sequence-binding protein J kappa enhancer factor B 

(RelB)/NF-B complex. Dectin-1 can also activate the type I and III IFN pathways through 

Syk/IRF5 signalling and the importance of this signalling pathway in candidiasis and 

aspergillosis has been highlighted in mice studies(140, 141). The importance of dectin-1 is 

highlighted through multiple studies showing dectin-1 knock-out (KO) mice, and 

polymorphisms in humans result in high susceptibility to fungal infection post haemopoietic 

stem cell transplant(142). 
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Dectin-2, also known as CLEC6A, is a group II CLR but is expressed on monocytes, plasmacytoid 

DCs (pDCs), basophils, and Kupffer cells. Dectin-2 has a high affinity to α-mannans; therefore, 

it can recognise swelling and germinating Af(143). Fungal recognition by dectin-2 also stimulates 

the activation of NF-B through the CARD9/Bcl10/MALT1 complex, however, it lacks ITAM-like 

motifs, so requiring coupling to the Fc receptor gamma chain (FcR) to do this(144). There is no 

evidence Dectin-2 can recognise or activate Af signalling pathways intracellularly. The 

activation of NF-B initiates a pro-inflammatory response with the release of cytokines such 

as IL-1β, TNFα, IL-6, IL-12, and type I and III IFNs, which drive effective phagocytosis, ROS 

production, and the differentiation of T-helper (Th) cells to a Th1 and Th17 phenotype(145). 

This response is crucial for the effective clearance of Af(146, 147). Deficiency in dectin-2 in 

humans is associated with elevated levels of IA and other fungal infections(148, 149). 

Other important CLRs involved in Af recognition are MelLec, a group V CLR, and DC-SIGN, a 

group II CLR(150). MelLec was discovered in 2014 and can recognise dihydroxynaphthalene 

(DHN)-melanin which is present on the hydrophobin rodA layer. This makes MelLec essential 

for early recognition and clearance of resting conidia and it is expressed on innate immune 

cells such as macrophages, DCs, and neutrophils(150). Studies in humans and mice have shown 

the importance of MelLec, with KO mice and humans with a polymorphism both showing 

increased susceptibility to aspergillosis and fungal dissemination causing IA(151).  

1.2.3.2 – Toll-like Receptors  

TLRs are a small family of proteins discovered in 1989, of which there have been 10 discovered 

in humans. They are a crucial set of PRRs for viral, bacterial, and fungal infections and work 

either alone or in heterodimerisation with other TLRs, and non-TLR receptors(152). TLRs consist 

of leucine rich repeats and a cytoplasmic toll-interleukin receptor (TIR) domain. TLR3 and TLR4 
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can induce IFN related pathways through activation of TIR-domain-containing adaptor-

inducing IFN (TRIF). All other TLRs, including TLR4, can signal through the myeloid 

differentiation primary response 88 (MyD88) signalling cascade to signal a pro-inflammatory 

NF-B response(153). In early 2000s, Wang, et al., first described TLR4 as a receptor for Af 

hyphae and since then TLR2, TLR3, TLR7, and TLR9 have been implemented in fungal 

recognition(154). Immediately, their importance in fungal immunity became clear when MyD88 

deficient mice became highly susceptible to Af disease.  

TLR4 is expressed on innate immune cells and epithelial cells and can recognise Af hyphae to 

signal for pro-inflammatory cytokines such as type I and III IFNs, IL-1β, and TNFα(154, 155). 

Multiple studies have shown defective phagocytosis and neutrophil fungal killing when TLR4 

expression is reduced through the use of TLR antagonists or removed entirely in KO cell lines 

and mouse models(156, 157). TLR2 can recognise β-glucan and zymosans, is expressed on innate 

immune cells and epithelial cells and forms a heterodimer with TLR1 and TLR6 when bound 

to fungal stimulus. It has been shown to be recruited to phagosomes holding engulfed 

zymosan and its absence results in an altered inflammatory response to fungus characterised 

by lower TNFα, increased IL-4, and higher mortality rates in IA models(158). TLR3, TLR7, and 

TLR9 are endosomal TLRs that can recognise fungal RNA and DNA. Similarly to TLR2, TLR9 has 

been shown to be actively recruited to phagosomes containing Af and signals for NF-B 

activation(159). Polymorphisms of TLR9 in humans has been linked with increased susceptibility 

to both ABPA and IA, showing its function in Af immunity can be complex(160-162). TLR3 and 

TLR7 can initiate a type I IFN response signalling through TRIF and again, polymorphisms in 

these TLRs have shown increased incidences of IA and ABPA(155, 163). Furthermore, TLR3 

deficiency was associated with severe infection in mice, and a TLR3 SNP resulting in a loss-of-
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function phenotype of DCs was associated with increased susceptibility to aspergillosis and 

concomitant failure to activate antifungal CD8+ T cells in HSCT patients(164).  

1.2.3.3 – NOD-like Receptors  

NLRs are intracellular PRRs characterised by the presence of a central NOD and typically 

contain leucine-rich repeats with a variable N-terminus domain. There are 23 known human 

NLRs which can be split into two classes, the inflammasome forming NLRs and NOD1/2(165). 

They are thought to act like scaffolding proteins in the cytosol, providing a coordinated 

assembly of signalling molecules that can initiate both the NF-B and mitogen-activated 

protein kinase (MAPK) signalling and inflammatory pathways. Despite the signalling pathways 

being under researched, there is mounting evidence that NOD1 and NOD2 are involved in the 

recognition of Af(166-168). NOD1 can recognise Af and is upregulated and recruited to 

phagosomes during Af infection(167). NOD2 has also been shown to be upregulated during Af 

infection and some NOD2 dependent pathways have been upregulated, however, how either 

NOD1 or NOD2 recognise or signal this recognition is unclear. NOD1 KO mice and human cells 

showed a protective phenotype against IA, with more effective fungal killing through optimal 

ROS production and NOD2 polymorphisms shows reduced risk of IA post stem-cell 

transplantation(169, 170). Inflammasomes are multiprotein complexes formed in response to 

infection or tissue damage which play a crucial role in inflammatory responses by activating 

and regulating the production of key pro-inflammatory cytokines, IL-18 and IL-1β(171). Their 

formation can be initiated through detection of microbes and other sterile stimuli by the 

intracellular NLRs such as NLR family pyrin domain containing 3 (NLRP3). Mounting evidence 

suggests internalised Af conidia, fungal-induced ROS production, and potassium efflux are 

recognised by and activate NLRP3 inflammasomes (171, 172).  
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1.2.3.4 – RIG-I-like Receptors  

RLRs are a family of cytoplasmic PRRs that are known to have a key role in the antiviral 

response and initiation of type I and III IFNs(173). There are three identified human RLRs, known 

as retinoic acid-inducible gene I (RIG-I), melanoma differentiation-associated protein 5 

(MDA5), and laboratory of genetics and physiology 2 (LGP2) also known as DExH-box helicase 

58 (DHX58)(173). They are known to signal both dependently and independently of each other, 

often working together to enhance type I IFN signalling. Similarly to NLRs, fungal recognition 

by RLRs is not well understood, however, recent evidence has suggested MDA5 can recognise 

Af double stranded DNA(174). MDA5 can signal through MAVS to drive production of type I and 

III IFN which in turn induces expression of C-X-C motif chemokine ligand (CXCL)9 and CXCL10 

which are essential for optimal antifungal neutrophil immunity(174-176). Furthering this, Wang, 

et al., published a mouse model showing MAVS expression in alveolar macrophages was 

essential for Af immunity and reported on a human study which showed MAVs polymorphisms 

increased IA susceptibility in patients that underwent hematopoietic stem cell 

transplantation(177). Despite limited information on the role of LGP2 in fungal immunity, it has 

been shown that it can interact with MDA5 and enhance its double stranded DNA binding 

ability, in turn increasing the type I and III IFN response generated by MDA5 activation(175). 

Therefore, LGP2 could act as a potentiator of Af recognition by MDA5(175).  

1.2.3.5 – Soluble Receptors    

Several soluble cytoplasmic scavenger receptors are thought to have a significant impact on 

fungal immunity. Lung surfactant proteins A and D, and mannan-binding lectin (MBL) are C-

type lectins that can bind carbohydrate domains on the Af cell wall in a calcium-dependent 

manner. They can then opsonise the Af, enhancing fungal recognition and phagocytosis by 
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effector cells such as macrophages and neutrophils(178). Despite no mechanistic understanding 

of the ability of MBL to recognise and react to Af, a study in an IA mouse model revealed 

exogenous MBL treatment increased neutrophil ROS production and increased fungal control 

and survival(179, 180). A third soluble receptor that has been linked to fungal immunity is 

pentraxin-3 which is readily produced by monocytes, macrophages, and DCs during Af 

infection(181, 182). Pentraxin-3 can increase fungal recognition, in turn increasing essential 

antifungal responses such as pro-inflammatory cytokine release and phagocytosis(183, 184). A 

rat model of IA has shown a lack of pentraxin-3 results in ineffective phagocytosis and 

exogenous treatment of pentraxin-3 can rescue this defect(185).  

 

Figure 1.2.3: Aspergillus fumigatus recognition and immune activation. Schematic of the pattern 

recognition receptors (PRRs) and signalling pathways involved in the recognition and initiation of the 

type I and III interferon response and pro-inflammatory responses to Aspergillus fumigatus, including 

what morphology or element of Aspergillus infection initiates the response. Various PRRs initiate these 

responses and are split into their relevant families; Toll-like receptors (TLRs), C-type lectin receptors 

(CLRs), RIG-I-like receptors (RLRs) and NOD-like receptors (NLRs). Where the pathway is unknown there 

is a direct arrow. The signalling pathway showing Dectin-1/Syk/CARD9/IRF signalling is coloured grey 

as this represents a known interferon response pathway discovered in response to C. albicans. 
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1.2.4 – Innate immune response to Aspergillus fumigatus 

Due to the ubiquitous nature of Af conidia, effective daily clearance of fungus from the lung 

is required. In healthy individuals this is primarily achieved with the physical barriers such as 

the muco-ciliary tract, airway surface liquid, and epithelial cells. In some cases, lung resident 

alveolar macrophages, inflammatory monocytes, and neutrophils are required for optimal 

control(186). The crosstalk between the epithelial barrier and lung resident phagocytes is 

essential for a controlled and coordinated response (187).  

Data from murine studies show that RAG2KO/IL2rgKO mice which lack both innate and 

adaptive lymphocytes, eliminate Aspergillus conidia and prevent formation of tissue invasive 

filamentous hyphae in the respiratory tract(188). Data indicates that myeloid phagocytes are 

necessary and sufficient to control Af infection.  Confirmation of the role of epithelial cells in 

host immunity to Af will require targeting gene deletion studies involving fungal receptors and 

down-stream signalling pathways in defined subsets linked to infection outcomes in murine 

models. The importance of myeloid phagocytes in humans is highlighted by the absence of 

invasive aspergillosis in severe combined deficiencies affecting lymphocyte function(189). 

Although lymphocytes are redundant for protection against Af in healthy controls, they are 

important in those with a defect of myeloid function as seen in haematopoietic stem cell 

transplant recipients(190).  

Alveolar macrophages and dendritic cells phagocytose Af conidia, which is facilitated by 

pentraxins opsonised spores(191). Germinating conidia expose β 1-3 glucans and leads to 

Dectin-1 mediated release of IL-1α/β by alveolar macrophages and dendritic cells(137).  The IL-

1 cytokines activate pulmonary epithelial cells, which lead to secretion of neutrophil 

chemoattractants CXCL1 and CXCL5(174, 192, 193).  Other inflammatory mediators including 
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leukotriene B4, C5a, galectin 3 and CXCL2 also promote neutrophil migration into lung 

airways(194). Monocyte chemoattractants CCL2, CCL7, CCL12 promote influx of inflammatory 

CCR2+ monocytes into lung airways, which differentiate into mo-DCs(195). Neutrophils also play 

a key role in promoting oxidative killing and elimination of Af conidia by mo-DCs. Neutrophils, 

monocytes, and mo-DC phagocytose conidia and eliminate germinating spores via NAPDH 

oxidase(196). Secretion of type I IFNs by monocytes leads to upregulation of type III IFN, which 

augments fungal killing by myeloid phagocytes(163). Fungal infection of mo-DC and neutrophils 

leads to secretion of CXCL9 and CXCL10, via CLR-SYK-CARD-9-SYK and type I IFN pathways 

respectively, which recruits plasmacytoid DC (pDCs) from the circulation into the lung(188). 

Although pDCs do not bind to Af conida, they further promote their oxidative killing by 

neutrophils. Mechanistic basis for pDC augmentation of neutrophil oxidative burst is unknown 

but may involve type I and III IFNs.  In addition, secretion of GM-CSF also upregulates 

neutrophil oxidative killing, although the source of GM-CSF is not currently known(197).  

1.2.4.1 – Epithelial Cells    

Despite most the inhaled Af conidia being cleared from the lung by the muco-ciliary tract 

before reaching the epithelial surface, epithelial cells and their fungal recognition are an 

essential first-line cellular defence in Af immunity(187). Epithelial cells can recognise several 

fungal cell wall components such as galactosaminogalactan and chitin which initiates an 

antifungal phenotype capable of orchestrating a response in other innate immune cells, 

especially macrophages and neutrophils(98). After fungal recognition, epithelial cells will 

produce pro-inflammatory cytokines and chemokines through IL-1α/MyD88/NF-B, 

p38/ERK1-2, and type I and III IFN signalling to recruit effector cells(163, 198). Several studies 

have shown the importance of this recruitment of neutrophils and C-C chemokine receptor 
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type 2 (CCR2+) macrophages in prevention of fungal colonisation. Epithelial cells themselves 

also have a fungal phagocytotic ability through actin-dependent internalisation and cathepsin 

D and lysosome-associated membrane protein 1 (LAMP1) dependent phagolysosome 

acidification(199, 200). This epithelial phagocytosis has been shown to be so effective that <3% 

of internalised Af conidia are able to continue growing, germinate, and lyse the cell. Studies 

have shown that lack of epithelial phagocytotic ability in immunodeficient mice results in 

increased aspergillosis linked morbidity and mortality(201). Some particularly virulent strains of 

Af have the unique ability to germinate and cross the epithelial barrier through actin tunnels 

which avoids epithelial barrier damage, and therefore, detection through recognition of both 

PAMPs and damage-associated molecular patterns (DAMPs)(98, 202). Lack of detection and 

failure to initiate innate immune response unsurprisingly leads to poor prognosis.  

1.2.4.2 – Alveolar Macrophages 

Alveolar macrophages are a distinct long-lived macrophage phenotype that self-propagate 

and are resident in the lung, both in the airway surface fluid and in the alveolar spaces(203). 

Alveolar macrophages possess nearly all the PRRs that recognise Af that have been previously 

described, making them very effective at recognising swollen and germinating conidia. Fungal 

recognition results in Syk-dependent signalling which can initiate ROS and NADPH release, 

ROS-dependent activation of LC3 associated phagocytosis (LAP), activation of the 

inflammasome, and NF-B and IRF1/5-dependent pro-inflammatory cytokine and chemokine 

release(204). Alveolar macrophages are essential for antigen presentation and immune-cell 

crosstalk during Af infection. Depletion of alveolar macrophage populations in mice models 

resulted in increased neutrophil recruitment but reduced fungal control(205, 206).  
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1.2.4.3 – Inflammatory Monocytes, Monocyte-derived Dendritic Cells, and 

Plasmacytoid Dendritic Cells  

After epithelial initiation of inflammation, CCR2+ monocytes and mo-DCs are responsible for 

transportation of Af conidia to lymph nodes in order to activate an adaptive immune 

response(195, 207, 208). Inflammatory monocytes rapidly differentiate into mo-DCs in the 

presence of Af infection and lack of this differentiation can result in reduced fungal killing(195). 

CD14+ and CD16+ monocytes can control fungal growth through iron restriction and starvation 

of Af conidia and germlings(207). Further importance of CCR2+ monocytes has recently been 

reported using a mouse model. Espinosa, et al., showed that type I IFN release from CCR2+ 

monocytes initiates a coordinated type III IFN release which is required for optimal priming of 

antifungal neutrophils(163). Without type III IFN priming, neutrophils release sub-optimal ROS, 

resulting in reduced fungal killing and increased susceptibility to IA.  

pDCs are an essential cellular effector in antifungal immunity, despite constituting for less than 

0.1% of the overall cellular composition of the blood(209). pDCs are not able to directly kill Af 

but inhibit growth of hyphae by an unknown mechanism(210). They have been observed 

spreading over the length of the hyphae and releasing apoptosis-inducing gliotoxins during 

this process(211). They can recognise Af through the CLRs dectin-2 and DC-SIGN and potently 

produce cytokines such as type I IFNs and TNF that are key in immune cell recruitment and 

boosting of the adaptive immune response(141, 149).  

1.2.4.4 – Neutrophils   

Since excessive neutrophil infiltration and neutropenia are both major pre-disposing features 

for aspergillosis in humans, neutrophils are undoubtably the most important effector cells in 

Af immunity(212). Neutrophils are the most abundant immune cell in the body that, after 
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maturity, will circulate the body(51). During infection, neutrophils are recruited to the site of 

infection where they will survey the organ tissue for pathogens and elicit a multi-pronged 

defence approach. The mechanisms neutrophils deploy are NADPH oxidase-dependent ROS 

production, phagocytosis, degranulation, cytokine and chemokine release, and NET 

formation(213). During Af infection, neutrophils are recruited by several chemokines, including 

CXCL1, CXCL2, CXCL5 and CXCL8. The release of these chemokines are initiated primarily in a 

MyD88-dependent manner by epithelial cells, subsequently in a CARD-9 dependent manner 

by other immune cells, and finally lung-infiltrating neutrophils during active infection(214-216). 

As neutrophils are granulocytes, immediately after activation and fungal recognition, they will 

degranulate which is the release of their granules containing antimicrobial proteins such as 

neutrophil elastase (NE), myeloperoxidase (MPO), and lactoferrin. Many of these proteins 

have been reported to have several antifungal effects, such as arresting hyphal growth and 

killing through iron-depletion, contributing to ROS production, and acidification of the 

phagolysosome(217-219). Neutrophils can effectively phagocytose Af conidia in a Syk-kinase 

signalling dependent way, however, the mechanisms of fungal recognition and completion of 

this process is poorly understood.  

The NADPH oxidase-dependent ROS production is extremely important in fungal clearance as 

many mouse models lacking this response have shown increased morbidity and mortality to 

fungal infection(220). In humans, CDG is a condition in which immune cells have defective 

NADPH oxidase and, therefore, lose the ability to generate ROS(221). Individuals with CDG are 

highly susceptible to IA with high mortality rates. As previously mentioned, a functional type 

I and III IFN response is essential to optimal priming of antifungal neutrophils, particularly 

regarding the generation of an effective ROS response(141, 163, 174). Despite this response not 
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being well studied in fungal infection, patients with CF have a downregulated or defective type 

I and III IFN response during viral and bacterial infections and this could explain their 

susceptibility to aspergillosis.  

Neutrophils also produce NETs in response to Af infection, which consist of extracellular traps 

made up of DNA with antimicrobial molecules, such as MPO and NE, attached(222). The role of 

NETs in fungal killing is complicated, it is thought they contribute to an arrest in hyphae growth 

but are major contributors to damaging hyperinflammation. Neutrophils preferentially form 

NETs in response to Af hyphae rather than conidia and are fungistatic which helps to limit 

spread of infection(222, 223). NETs contain chelators of essential ions such as calprotectin which 

can bind to iron, zinc, and magnesium, immobilising fungal filaments and depleting the fungi 

of the nutrients needed to grow and replicate(224). Release of extracellular ROS in NETs by 

neutrophils in response to large fungal filaments leads to IL-1β secretion, which promotes 

further neutrophil recruitment to sites of infection. On the other hand, phagocytosis of fungal 

conidia and generation of intracellular ROS, inhibits the secretion of IL-1β and leads to 

formation of neutrophil clusters, which have been shown to be more effective at fungal 

killing(224). Therefore, although NETs can provide some protection against infection, they also 

promote inflammatory immune responses and tissue damage, for example, excess NET 

activity is associated with renal disease in SLE and vascular disease in primary anti-

phospholipid syndrome. In cases of CGD, when defective ROS production is unable to control 

fungal infection, there is an increase in NET production(225). Due to their lack of protective 

function along with their hyperinflammatory state, it is thought that NETs are more likely to 

contribute to damaging chronic inflammation rather than aid in fungal clearance(226).   
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1.2.4.5 – Eosinophils and Natural Killer Cells  

Eosinophils are another granulocyte that contribute to Af immunity and whose 

overrepresentation is a hallmark of ABPA(227). Eosinophils can directly kill Af through 

production of DNA traps, similar to NETs, however, overstimulation of this response can be 

damaging and is thought to contribute to the development of ABPA and related symptoms(227-

229). These cells are also important for immunomodulatory functions as they regulate IL-23 and 

IL-17 production in the lung(230). Natural killer (NK) cells also have a direct killing effect on Af 

conidia and hyphae and are readily recruited, acting in a compensatory manner during 

neutropenia. NK cells possess TLR2, TLR4, and TLR9, so it is predicted they detect Af through 

these PRRs, however, this has not been confirmed to date. Fungal cytotoxicity by NK cells is 

predicted to be related to the release of molecules such as granulysin, granzymes, and 

perforin, which act as chemoattractants, trigger apoptosis, and aid in the lysis of target 

cells(231).  

1.2.5 – Adaptive immune response to Aspergillus fumigatus 

In mouse models of acute pulmonary aspergillosis, complete aberration of the adaptive 

immune response showed no increased susceptibility to fungal infection, suggesting the 

adaptive immune system is redundant in Af immunity(163, 195). However, in patients who have 

received hematopoietic stem cell transplantations and those living with HIV, a lack of an 

adaptive immune system increases susceptibility to fungal infection(189). Furthermore, Af 

specific CD4+ T-cell transfer in mice has a protective effect in IA disease(232, 233). Therefore, 

when there is an immunodeficiency surrounding the innate immune response, the adaptive 

immune response is an essential back-up for host defence.  
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1.2.5.1 – T-cells    

The T-cell subsets that are involved in Af immunity are the CD4+ T-cells, which are known as T-

helper cells. Antigen presenting cells will interact with naïve Th cells and initiate their 

differentiation into a pathogen-specific subset, depending on the antigen and the cytokines 

released from the antigen presenting cell(234). The relevant Th cell subsets in fungal immunity 

are Th1, Th2, and Th17. Th1 is induced by IL-12 and can be neutralised by IL-4(235). Studies in 

mouse models show that positive outcomes in IA is positively correlated with high levels of IL-

12 and negatively correlated with IL-4, suggesting the importance of Th1 in Af immunity(236, 

237). Furthering this, Th1 cells produce high levels of IFN which can stimulate antifungal 

responses from neutrophils and macrophages, whose importance has been discussed 

previously in detail(236). In patients with ABPA, a phenotyping of the peripheral blood 

mononuclear cells reveals a Th2 bias, resulting in reduced fungal control and an allergic 

inflammatory environment(238). Th2 differentiation is stimulated by IL-4 release and results in 

the neutralisation of the Th1 response(239). A Th2 bias in the Th1/Th2 balance results in the 

development of Af sensitivity as Th2 cells produce IL-4, IL-5, IL-10, and IL-13 which triggers an 

allergic inflammation consisting of eosinophil influx and ineffective macrophage activation(234). 

Unlike Th2, Th17 cells can provide protective functions through their release of IL-17, IL-21, 

and IL-22 and communication with neutrophils, increasing both their recruitment and 

antifungal function(240). Th17 differentiation is triggered by TGF, IL-6, and IL-23 and the 

importance of this response is shown in patients with CGD, who have reduced IL-17 release, 

showing increased IA susceptibility(241). However, the balance of the Th17 response is essential 

as overactive Th17 will result in neutrophilia and the associated pathogenic inflammation(242). 

Furthermore, Th17 responses can enhance damage during Th2 bias in ABPA cases, again due 

to increasing neutrophil recruitment(243). 
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1.2.5.2 – B-cells    

Antibodies are secreted by terminally differentiated B cell (plasma cells). Antibodies have 2 

core regions including a variable region which recognize antigens, and a constant region 

consisting of 5 main isotypes which eliminate antigens in different ways. The 5 main isotypes 

are IgM, IgD, IgG, IgA and IgE. IgG is essential for protection against pathogens and is the 

antibody class responsible for the memory response in secondary immunity(244). IgM enhances 

phagocytosis and surveys ABO blood group antigens on erythrocytes(245). IgE is associated with 

allergy and is thought to be protective against parasites. IgA is a secretory antibody found in 

mucosal surfaces and contributes to first defence in mucosal immunity, and finally, IgD is 

associated with homeostasis and antibody production(246). Af infected B-cell deficient mice 

displayed increased survival and fungal killing with increased and effective Th1 responses, 

therefore, B-cells are not required for protection against Af(245). However, increased Af specific 

IgE and IgG antibodies are a hallmark characteristic of aspergillosis, and both are used for 

diagnostic purposes(109). IgE, as the allergy associated antibody, is detected at high levels in 

ABPA patients and can interact with basophils and mast cells, causing them to degranulate 

and release histamine, heparin, and other proteases(247). Histamine acts to increase mucus 

secretion and stimulate sensory nerves, furthermore, it activates the Th2 response which 

leads to an influx of eosinophils, which can release a myriad of toxic proteins(248). These 

functions can lead to a hostile host environment for parasites, which IgE is protective against, 

however, when this response is initiated in the absence of a parasite it is ineffective in 

pathogen clearance and causes a damaging allergic inflammatory response, such as what is 

observed during ABPA.  
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1.2.6 – Aspergillus fumigatus and Cystic Fibrosis 

Af has been detected in up to 60% of CF sputum cultures globally, with 30% of patients 

displaying Af sensitivity and 8.1% of patients with CF had positive diagnosis for ABPA in the UK 

in 2021(249). There are several reasons why CF is a major predisposing factor to aspergillosis. 

In healthy individuals, over 90% of Af conidia are successfully cleared by the muco-ciliary tract, 

the defectiveness of which is the hallmark characteristic of CF(12, 108). Epithelial cells are then 

important in the recognition and phagocytosis of Af swollen conidia, in healthy individuals this 

prevents growth in >97% of conidia, however, defective CFTR results in reduced Af uptake, 

killing, and induction of a dysregulated inflammatory signalling that is crucial for the induction 

of a coordinated and effective immune response(187). Patients with CF present with an altered 

epithelial surface through reduction of tight junctions, allowing Af to germinate and 

hyphenate through the epithelial barrier without damaging it more effectively, therefore 

reducing the release of DAMPs(75, 186). Essential innate immune cells in Af immunity are 

macrophages and neutrophils and both possess reduced antimicrobial functions in CF(43, 60). A 

contributing factor to the reduced antimicrobial activity is a reduction in effective 

phagocytosis due to a lack in acidification and chlorination of the phagolysosome because of 

the lack of CFTR protein function on the phagolysosome membrane(250). Neutrophils express 

the CFTR protein both on their phagolysosome membranes and cell surface membranes and 

it is thought to have an important role in supplying the phagolysosomes the chloride ions 

required for optimal microbe killing. After the phagolysosome encapsulates the microbe, 

NOX2 activation generates ROS, including H2O2. MPO enters the phagolysosomes and 

catalyses the reaction of chlorine and H2O2 to form HOCl, which is the active ingredient in 

bleach and is essential for the acidification of the phagolysosome and chlorination and 



 60 

degradation of ingested microbes(60). Therefore, despite the elevated number, increased 

survival, and increased ROS production of neutrophils in the CF airway, there is defective 

control or killing of pathogens and a reduction in the neutrophilic homeostatic ability, 

contributing to the overall hyperinflammatory state (Figure1.2.6). Abnormal TLR trafficking 

has also been observed in CF epithelial cells and macrophages, resulting in reduced Af 

recognition by TLR PRRs(251, 252). Additionally, as evidence emerges to suggest the importance 

of Af activated NLRP3 inflammasomes in the clearance of Af it is important to highlight the 

overactive, but paradoxically, ineffective inflammasome function observed in CF (171, 172). 

Defective adaptive immunity is also reported in CF, with overactive Th2 and Th17 responses 

and reduced Th1 response, contributing to reduced fungal clearance and prolonged allergic 

inflammation(253-256). Due to the reduced fungal clearance, there is continued release of fungal 

allergens and the associated neutrophilic inflammation over time which will eventually cause 

enough damage to the airway and the development of bronchiectasis(257).  
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Figure 1.2.6: Acidification of phagolysosome during Aspergillus fumigatus killing. Healthy neutrophils 

engulf Af and acidify the phagolysosome through NOX2 forming ROS such as H2O2, which then reacts 

with MPO and Cl- to form HOCl. With defective CFTR in CF neutrophils, this reaction fails to happen, 

therefore, failed phagolysosome acidification and reduced fungal killing. NOX2: NADPH oxidase; H2O2: 

hydrogen peroxide; MPO: myeloperoxidase; Cl-: chloride ions; HOCl: hypochlorous acid; CFTR: cystic 

fibrosis transmembrane conductance receptor.  
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1.3 – Type I and III Interferons  

There are three families of IFNs based on homology, named type I, type II, and type III IFNs. 

Type II IFNs have just one member, IFN, which is involved in both the induction and regulation 

of the pro-inflammatory response(258). The type I IFN family was discovered in the 1957 and 

consists of 17 subtypes in humans(259, 260). They were initially described for their antiviral 

functions and subsequently their importance in immunoregulation and in defence against 

bacterial and fungal pathogens. Type III IFNs were discovered in 2003 and consist of 4 subtypes 

in humans(34, 261). Initially, due to the similarity between type I and type III IFNs, it was thought 

that type III IFNs were redundant in antiviral protection, however, their importance was 

highlighted by the discovery that their front-line defence at epithelial surfaces causes 

significantly less inflammatory damage than the type I IFN response and they have unique 

effects on innate immune cells(262, 263). Type I and III IFNs can induce the expression of many 

ISGs which can have a significant impact on cell physiology and can act directly on pathogens 

to control the inflammatory response and microbial growth. Due to their breadth of functions, 

it is unsurprising that their expression and production is tightly regulated by complex feedback 

and feedforward signalling loops(264-266). Despite their similarities, type I and III IFNs have 

distinct spatial and mechanistic functions.  

1.3.1 – Interferon Structure and Homology 

All three of the IFN subsets are part of the class II cytokine family which encompasses IL-10-

related cytokines such as IL-10, IL-20, and IL-22. All class II cytokines possess a conserved 

structure made up of six -helices and their receptors form extracellular cytokine binding sites 

through formation of two extracellular type III fibronectin domains(267). In humans, type I IFN 
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genes are located in a cluster on chromosome 9 and are known to have evolved through gene 

duplication and divergence, meaning there is variation between vertebrate species(268). The 

17 type I IFNs in humans all signal through one receptor, made up of the subunits IFNAR1 and 

IFNAR2, forming the heterodimeric IFNAR which is ubiquitously expressed in all cell types. 

When binding, the type I IFNs have a high affinity to IFNAR2 and low affinity to IFNAR1 and 

when bound together the receptor forms a functioning signalling complex(269). IFN has 13 

subtypes in humans ranging from IFN1-13, all consisting of 166 amino acids apart from 

IFN2 that possesses a deletion at position 44(267). IFN and IFN genes exist as a single copy 

with 166 and 172 amino acids respectively. IFN has a 75% identity homology with IFN, 

whereas IFN only has 30% homology with IFN(37).  

Type III IFNs have only four subtypes in humans, IFN1, IFN2, IFN3 (also referred to as IL-

29, IL-28A, and IL-28B), and finally IFN4. Type III IFNs have a distinct receptor, also consisting 

of two subunits, namely IL-10R and IFNLR1(270). Receptor binding occurs in the same way as 

type I IFNs, as they bind with high affinity to IFNLR1 and then recruit the low-affinity receptor 

chain IL-10R to allow the complex to be able to begin signalling. In humans, IFNLR is primarily 

expressed on respiratory, intestinal, and vaginal epithelial cells, hepatocytes, B-cells, 

neutrophils, pDCs, moDCs, and macrophages(271). However, due to the differential receptor 

expression during infection, the number of cells receptive to type III IFN is predicted to 

grow(272). Type III IFN genes are located on chromosome 19, all consisting of 189-200 amino 

acid sequences that possess around 90% homology within the family, and approximately 30% 

homology with the type I IFNs(273).  
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1.3.2 – Interferon Production and Signalling  

Interferon signalling is induced by detection of PAMPs by both cytosolic and endosomal PRRs 

(Fig1.3.2). The PRRs that can initiate classical signalling of type I and III IFN expression are 

TLR3, TLR4, RIG-I, MDA5, and cGAS(270, 272, 274). The type of IFN that is produced will depend on 

what PRR is stimulated and where the PRR is located in the cell(272, 275). There is evidence to 

suggest that TLR4 stimulation at the plasma membrane initiates type III IFN expression while 

TLR4 activation in the endosome can result in the expression of type I IFN. Classical signalling 

to stimulate the expression of type I IFN results in IRF3 activation and IFN expression, IFN 

will stimulate the expression of ISGs, including IRF7 which will then result in IFN subtypes 

being produced and further ISG stimulation(276, 277). IRF5 is another interferon regulatory 

transcription factor that can induce IFN expression(176). IRF3 and IRF7 can induce type III IFN 

expression, along with some distinct signalling pathways such as IRF1 activation and Kurzer 

antigen subunit 70 (Ku70) signalling(176, 278, 279). The main producers of type III IFNs are 

epithelial cells but also include hepatocytes, dendritic cells, and fibroblasts following infection. 

Type I IFNs are produced in large amounts by pDCs but can also be produced by macrophages, 

fibroblasts, epithelial cells, endothelial cells, and B and T-cells. Furthering this, type III IFNs can 

induce the production of type I IFNs in response to some pathogens. This has only been 

investigated in a restricted subset of cells including lung and  intestinal epithelial cells(280).  

After expression, production, and release of type I and III IFNs, they will be detected by their 

distinct receptors on neighbouring cells and will signal downstream for the expression of ISGs 

in a very similar way. Once activated, type IFNAR chains will interact with Janus kinase 1 (JAK1) 

and Tyrosine kinase (TYK2) and activate the interferon-stimulated gene factor 3 (ISGF3) 

complex, IFNLR also activates ISGF3 but through a TYK2 independent mechanism(281). ISGF3 
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consists of signal transducer and activator of transcription (STAT)1 and STAT2 which, when 

phosphorylated, will recruit and bind IRF9 to form the activated heterotrimeric complex(37). 

This complex will translocate to the nucleus and induce the expression of many overlapping 

ISGs, however, differences in magnitude, kinetics, and intrinsic signalling qualities of the ISG 

expression induced by type I and III IFNs provide distinct biological outcomes(282). Type I IFNs 

can also signal through STAT3 which have been observed to both stimulate a subset of type I 

ISGs and negatively regulate STAT1-dependent ISG activation to modulate both the type I and 

III IFN response(283, 284). Type I and III IFNs can also signal through p38 MAPK signalling(285). 

Type I IFN signalling will happen rapidly after pathogen recognition in a systemic manner with 

a high potency, resulting in a hyper-inflammatory response that will continue in a cyclical 

fashion(272). Type III IFN signalling will be induced more slowly after pathogen recognition with 

a lower potency and restricted mainly to epithelial surfaces, allowing a sustained, less 

inflammatory protection at epithelial barriers(280).  
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Figure 1.3.2: Schematic of type I and type III Interferon signalling. Type I and III IFN expression is 

signalled for through various pathways, initiated by recognition of a variety of pathogen stimulus by 

pattern recognition receptors. Toll-like receptor (TLR) 4 can recognise pathogens extracellularly and 

signal through TIR-domain-containing adapter-inducing interferon-β (TRIF) and transmembrane 

adaptor protein (TRAM) to activate an interferon regulatory factor (IRF) 3 and IRF7 heterodimer. TLR3 

recognises pathogen double stranded (ds)RNA and signals through TRIF and receptor interacting 

protein 1 (RIP1) to activate TNF receptor-associated factor 6 (TRAF6) and interleukin-1 receptor-

associated kinase 1 (IRAK1) heterodimer that finally activates I-kappa-B kinase alpha (IKK) and IKK 

to stimulate expression of type I and III IFNs. TLR7/8/9 can recognise pathogen specific DNA or RNA in 

the endosome and all signal through myeloid differentiation primary response 88 (MYD88), TRAF6, 

IRAK1/4 complex to activate either an IRF7 or IRF5 homodimer. Protein kinase R (PKR) is an enzyme 

that can detect dsRNA in the cytoplasm and can signal through interferon-beta promoter stimulator 1 

(IPS-1) and fas-associated protein with death domain (FADD) to activate the same IKK/ heterodimer 

as TLR3. Finally, retinoic acid-inducible gene I (RIG-I) and melanoma differentiation-associated protein 

5 (MDA5) can both recognise RNA and dsRNA respectively in the cytoplasm and activate a 

heterodimeric complex involving IPS-1 and either TRAF3 or TRAF6. TRAF3 signals through TANK-

binding kinase 1 (TBK1)/IKK to activate IRF3/7 heterodimer and TRAF6 can activate a IRF7 homodimer. 
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Once produced, type I and III IFNs are transported out of the cell and signal through JAK/STAT signalling 

to stimulate the expression of interferon stimulated genes that can influence cell physiology such as 

cell proliferation, survival, differentiation, and protein translation as well as having direct effect on 

pathogens through inhibition of pathogen replication at numerous life cycle stages.  

 

1.3.3 – Interferon Stimulated Genes and Immunity 

Approximately 450 ISGs have been identified to be commonly induced by type I IFNs in 

humans, however, this is thought to be higher with some studies predicting IFNs control up to 

10% of the human genome(286). There have been 62 core ISGs identified to be expressed across 

many animal species, including humans and mice, and represent an evolutionarily conserved 

group shown in Table 1.3.3(286). Type III IFNs induce expression of a very similar pool of ISGs, 

including the core 62. A study using vaginal epithelial cells identified few distinct genes such 

as IFIT3, IFI30, CXCL10, CXCL11, and Tudor domain containing 7 (TDRD7) that were 

upregulated by IFN1 but not IFN, encompassing functions including immune cell 

recruitment, antigen presentation, and inhibition of pathogen protein translation(287). 

However, this study was carried out with just one time point, therefore, it is unclear whether 

varying ISG signatures would have been observed over time. Due to epithelial surfaces coming 

into continuous contact with environmental microbes, there is significant importance on the 

body’s ability to provide protection while preventing a destructive inflammatory response. 

The spatial segregation of type I and III IFN receptors suggests type III IFNs are particularly 

important at maintaining the sustained protective but less inflammatory response at epithelial 

surfaces including the respiratory tract, gastrointestinal tract, and the cervical and vaginal 

lining(274, 280). Only when the anatomical barrier is breached, does a systemic and highly 

inflammatory type I IFN response provide a protective response. A patient reported with a 
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IFNAR2 loss of function mutation successfully controlled infections until the administration of 

a live vaccine which bypassed the type III IFN controlled epithelial barriers and resulted in the 

patient succumbing to infection at 1 years old, confirming a key role of type III IFN at epithelial 

barriers(288).   

 Table 1.3.3: Core ISGs and their functions. The 62 conserved ISGs across all mammalian cells split 

into functional abilities(286).  
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Due to the number of genes induced, the effect ISGs have on both the cell physiology and the 

pathogen life cycle is vast(289). Regarding pathogen life cycle, several genes are involved in 

preventing entry to the cell (e.g., IFITM1-3, CH25H), nuclear import (e.g., MX1, MX2), arresting 

mRNA (e.g., IFI16, APOBECs) and protein (e.g., IFIT1-5, ZAP) synthesis, replication (e.g., IFI6, 

Viperin), and promoting degradation (e.g., ISG20, OAS1-3)(35, 289-296). Many PRRs and IFN 

regulatory factors are expressed at baseline in cells, however, after IFN signalling many of 

them are enhanced. These include cGAS, RLRs, NLRs, STAT1/2, and IRF1/3/7/9, promoting 

both a range of pathogen recognition and further IFN and innate immune signalling(281). Both 

type I and III IFN signalling can promote tightening of the cell junctions at epithelial linings and 

in the central nervous system including the brain, which maintains the integrity of epithelial 

barriers(297, 298). In macrophages, type I IFN can promote antimicrobial pro-inflammatory 

cytokine production, phagocytosis, and antigen presentation(188). The type III IFN response can 

also promote an antimicrobial response in macrophages, however, this response involves 

more regulation of pro-inflammatory cytokine release and includes enhancement of 

macrophage-mediated tissue remodelling and regeneration processes(163, 188). A similar effect 

is observed in dendritic cells, with type I IFNs promoting maturation and activation, antigen 

presentation, cytokine production, and a type I IFN positive feedback loop during infection, 

while type III IFNs can also promote microbial protection while also promoting modulation of 

the magnitude of cytokine production, tissue homeostasis and immune surveillance 

effects(299). Neutrophils express ISGs in response to both type I and III IFNs, however, 

inflammatory cytokines such as TNF and IL6 were induced predominantly by the former, with 

virus infected mice defective in IFNAR showing higher viral and inflammatory burdens than 

KO IFNLR mice(300). KO of IFNLR on neutrophils in mice models has shown reduced control of 

viral and fungal infection through defective recruitment, suboptimal ROS production, 
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differential gene expression, and reduced phagocytosis(301). It is important to note that loss of 

type III IFN function promotes further upregulation of type I IFN production which can result 

in overactive recruitment and activation of neutrophils, resulting in a damaging 

hyperinflammatory state(163). This emergence of type III IFNs as potent regulators of 

neutrophil function was unexpected and further work needs to be completed to understand 

the complexity of this response.  

ISGs can have a direct and indirect impact on the adaptive immune response. It is predicted 

that type I IFN signalling will have more of a direct impact on both B and T-cells and type III 

IFN signalling will have a direct impact on B-cells and an indirect impact on T-cells, due to 

receptor expression and spatial differences observed in mice(302, 303). B-cell responses can be 

directly impacted by enhancing stimulatory cytokines (e.g., B-cell activating factor [BAFF], a 

proliferation-inducing ligand [APRIL]) and TLR-mediated IgG and cytokine production(302, 304, 

305). T-cell responses can be enhanced by ISGs through stimulating both class I and class II 

major histocompatibility complex (MHC) expression, increasing antigen-presentation by 

stimulating migration through CCR5/7 and lymphocyte function associated antigen 1 (LFA-1), 

and co-stimulatory molecule expression (e.g., C80, CD86)(303, 306-308). ISGs can also promote T-

cell proliferation and survival through expression of cytokines and chemokines (e.g. CXCL9/10, 

IL-15), and reduce negative regulators(302, 303, 309, 310).  

 

1.3.4 – Immunoregulatory Effects of Interferons    

Due to the potency and variety of effects the type I and III IFN responses can yield, it is 

unsurprising that they are tightly regulated both intrinsically in the cell and by the ISG 

expression itself. Cells have been described as entering an IFN-desensitised state that is 
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capable of lasting several days(311-313). Defects in this desensitisation can result in autoimmune 

diseases such as systemic lupus erythematosus(314). IFN desensitisation includes immediate, 

early, and sustained methods. Immediate and early methods can be cell intrinsic, including 

the endocytosis and degradation of IFNAR and IFNLR and phosphatases inhibiting 

phosphorylation of JAK-STAT signalling(313). Further JAK-STAT signalling prevention can be ISG 

mediated through expression of genes such as suppressor of cytokine signalling (SOCS) which 

are expressed early after IFN production(315). SOCS proteins can prevent STAT binding and JAK 

activity by binding to phosphorylated tyrosine residues and recruiting proteins involved in 

degradation and receptor ubiquitination(316). ISG mediated sustained IFN desensitisation is 

achieved through expression of ubiquitin-specific peptidase 18 (USP18) for type I IFN and 

USP22 for type III IFN which works by removing ISG15 conjugates from target proteins where 

ISG15 is modulating the stability, localisation, activity, and interactions of these proteins(317-

319). USP18 can also bind the intercellular domain of IFNAR2 and IL-10R2, causing 

transformational changes to reduce the affinity for type I and III IFNs and preventing the 

binding of JAK1 and TYK2 respectively and, therefore, mounts a more sustained shutdown of 

JAK-STAT signalling(320, 321).   

1.3.5 – Clinical Applications of Interferons     

The therapeutic potential of type I and III IFNs is vast and has only started to be explored. Due 

to their earlier discovery and better understanding, the therapeutical use of type I IFNs have 

been explored more thoroughly although with advances in the understanding of type III IFN 

functions, it is thought they may provide more benefit with reduced inflammatory side effects. 

To date, no type III IFN drugs have been approved for use in humans but there are several in 

clinical trials specific for chronic hepatitis B, C, and D infections which are reporting the same 
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or improved effects with minimal side effects when compared to their currently approved and 

used IFN2a equivalent(322, 323). Of the type I IFNs several have been approved and are 

commercially used for a variety of conditions, these include IFN2a, IFN2a, IFN1a, and 

IFN1b(324). IFN has been used to treat multiple sclerosis since 1993 and has been shown to 

slow the development of brain lesions, reduce relapse rates, and arrest disease progression 

by 46.8% over a 21-year period(325-328). Although it is predicted that the protective mechanism 

of this treatment is through induction of regulatory T-cells, poor disease understanding means 

this is not well understood. IFN subtypes have a variety of clinical uses, from cancer 

treatments to chronic viral infections, with the earliest use documented in 1998 for chronic 

hepatitis C(329). Again, the mechanism of efficacy in hepatitis infections is poorly understood, 

but it predicted to be a combination of the direct antiviral effect many ISGs possess, along 

with modulating CD8+ T-cell activation(330-333). Type I IFNs do possess anti-tumour effects and 

IFN subtypes are widely used in conjunction with other therapies to treat cancers such as 

haematological malignancies, melanomas, and solid tumours(334). They can be protective 

through increasing recruitment of antigen presenting cells, inducing autoantibody production 

for self-recognition, and increasing NK and T-cell activation. More recently, during the COVID-

19 pandemic inhaled and systemic IFN, IFN, and IFN were investigated as treatments(335, 

336). There were many contradictory studies published as differing outcomes were observed 

depending on the severity of the case. In mild COVID-19 cases there was improved outcomes, 

however, limited data prevents conclusional statements. A large trial completed recently 

shows that early treatment with pegylated type III IFN is helpful in preventing progression of 

COVID-19(337). In severe and moderate cases there was no association with worsening but no 

consistent significant improvement on mortality or progression to ventilation yet with many 

studies treating with differing doses and time points of infection it is difficult to draw 
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conclusions(336). Significant toxicity of type I IFN means that efficacy of type III IFN should be 

assessed in clinical trials to observe the benefit and risk of adjunctive cytokine therapy in 

fungal infections. Furthermore, with increasing evidence of the protective effects of both type 

I and III IFN in bacterial and fungal immunity, further work needs to be done to assess their 

protective roles and therapeutic potential.  
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1.4 – Aims and Hypothesis  

As evidenced above, Af can cause serious morbidity and contribute to lung function decline 

in patients with CF. There is a variety of functional issues in CF immunity which allow Af to 

persist in the lung, several of which are directly or indirectly controlled by type I and III IFN 

responses (e.g., fungal recognition, phagocytosis, neutrophil ROS production). Type I and III 

IFNs have been reported to be downregulated in response to bacterial and viral infections in 

CF, with very recent work being published on the mechanisms of this defect, however, this has 

yet to be investigated in fungal infections. Moreover, polymorphisms in the MAVS and IFIH 

genes show increased susceptibility to IA in patients after haemopoietic stem cell 

transplants(177).  Therefore, it is hypothesised that there is a downregulated type I and type III 

IFN response during Af infection in cells with a CFTR mutation and that this defect results in 

reduced fungal clearance by CF neutrophils. This thesis aims to investigate both the type I and 

III IFN response in cells with a CFTR mutation and the effect of exogenous type I and III IFN on 

the antifungal capabilities of CF neutrophils.  

1. To assess the type I and III IFN response to Af in bronchial epithelial cells with functional 

and defective CFTR. 

2. To assess the effect of CFTR modulators on the type I and III IFN response to Af in bronchial 

epithelial cells with defective CFTR. 

3. To assess the type I and III IFN response to Af in PBMCs isolated from healthy donors and 

from patients with a CFTR mutation.  

4. To assess the effect of exogenous type I and III IFN on the antifungal function of 

neutrophils isolated from healthy donors and patients with a CFTR mutation.  
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Figure 1.4: Graphical abstract. 
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Chapter 2: Methods 

2.1 - Cell culture, isolation, and infection 

2.1.1 - Epithelial Cell Monolayer Culture  

BEAS-2B BECs (ECACC, Sigma), CFBE41o- Human CF Bronchial Epithelial Cell Line (SCC151, 

Merck), CFBE41o- 4.7 WT-CFTR Human CF Bronchial Epithelial Cell Line (SCC158, Merck) were 

grown at 37°C with 5% CO2 in Minimum Essential Medium α (MEM α, Gibco) supplemented 

with 10% (v/v) FBS. Cells were growth to a maximum passage of 15 and the passage was kept 

consistent between controls cells in experiments wherever possible. No antibiotics or 

antifungals were used during culture or infection with any cell lines. Cells are referred to as 

healthy BECs, CF BECs and CF corrected BECs respectively.  

2.1.2 - Epithelial Cell Air Liquid Interface (ALI) Culture  

Healthy bronchial epithelial cells (passage 2 or passage 3) and a primary CF bronchial epithelial 

cell line isolated from a 32 male with F508 homozygous deletion mutation (CF-AB045202, 

Epithelix; passage 2 or passage 3) were cultured for 2 days on a glucose-coated (for 30 

miniutes) 24-well transwell plate (6.5mm diameter inserts, 0.4um pore size, Corning) with 

hAEC medium (Epithelix), containing growth factors and supplemented with antibiotics, on 

the apical and basal surface to ensure cells were at confluency. After 2 days, media was 

removed from the apical surface and the cells were washed twice with warm PBS. Basal media 

was then changed every 2 days for a further 20-26 days for complete differentiation of 

pseudostratified epithelium. Mucus production started at 14 days and required a warm PBS 

wash once a week on the apical surface of the culture. The differentiated cultures of ALI 
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contain goblet, basal and ciliated cells and allow for formation of tight junctions which are 

known to be critical for epithelial barrier integrity. The presence of goblet cells were confirmed 

with the observation of mucus production and ciliated cells were confirmed through 

observing the mucus swirls on the apical surface. The presence of basal cells was assumed 

due to the well characterised nature of this method. 

2.1.3 - Fungal Culture, Harvest and Preparation 

Fungus used during this project was Af strain CEA-10 (FGSC A1163) from the Fungal Genetics 

Stock Centre and Discosoma spp. red fluorescent protein (dsRed) Af which was gifted from 

Georgios Chamios. The CEA-10 and dsRed were grown on sterile potato dextrose agar (PDA; 

Oxoid, CM0041) in a T25 flask (ThermoFisher) for 4-5 days. Resting conidia were harvested by 

adding 10ml sterile PBS (Gibco) 0.1% TWEEN (Sigma) to the flask, rocking gently back and 

forth. Harvested conidia were filtered through Miracloth (Calbiochem, UK). The suspension 

was then spun down at 3000g for 10 minutes and resuspended in PBS.  

To prepare swollen conidia and hyphae the resting conidia were incubated at 37°C with 5% 

CO2 for 3 and 9 hours respectively in clear RPMI, collected using PBS 0.1% TWEEN and 

resuspended in PBS. Resting and swollen conidia and hyphae were fixed in 4% 

paraformaldehyde (PFA) overnight, neutralised with 0.1% NH4Cl, washed the indicated 

number of times and resuspended in PBS. Heat killed conidia were prepared by placing resting 

conidia in a water bath at 90°C for 1 hour. For NETosis assays, resting dsRed Af conidia was 

used and incubated for 7 hours at experimental conditions in a clear and flat-bottomed, white-

walled 96-well plate in clear RPMI before addition of cells. At this stage, they are starting to 

hyphenate and are referred to as germlings.  
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2.1.4 - Epithelial Cell Fungal Infection and Stimulation  

Epithelial cells were seeded at 5x105 cells/ml in 12 well plates for RT-PCR and 5x104 cells/ml 

in 96 well plates for ELISAs and LDH assays 24 hours prior to infection. After 24 hours, 

stimulation with fixed resting and swollen conidia, fixed hyphae, and heat killed conidia at a 

Multiplicity of Infection (MOI) of 2 or 8 or Poly(I:C) at 100g/ml in MEM without FBS for RT-

PCR and ELISA and clear MEM without FBS for LDH assays (Note: FBS was removed from all 

media during infection or stimulation assays). The cells were placed in the incubator for the 

indicated time at 37C with 5% CO2 before the supernatant and cells were harvested. 

Uninfected cells were treated with PBS and served as a control.  

For BECs at ALI, after 20-26 days of differentiation, fixed hyphae, and heat killed conidia 

(MOI=8) were placed on top of the apical surface and incubated at 37C with 5% CO2 for the 

indicated time. The cells that were uninfected were treated with PBS as a control. After 

infection, the apical surface was washed with 200l cold PBS and collected, and basal media 

was collected, and cells were harvested for analysis. 

2.1.5 - Epithelial Cell CFTR Modulator Treatment  

CF cells were treated with a combination treatment of Ivacaftor, Tezacaftor, and Elexacaftor at 

a 1:1:1 ratio at 0.33ng/l each, therefore an optimised total concentration of 1ng/l (see 

section 4.1). Treatment was carried out 24 hours prior to infection by removing media, 

washing the cells twice with warm PBS and replenishing the media with the appropriate 

concentration of the combination treatment. This process was repeated 24 hours later directly 

before infecting with fungus or stimulating. 
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2.1.6 - Study Set-up, Design and Current Participants  

The patient groups included in this study are CF with fungal disease, CF without fungal disease, 

non-CF fungal disease, non-CF chronic lung disease without fungal disease and healthy 

controls.  

Patients were recruited as part of two longitudinal studies. The Fungal Resistance Evolution 

and Acquisition in Chronic Lung Disease (FREAL) study is an 18-month longitudinal observation 

study involving patients with CF and other chronic lung diseases such as COPD and asthma. 

Targeting Immunotherapy in Fungal Infections in Cystic Fibrosis (TrIFIC) is a multi-centre cohort 

study investigating immunotherapeutic options in individuals with CF Aspergillus 

bronchitis/ABPA and healthy controls.  

2.1.7 - Ethics Statements 

The Study Coordination Centre has obtained approval for FREAL (IRAS ID: 244685; REC 

reference: 19/LQO/1663) and TrIFIC (IRAS ID: 270828; REC reference: 20/LO/0110) from the 

Research Ethics Committee (REC) and Health Regulator Authority (HRA). The studies also 

received confirmation of capacity and capability from each participating NHS Trust before 

accepting participants into the study or any research activity is carried out. The studies were 

conducted in accordance with the recommendations for physicians involved in research on 

human subjects adopted by the 18th World Medical Assembly, Helsinki 1964, and later 

revisions.  
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2.1.8 - Sample Collection  

Each patient gave 20-30ml lithium heparin blood tubes (LH; BD Biosciences), PAXgene DNA 

blood tube (BD Biosciences), PAXgene RNA blood tube (BD Biosciences), serum separating 

blood tube (BD Biosciences), a sputum sample and a urine sample. FREAL patients also gave a 

nasal brush and a SAM strip.  

2.1.8.1 - Whole Blood Processing   

The LH whole blood tubes were centrifuged at 300g for 10 minutes, plasma was removed and 

stored at -80C. The plasma-depleted LH blood was pooled into 50ml falcon tubes (Corning) 

and diluted 1:1 in phosphate-buffered saline (PBS; Sigma) with 2% fetal bovine serum (FBS; 

SAFC, Lot No. 19B370) and layered on 15ml histopaque (Sigma) in a Sepmate tube (StemCell 

Technologies). The layered blood was centrifuged for 10 minutes at 1200g, and the 

supernatant was poured into a 50ml falcon tube and diluted with PBS 2%FBS to wash. The 

diluted supernatant was centrifuged at 300g for 10 minutes and the supernatant was 

discarded. The pellet was resuspended in PBS, and PBMCs were counted and spun again at 

300g for 10 minutes. The PBMC pellet was resuspended in freezing media of FBS 10% dimethyl 

sulfoxide (Sigma-Aldrich), frozen using a Mr Frosty (Thermofisher) at 1x107/ml in -80C for 24 

hours and subsequently transferred to liquid nitrogen. The PAXgene DNA tubes were frozen 

upright at -20C for 24 hours and then moved to -80C. The PAXgene RNA tubes were left 

upright at room temperature for 2 hours until they were stored at -80C. The serum separating 

tube was centrifuged at 1200g for 10 minutes, serum was removed and stored at -80C. 
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2.1.9 - PBMC Culture and Infections  

PBMCs were isolated, frozen, and stored in liquid nitrogen from LH whole blood tubes as 

previously stated. Cryovials of PBMCs were removed from liquid nitrogen when required, 

thawed in a water bath warmed to 37°C and slowly added to 15ml RPMI-1640 supplemented 

with 10% FBS and 50 Units/ml Benzonase (Sigma) referred to as R10 Benz media. The cells 

were washed twice in 15ml of the same media and subsequently resuspended in 2-5ml of R10 

Benz media and placed across two wells of a 6-well plate for 2 hours at 37°C and 5% CO2. After 

2 hours, the cells were harvested and plated in 96 well plates at 5x105/well in RPMI-1640 

supplemented with 1% FBS, 5% HEPES, 5% sodium pyruvate and 1% PenStrep. Cells were 

stimulated with 100ng/ml poly(I:C) or infected with fixed hyphae (MOI=4) for 6 hours, after 

which the supernatant and cells were collected.  

2.1.10 - PMN Isolation 

Blood for polymorphonuclear (PMN) cell isolation was collected in LH whole blood tubes and 

processed quickly after collection. 5mls of Polymorphprep (Progen) were added to 15ml tubes 

and 5ml of whole blood was carefully layered on top. The tubes were spun at 500g for 30 

minutes at 20°C with the brakes off. After the spin was complete the PMN and PBMC fractions 

were collected separately, washed with cold PBS, and spun at 1400rpm for 7 minutes at 4°C. 

The PBMCs were frozen in freezing media as previously stated. Red blood cell (RBS) lysis buffer 

was added to the PMNs for a maximum of 10 minutes and the cells were washed twice with 

cold PBS and used straight after isolation. 
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2.1.11 - Neutrophil Infection and Stimulation 

PMNs were isolated as previously described and kept on ice prior to being used. Neutrophils 

were pre-treated with IFNβ or IFNλ1 at 0.1ng/ml, 1ng/ml or 10ng/ml for 30 minutes. For the 

NETosis assay, the cells were then plated at 3.75x104 cells/well in a clear and flat-bottomed, 

white-walled 96-well plate in 100l of RPMI-1640 supplemented with 10% FBS and 1% 

PenStrep, stimulated with 20ng/ml PMA (Sigma) or infected with live dsRED germlings 

(MOI=0.5) and placed in the incubator at 37°C for 3 hours. For the ROS assay, cells were plated 

at a final concentration of 1x105cells/well in 200l RPMI without phenol red in a clear and flat-

bottomed, white-walled 96-well plate and infected with fixed CEA-10 hyphae at MOI=0.5 or 

MOI=1. For the CFU, cells were plated at a final concentration of 1x105cells/well in 500l of 

RPMI 1% PenStrep in a 24-well plate and infected with MOI=0.5 live resting CEA-10 conidia. 

Finally, for the LDH assay, cells were plated at 5x104cells/well in 200l RPMI without phenol 

red in a clear and flat-bottomed, white-walled 96-well plate and infected with live swollen 

CEA-10 MOI=0.5 and incubated at 37°C for 18 hours.  
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Figure 2.1: Representative figure of neutrophil NETosis. Neutrophils were isolated from healthy donors, 

plated at 3.75x104 cells/well and stimulated with PMA (20ng/ml) or infected with Af (MOI=1) for 3 

hours. Cells were fixed and stained with SYTOXgreen and imaged on Cell Discoverer 7.  
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2.2 - RNA Sequencing  

2.2.1 - RNA Quality Assessment  

RNA was extracted from CF and CF corrected BECs (RNeasy kit, Qiagen) with an optional DNase 

step (RNase-free DNase Set, Qiagen) and QIAshredder columns used for homogenisation 

(QIAshredder, Qiagen). RNA concentration, OD260/280, and OD260/230 values were 

quantified using a NanoDrop 8000 UV-Vis Spectroometer (Thermofisher) and some sample 

quality was confirmed on a 4150 Tapestation System (Agilent). The Nanodrop provided 

readings for OD 260/280 and OD 260/230 ratios and the Tapestation provided an RNA Integrity 

Number (RIN) as measurements of RNA quality and quantity. The OD 260/280 provides a ratio 

that indicates the purity and composition of a sample, a high 260/280 value (>2) can indicate 

presence of nucleic acids and a low value (<2) can indicate presence of protein, phenol or 

other contaminants. The OD 260/230 ratio provides a secondary measure of RNA purity and 

can indicate the presence of phenol or carbohydrates in the RNA samples. An OD 260/280 and 

260/230 ratio of 1.8-2.2 is generally considered as “pure” for RNA. The RIN number is a tool 

to estimate the integrity of RNA samples, the Tapestation considers the entire electrophoretic 

trace of the sample and can detect the presence of degradation products. Only samples with 

>200ng of RNA, OD 260/280, and OD 260/230 values of >1.8, and <2.2 and RIN values >8 were 

sent for RNA sequencing at Novogene, Cambridge.  

RNA sample quality control (QC) was also completed by Novogene prior to library preparation. 

Preliminary QC and sample quantification, integrity and purity were carried out using Agarose 

Gel Electrophoresis, Bioanalyzer (Agilent 2100), Qubit Fluorometer, and Nanodrop. All 51 

samples passed QC with RIN between 9.7-10.  
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2.2.2 - Library Construction and Sequencing  

Novogene’s Eukaryotic mRNA sequencing was carried out to measure the mRNA transcripts 

in each sample, using the Illumina Novoseq6000 platform with paired end 150bp, 20 million 

raw reads per sample. Messenger RNA (mRNA) was purified from total RNA using poly-T oligo-

attached magnetic beads. After fragmentation, the first strand cDNA was synthesised using 

random hexamer primers and followed by second strand cDNA synthesis. After size selection 

and PCR enrichment, the RNA library was ready for sequencing. All the parameters for size 

distribution and RNA quality and quantity, measured with Qubit, rtPCR and Bioanalyser, were 

passed and sequencing was carried out.  

2.2.3 - Computational Processing of Sequencing Data  

2.2.3.1 - Data QC  

FastQC was used to assess the quality of the sequencing reads after they were returned from 

Novogene(338). A report was created for both reads from each sample, therefore, 102 reports 

in total. Included in each report is data on per base sequence quality, per tile sequence quality, 

per sequence quality scores, per base sequence content, per sequence GC content, per base 

N content, sequence length distribution, sequence duplication levels, overrepresented 

sequences, and adapter content. All samples passed each level of QC apart from per base 

sequence content and sequence duplication levels. Per base sequence content fails for RNA 

sequencing due to the random hexamer binding described in the library construction and will 

only be considered for DNA sequencing. Sequencing duplication levels always fail for paired-

end reads as FastQC is designed for single-end reads and, therefore, this was not considered. 

Figure 2.1 is an example of the FastQC report for one of the reads (R10_1). As all samples 

passed QC, no trimming was necessary to proceed to alignment.  
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Figure 2.2: An example of the graphical FastQC output for sample R10_1. The report consists of a table 

for basic statistics (A), graphs for per base sequence quality (B), per tile sequence quality (C), per 

sequence quality scores (D), per base sequence content (E), per sequence GC content (F), per base N 

content (G), sequence length distribution (H), sequence duplication levels (I), overrepresented 

sequences (J) and adaptor content (K). All quality control measures were passed apart from per base 

sequence content (D) and duplication levels (I). FastQC was designed for DNA sequencing and due to 

this, it does not account for the random hexamer binding during RNA library preparation, this means 

the per base sequence content for all RNA sequencing fails FastQC tests for this parameter. Therefore, 

this was not considered when assessing quality of these RNA sequences. All reads passed initial quality 

control.  
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2.2.3.2 - Alignment  

HISAT2 v2.2.1 is a sensitive and fast alignment program for mapping next-generation RNA 

sequencing reads to a reference genome and was used for alignment for all RNA sequencing 

reads in this project. HISAT2 uses a large graph FM index that represents a population of 

human genomes and a large set of small graph FM indexes that collectively cover the whole 

genome. The small indexes in addition to several alignment strategies allow for the quick and 

accurate alignment method that is referred to as Hierarchical Graph FM index (HGFM) and is 

unique to HISAT2(339). The human reference genome used for alignment was 

Homo_sapiens.GRCh38.dna_sm.toplevel.fa.qz (2022-01-26) from Ensembl(340). Alignment 

scores exceeded 85% for all samples, this is considered excellent alignment.   

2.2.3.3 - Count matrix and normalisation  

After alignment using HISAT2, the output of each paired end read was in a combined “.SAM” 

file. All files needed to be converted to a “.BAM” file for the count matrix to be created which 

required SAMtools v1.16.1(341). Once “.BAM” files were created of the aligned reads, a count 

matrix was made using the Subread v2.0.3 package feature, named “featureCounts”(342). Once 

the count matrix was formed, data was ready for normalisation and analysis.  

2.2.3.4 - Qlucore Omics Explorer 

The count matrix was uploaded to Qlucore Omics Explorer v3.8 (Qlucore, Lund, Sweden) and 

data was normalised using the Fragments Per Kilobase of exon per Million fragments aligned 

(FPKM) method. This method allows for computing expression levels of genes based on the 

number of fragments mapping to each gene. The inferred expression level for a gene is 

proportional to the number of features mapping to that gene, and inversely proportional to 

the transcript length and total number of fragments mapping to features in the sample, 
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therefore normalising for different baseline expression and lengths of genes. It also considers 

paired end reads, making it different to Reads Per Kilobase Million (RPKM) normalisation. 

RPKM has the same principles but was made for single-end RNA-sequencing, in which every 

read corresponds to a single fragment and not multiple reads to one fragment like paired-end 

reads. Once normalisation was complete, differential gene expression (DEG) analysis could be 

completed.  

2.2.3.5 – Differentially Expressed Gene (DEG) analysis  

Heatmaps of the stated number of DEGs were created using a multiple comparison (one-way 

ANOVA) of fold change of genes, the number of DEGs in these heatmaps  represent any 

difference between any two conditions stated on the heatmap. These heatmaps were cross 

referenced with a list of 486 ISGs downloaded from two gene sets from the Molecular 

Signatures Database (Human MSigDB v2022.1.Hs updated August 2022) called “Blanco Melo 

Beta Interferon Treated Bronchial Epithelial Cells”(343) and “GOBP Response to Type III 

Interferon” (Human_NCBI_Gene_ID; GOC:add, ISBN:0126896631, PMID:15546383, 

PMID:16734557). This allowed for visualisation of the significantly differentially expressed 

type I and III interferon stimulated genes. The samples were ordered by their name and 

clustered using hierarchical clustering based on average linkage. The Benjamini-Hochberg test 

was applied to all heatmaps to correct p-values. Genes were coloured coded on a blue to 

yellow scale representing downregulated genes to upregulated genes and the extent of the 

fold change.  

Volcano plots were constructed by plotting the negative log10 of the p-value against the log 

fold change (p<0.05) after conducting a two-group comparison (unpaired t-test). Upregulated 

genes were coloured red and downregulated genes were coloured blue.  
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Venn diagrams were created to illustrate the relationships and possible overlaps of 2-5 

variable lists. Variable lists were created using two group comparisons (unpaired t-test) 

between the treated and untreated conditions stated and consist of differentially expressed 

genes with corrected p values of <0.01. Each variable list will be individually coloured and 

labelled.  

2.2.3.6 - Gene Set Enrichment Analysis (GSEA)  

GSEA is a computational method that determines where a defined list of genes shows 

statistically significant, concordant differences between two biological states, the algorithm 

for which is explained by Subramanian et al., 2005(344). Hallmark gene sets (H) and the 

ImmuneSigDB subset of the immunologic signature gene sets (C7) from the Molecular 

Signatures Database were used for all GSEA analysis(345, 346). All GSEA was conducted as a 

comparison between two conditions and gene sets with a corrected p value of <0.1 were 

regarded significant.  

2.2.3.7 - Cytoscape  

Cytoscape is a network data integration, analysis and visualisation tool that was used to 

visualise protein-protein interaction networks (Cytoscape v3.9.1)(347). StringApp v2.0.0 was 

installed on Cytoscape and used to provide the protein query function that allowed the 

formation of protein-to-protein interaction networks from a list of gene names from the 

variable lists created on Qlucore explained previously. Additionally, stringApp allows retrieval 

of functional enrichment for Gene Ontology terms, KEGG, Reactome and Wiki Pathways with 

significance thresholds set at corrected p-value (padj) of <0.1(348). Visualisation of enrichment 

results on networks through colour coding is explained where necessary. The 

enchancedGraphics v1.5.5 app was required for chart visualisation of the functional 
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enrichment terms(349). All networks are formed of upregulated genes (padj<0.05) with a 

minimum fold change of 2. Across all networks, all genes related to ribosomal function and 

cell growth were removed in order to focus the analysis to the immune response.   

2.3 - Analysis Techniques  

2.3.1 - Time-lapse Microscopy of Fungal Growth 

Time-lapse microscopy imaging of Af growth was conducted by plating CEA-10 at 2.5x104 in 

200l RPMI without phenol red in a clear and flat-bottomed white-walled 96-well plate 

(Corning) and spun down at 800g for 1 minute. Af growth was visualised over 12 hours, in 15-

minute intervals, at 37C with 5% CO2, (Zeiss Celldiscoverer7) and images were analysed using 

ImageJ software.  

2.3.2 - RNA extraction, cDNA synthesis and quantitative PCR 

RNA was extracted from submerged culture of BEAS-2Bs, CF BECs and CF corrected BECs, ALI 

culture of CF BECs, CF corrected BECs, primary CF BECs, and PBMCs after stimulation and 

infection (RNeasy kit, Qiagen). The optional DNase step (RNase-free DNase Set, Qiagen) was 

performed and QIAshredder columns were used for homogenisation (QIAshredder, Qiagen). 

1g RNA was used for cDNA synthesis (Omniscript RT kit, Qiagen). Quantitative PCR (qPCR) 

was performed on (QuantStudio 3, Applied Biosciences) at 95C for 15 minutes to activate and 

45 cycles of 15 seconds at 94C and 60 seconds at 60C. Each reaction was performed using 

25l 2x QuantiTect Probe PCR Master Mix, 0.4uM of forward and reverse primer (Sigma-

Aldrich; Table 3), 0.2uM of probe (Sigma-Aldrich; Table 3), 200ng template cDNA and made 

up to 50l with RNase-free water (QuantiTect Probe PCR kit, Qiagen). The reactions and results 
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were analysed using the Thermofisher cloud. Each gene was normalised against 18S RNA and 

data was converted into fold change of mRNA expression of each target gene by calculating 2-

(ΔΔCt). ΔCt was calculated by subtracting the Ct value of the housekeeping gene from the Ct 

value of the gene of interest, ΔΔCt was then calculated by subtracting the ΔCt of the 

uninfected control average from the ΔCt of the sample and, finally, the fold change was 

calculated using the formula 2-(ΔΔCt). 

Table 2.1: Primer and probe sequences used in qPCR. 

Target 
gene 

Sequence (5’ – 3’) Length GC% Tm 
(C) 

IFNβ Forward: CGCCGCATTGACCATCTA 

Reverse: TTAGCCAGGAGGTTCTCAACAATAGTCTCA 

Probe: FAM-TCAGACAAGATTCATCTAGCACTGGCTGGA-
TAMRA 

18 

30 

30 

55.5 

43.3 

46.6 

65.9 

70.6 

74.3 

IFNλ1 

 

Forward: GGACGCCTTGGAAGAGTCACT 

Reverse: AGAAGCCTCAGGTCCCAATTC 

Probe: FAM-AGTTGCAGCTCTCCTGTCTTCCCCG-TAMRA 

21 

21 

25 

57.1 

52.3 

60 

66.8 

65.5 

74.9 

IL-8 Forward: CTGGCCGTGGCTCTCTTG 

Reverse: CCTTGGCAAAACTGCACCTT 

Probe: FAM-CAGCCTTCCTGATTTCTGCAGCTCTGTGT-

TAMRA 

18 

20 

29 

66.6 

50 

39 

67.4 

66.2 

75.7 

18S RNA Forward: CGCCGCTAGAGGTGAAATTCT 

Reverse: CATTCTTGGCAAATGCTTTCG 

Probe: FAM-ACCGGCGCAAGACGGACCAGA-TAMRA 

21 

21 

21 

52.3 

42.8 

47 

66.4 

66.4 

77.1 

TNF Forward: CTTCTCCTTCCTGATCGTGG 19 54.6 65.9 
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Reverse: GCTGGTTATCTCTCAGCTCCA 

Probe: FAM-CAGGCAGTCAGATCATCTTCTCGAAC-
TAMRA 

23 

21 

59.3 

45 

66.3 

75.4 

 

2.3.3 – ELISA 

BEAS-2B cells, CFBE41o- Human CF Bronchial Epithelial Cell Line (CF BECs) or CFBE41o- WT-

CFTR Human CF Bronchial Epithelial Cell Line (CF corrected BECs) were seeded 24 hours before 

infection at 5x104 cells/well and were infected with a variety of Af stimulation at stated MOIs. 

The cells were incubated further for the indicated time at 37C with 5% CO2 and the 

supernatant was harvested. IFNλ1 production was assessed using Human Duoset ELISA Kits 

(R&D Systems). 100l of capture antibody was added to 96-well plates and incubated at room 

temperature overnight. The next day, wells were aspirated and washed three times with 400l 

of wash buffer. ELISA plates were then blocked with 300l of reagent diluent for at least 1 hour 

at room temperature. After blocking, plates were then ready to carry out the ELISA assay. A 

seven-point IFNλ1 standard was prepared for each plate performing a 2-fold serial dilution of 

IFNλ1 standard in reagent diluent, creating a detection range from 4000pg/ml to 62.5pg/ml. 

100l of sample or standards well added per well, the plate was covered and incubated for 2 

hours at room temperature. Three more washes with 400l wash buffer were carried out and 

100l of Streptavidin-HRP was added to each well. The plate was covered and incubated at 

room temperature, for 20 minutes in the dark. Again, three washes were completed with 

400l of wash buffer and 100l of substrate solution with another 20-minute incubation at 

room temperature in the dark. After the final 20 minutes, 50l of stop solution was added to 

each well and the plate was ready for absorbance to be measured. Absorbance was measured 
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immediately using an absorbance plate reader at 450nm with wavelength corrections set at 

540nm and the values subtracted. Concentrations were calculated from the standard curve.  

Supernatant from PBMC infections were used to assess TNFα production using a Human 

Duoset ELISA Kit (R&D Systems). The same method as previously described was followed and 

a seven-point TNFα standard was prepared for each plate performing a 2-fold serial dilution 

of in reagent diluent, creating a detection range from 1000pg/ml to 15.6pg/ml. 

2.3.4 - Lactate Dehydrogenase (LDH) Activity Assay 

BEAS-2B cells were seeded at 5x104 cells/well in 200l RPMI without phenol red with 1% FBS 

for 24 hours before infection with fixed resting CEA-10 conidia in a 96-well plate, after 0-4 

washes PBS post-fixation with 4% PFA, at a MOI=8. The cells were incubated for a further 18 

hours at 37C with 5% CO2 and the supernatant was harvested.  

CF BECs were seeded at 2.5x105 cells/well in 1ml MEM without phenol red with 1% FBS 

treated for 24 hours before treatment with a combination of Ivacaftor, Tezacaftor, and 

Elexacaftor at a 1:1:1 ratio at 0.33ng/l each, therefore, a total concentration of 1ng/l. A 

second treatment was carried out at 24 hours and cells were incubated for a further 24 hours 

at 37C with 5% CO2 and the supernatant was harvested. 

Freshly isolated neutrophils were seeded at 1x105 cells/well in 200l RPMI with 1% PenStrep. 

Cells were pre-treated with IFNβ or IFNλ1 at appropriate concentrations for 30 minutes and 

infected with live CEA-10 resting conidia at MOI=1 or stimulated with PMA (20ng/ml) for 3 

hours at 37C with 5% CO2 and the supernatant was harvested.  
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LDH levels in the supernatant from BEAS-2B cells, CF BECs, and neutrophils were measured, 

using a commercial kit, CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega). 45 minutes 

prior to the end of previously described experiments, 10l of 10X Lysis solution per 100l of 

media was added to wells of untreated cells to determine the maximum LDH release control. 

Once experiments were completed, 50l of supernatant was removed and immediately 

placed in a 96-well plate flat-bottomed plate (Corning). 50l of reconstituted Cytox96 Reagent 

assay buffer was then added to each sample aliquot and plate was incubated for 30 minutes 

at room temperature in the dark. After 30 minutes, 50l of Stop Solution was added to each 

well, any bubbles present were popped, and absorbance was recorded at 492nm straight 

away.   

2.3.5 - Flow Cytometry  

Neutrophils were isolated with Polymorphprep as previously described, 1x106 neutrophils 

were stained with the following antibodies: FITC CD3 (BD#555332), FITC CD19 (BD#555415), 

FITC CD14 (BD#561712), FITC CD16 (BD#556618), FITC CD56 (BD#562784), FITC CD123 

(BD#564197), PerCP-Cy5.5 CD11b (BD#562513), APC CD66b (BD#305117). This panel was 

designed to show the purity of the neutrophil isolation (LSRII) and analysis was completed on 

FlowJo.  

2.3.6 - NET formation and Fluorescence Microscopy  

3.75x104 dsRed Af conidia were swollen in a black-walled and clear-bottomed 96-well plate 

for 6 hours in clear RPMI in the incubator at 37C. Freshly isolated neutrophils were pre-

treated with IFNβ or IFNλ1 at appropriate concentrations for 30 minutes and 3.75x104 were 

placed in each well, some on top of fungus, and incubated at 37C in 200l RPMI with 
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1%PenStrep for 3 hours. After 3 hours, the plates were gently centrifuged for 3 minutes, and 

the media was removed and stored at -80. The cells and fungus were fixed with 2% PFA for 10 

minutes at 4C and stained with 0.1% SytoxGreen nucleic acid stain (Thermofisher) for 20 

minutes in the dark at room temperature. The cells were then imaged using a Cell Discoverer 

7 (Zeiss) and images were analysed using the ImageJ Fiji software.  

2.3.7 - Reactive Oxygen Species (ROS) Activity Assay 

The DCFDA cellular ROS assay kit (Abcam) was used to assess ROS production in neutrophils. 

Freshly isolated neutrophils were pre-treated with IFNβ or IFNλ1 at appropriate 

concentrations for 30 minutes at 37C. Cells were stained with 10uM DCFDA solution for a 

further 30 minutes at 37C in the dark. Cells were then placed in a black-walled and clear-

bottomed 96-well plate at a final concentration of 5x104 with RPMI 1%PenStrep without 

phenol red and infected with fixed swollen conidia at an MOI=1. The plate was measured 

immediately on an Infinite F200 Florescence Microplate reader (Tecan) at Ex/Em=485/535nm 

for 4 hours.  

2.3.8 - Colony Forming Units (CFU) 

Neutrophils were plated at a final concentration of 1x105cells/well in 500l of RPMI 1% 

PenStrep in a 24-well plate. Cells were pre-treated with IFNβ or IFNλ1 at appropriate 

concentrations for 30 minutes and infected with live CEA-10 resting conidia at MOI=1 for 3 

hours. After 3 hours the cells were lysed using 0.05% PBS-TWEEN and the lysates moved into 

1.5ml lo-bind Eppendorf tubes. Dilutions were then carried out using DPBS to create 1;10, 

1:100, and 1:1000 dilutions. Triplicates of 100l of neat lysate and each dilution were pipetted 

and spread onto Sabouraud agar on 90mm Petri dishes. The plates were then incubated at 
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37C for 24 hours. After 20 hours, colonies were visible but were not overlapping. Colonies 

were counted manually.  

2.3.9 - Statistical Analysis  

All in vitro experiments were completed three times and statistical significance was assessed 

with Student t-test for 2-group comparison or one-way ANOVA for 3 or more experimental 

groups. P-values are indicated where appropriate in figure legends, significance was 

determined when p<0.05 and, throughout all figures, significance was represented as 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.000. For all multiple comparisons, significance was 

determined using adjusted p-values of <0.05 which implies that <5% of significant values will 

result in false positives, differing from a p value in which implies a <5% of all values will result 

in false positives. All statistical analysis, apart from transcriptomics, was carried out using 

GraphPad Prism version 9 and all transcriptomics statistical analysis was completed using 

Qlucore Omics Explorer version 3.8. 
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Chapter 3: Effect of Aspergillus fumigatus infection on healthy 

and cystic fibrosis bronchial epithelial cells  

3.1 – Optimisation of Aspergillus fumigatus infection model in BEAS-2B 

bronchial epithelial cells  

As described in the introduction, type I and III IFNs are emerging as an essential component 

of the immune response against fungal infections(155, 163). Both the type I and III IFN response 

has been previously reported to be downregulated in the CF lung in response to both bacterial 

and viral pathogens including Pseudomonas aeruginosa, and rhinoviruses(38-40). This 

downregulation is thought to contribute to increased susceptibility and infection rates in the 

CF population compared to healthy individuals(31). Whether there is a downregulation of type 

I and III IFNs in CF human BECs in response to Af has yet to be reported and, therefore, it was 

aimed to address this question in this project. It was hypothesised that there is a 

downregulated type I and III IFN response in CF BECs in response to Af infection and this was 

addressed through establishment of a BEC Af infection model, RNA sequencing analysis, and 

confirmation of findings in a BEC air-liquid interface (ALI) Af infection model.  

To first establish if there is a type I and III IFN response in human BECs after Af infection, an 

infection model using healthy BEAS-2B BECs was established. Af morphology changes and size 

increases over time, explained in the introduction (section 3.1.1) and represented in Fig3.1.1, 

with swelling starting at 3 hours and germination occurring between 6 and 7 hours. Resting 

conidia refers to freshly harvested conidia with an intact outer RodA layer. By 3 hours of 

swelling, the conidia have increased in size and the RodA layer has been disturbed to expose 
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PAMPs. By 9 hours, Af has germinated and grown hyphae, without becoming a biofilm that 

cannot be quantified. 

 

           
Figure 3.1.1: CEA10 growth over time. Af (CEA10) was grown and imaged over 12 hours at 37°C with 

5% CO2 in clear RPMI. (A) Hourly representative growth images of a single Af conidia. (B) Size in m 

measured hourly over 12 hours (n=3).  

 

Due to the complex nature of the Af life cycle, fixation was opted for to arrest the Af at the 

previously stated time points, 0 hour, 3 hours and 9 hours of swelling, referred to as resting 

conidia, swollen conidia and hyphae. Fixation methods used were heat killing at 90C for 1 

hour and resuspending in 4% PFA overnight at 4C. PFA fixation and heat killing prevented 

further growth of Af but didn’t change the morphology at any time point (Fig3.1.2 A, Fig3.1.2 

B). Due to the cytotoxic properties of PFA, the fixed Af had to be thoroughly washed after 

fixation. However, a significant amount of fungus is lost in the supernatant after each wash 

(Fig3.1.2 C). When the fixed resting conidia was used to infected BEAS-2B BECs (MOI=8), 

cytotoxicity, TNF release and conidia loss was limited after 2 washes and, therefore, this 

fixation method was opted for.  

 

 

 

 

0 5 10 15

0

10

20

30

40

50

Time (hours)

S
iz

e
 (
m

m
)

B A 



 102 

 

               
 

 
 

 

 

 

 

 

 

 

 

 

Figure 3.1.2: CEA10 heat killing and fixation optimisation. CEA10 resting conidia, swollen conidia and 

hyphae were fixed with 4% PFA overnight and resting conidia was heat killed at 90°C for 1 hour. (A) 

Representative images of CEA10 taken before and after fixation or heat killing at indicated growth 

stages. Directly after fixation, fixed resting conidia was washed 0-4 times with PBS and used to infect 

BEAS-2B bronchial epithelial cells at MOI=8 for 24 hours. (B) Images of agar plates without fungal 

growth after fixed resting conidia, swollen conidia, hyphae and heat killed conidia were plated 

overnight at 37°C. (C) Count of total fixed resting conidia after each wash with PBS (n=1). (D) LDH levels 

representing cytotoxicity of BEAS-2B cells after infection with fixed resting conidia at MOI=8 for 24 

hours and poly(I:C) at 10ug/ml (n=3). (E) TNFα production by BEAS-2B BECs after 24 hours of infection 

with fixed resting conidia (n=3) assessed by ELISA. Data are mean ± SD (C) or technical repeats (D).  
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Fixed resting and swollen conidia, hyphae and heat killed conidia at MOI 2 and 8 were used to 

infect BEAS-2B BECs in order to induce a type I and III IFN response for 24 hours. IFNβ and 

IFN𝝀1 were chosen as representatives of type I and III IFNs as they were detectable after fungal 

infection. Hyphae and heat killed conidia at an MOI of 8 induced significant IFNβ expression 

after 24 hours when compared to fixed resting conidia infection (Fig3.1.3 A). Fixed resting and 

swollen conidia stimulated little IFNβ expression and IFN𝝀1 production at both MOI of 2 and 

8. IL-8 was used as a proinflammatory control due to its relevance in the pathogenesis of CF 

as its overproduction in the CF lung is associated with increased infections and exacerbations. 

IL-8 is a potent pro-inflammatory cytokine that is involved in neutrophil chemotaxis and the 

establishment of the sustained inflammatory response. All forms of fixed and heat killed 

fungus stimulated some IL-8 expression, with hyphae at MOI=2 and swollen conidia at MOI=8 

expressing significantly more IL-8 than fixed resting conidia at 24 hours post infection (Fig3.1.3 

B). Hyphae and heat killed conidia at an MOI of 8 induced significant IFN𝝀1 production after 

24 hours when compared to fixed resting conidia infection (Fig3.1.3 C). Heat killed conidia at 

an MOI of 2 also induced significantly more IFN𝝀1 production compared to fixed resting 

conidia infection (Fig3.1.3 C). Due to these data, fixed hyphae and heat killed conidia were 

chosen as the best stimuli to assess the type I and III IFN response in BEAS-2B BECs. 
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Figure 3.1.3: IFNβ and IFN𝝀1 expression and production by BEAS-2B BECs after fixed and heat killed Af 

infection. BEAS-2B BECs were infected with fixed resting conidia, fixed swollen conidia, fixed hyphae 

and heat killed conidia at an MOI=2 and MOI=8 for 24 hours. RT-PCR was used to assess (A) IFNβ 

expression and (B) IL-8 expression after fixed and heat killed fungal stimuli and poly(I:C) stimulation 

(100ug/ml). All data was normalised to 18S RNA and fold change was calculated using the ∆∆CT 

method. (C) IFN𝝀1 concentration (pg/ml) was determined by ELISA after fixed and heat killed fungal 

infection and poly(I:C) stimulation (10ug/ml). Data from three independent experiments. Data are mean 

± SD, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Fixed hyphae and heat killed conidia at an MOI of 8 were used to infect BEAS-2B BECs at 3, 6, 

12 and 24 hours to assess the best time point to assess IFNβ expression and IFN𝝀1 production. 

IFNβ expression was significantly increased at 3 and 24 hours after fixed hyphae infection and 12 

hours after heat killed conidia infection (Fig3.1.4 A). The poly(I:C) control stimulated an IFNβ 

expression pattern the same as fixed hyphae (Fig3.1.4 B). IL-8 is significantly expressed by fixed 

hyphae at all time points and heat killed conidia at 6, 12 and 24 hours (Fig3.1.4 C). Poly(I:C) 

stimulated IL-8 production across all time points, peaking at 12 hours and reducing at 24 

hours. IFN𝝀1 production was significantly increased by fixed hyphae infection at 3, 6 and 12 

hours and heat killed conidia infection at all 4 time points, peaking at 12 hours (Fig3.1.4 E). 

From this data, it was decided that CF and CF corrected cells infected with fixed hyphae and 

heat killed conidia at 12 and 24 hours with a MOI=8 should be sent for bulk RNA sequencing.  
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Figure 3.1.4: IFNβ and IFN𝝀1 expression and production by BEAS-2B epithelial cells after Af infection. 

BEAS-2B bronchial epithelial cells were infected with fixed hyphae and heat killed conidia at an MOI=8 

for 3, 6, 12 and 24 hours. RT-PCR was used to assess (A-B) IFNβ expression and (C-D) IL-8 expression after 

Af fixed hyphae and heat killed conidia infection and poly(I:C) stimulation (100ug/ml). All data was 

normalised to 18S RNA and fold change was calculated using the ∆∆CT method. (E) IFN𝝀1 concentration 

(pg/ml) after the Af fixed hyphae and heat killed conidia infection and poly(I:C) stimulation (10ug/ml) 

assessed by ELISA, all conditions were compared to uninfected protein levels to test for significance. 

Data from three independent experiments. Data are mean ± SD, *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. 
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3.2 – Transcriptomic characterisation of Aspergillus fumigatus infection 

in CF and CF corrected bronchial epithelial cells  

Having observed the increase in IFNβ expression and IFN𝝀1 production in healthy BECs after 

Af infection, the transcriptomic characterisation of the immune response to Af in CF and CF 

corrected BECs was next to be investigated. This was achieved by bulk RNA sequencing of RNA 

isolated from CF and CF corrected BECs after fixed hyphae and heat killed conidia infection 

after 12 and 24 hours.  

RNA was isolated directly after infection and RNA quality and quantity was assessed using a 

Nanodrop and a Tapestation. Only samples with >200ng of RNA, OD260/280 values of >1.8, 

OD260/230 values of >1.8 and RIN values of >8.5 were sent for RNA sequencing at Novogene, 

Cambridge. Fig3.2.1 A and Table3.2.1 shows a summary of the Tapestation results from 15 

RNA samples, 14 of which were sent for RNA sequencing; however, one sample had a RIN 

value of 7.4 and so was not sent for sequencing. Fig3.2.1 B and Table3.2.2 is an example of an 

electropherogram from sample B1 and shows good RNA integrity. Fig3.2.1 C and Table3.2.3 is 

an electropherogram from sample E1, which had a RIN value of 7.4 and showed some 

degradation. The ribosomal 28S:18S ribosomal RNA ratio is used as a measure of degradation. 

A ratio of 2.1:1 is considered intact RNA; this ratio reduces and the background for both 

markers increases as degradation occurs. The lower marker is used to align the sample to the 

RNA ladder used in the analysis.  
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Figure 3.2.1: Aqilent 4200 TapeStation RNA and high sensitivity RNA ScreenTape Assay results report 

example. (A) A gel image of 15 RNA samples and the ladder from one run on an Agilent TapeStation 

with respective RIN scores. RIN values are scored from 1 to 10, with a low value showing 'strongly 

degraded’ RNA and a high value indicating ‘highly intact’ RNA. (B) An example electropherogram of 

sample B1 (RIN no. 9.4) showing three peaks at 25nt, 1795nt and 5472nt. (C) An example 

electropherogram, of sample E1 with a RIN no. 7.5, showing more degradation than sample B1. 

A 

Sa
m

pl
e 

In
te

ns
ity

 [N
or

m
al

ise
d 

FU
] (

10
^3

) 

C 

Sa
m

pl
e 

In
te

ns
ity

 [N
or

m
al

ise
d 

FU
] (

10
^3

) 

B 



 109 

Table 3.2.1: Sample information related to Fig3.2.1 A. 
Well RINe 28S/18S 

(Area) 
Conc. 

[ng/ul] 
Sample 

Description 

Alert Ladder 

A1 - - 172 Ladder  Ladder 

B1 9.4 2.0 74.8    

C1 9.5 2.0 63.5    

D1 9.3 1.7 82.6    

E1 7.5 2.1 248    

F1 9.5 1.9 54.9    

G1 9.5 1.9 43.5    

H1 9.6 1.7 60.1    

A2 8.7 1.3 27.3    

B2 9.0 1.7 31.0    

C2 9.1 1.4 26.0    

D2 9.0 1.6 79.4    

E2 8.9 1.3 39.7    

F2 9.0 1.5 29.4    

G2 8.9 1.4 57.6    

H2 9.0 2.4 74.7    

 

Table 3.2.2: B1 sample information from electropherogram in Fig3.2.1 B. 
Size 
[nt] 

Calibrated 
Conc. 

[ng/ul] 

Assigned 
Conc. 

[ng/ul] 

Peak 
Molarity 
[nmol/l] 

% Integrated 
Area 

Peak 
Comment 

Observations 

25 36.0 36.0 4240 -  Lower 
Marker 

1795 17.2 - 28.3 32.83  18S 

5472 35.3 - 19.0 67.17  28S 

 

Table 3.2.3: E1 sample information from electropherogram in Fig3.2.1 C. 
Size 
[nt] 

Calibrated 
Conc. 

[ng/ul] 

Assigned 
Conc. 

[ng/ul] 

Peak 
Molarity 
[nmol/l] 

% Integrated 
Area 

Peak 
Comment 

Observations 

25 36.0 36.0 4240 -  Lower 
Marker 

1795 40.7 - 72.0 32.19  18S 

5472 85.7 - 52.7 67.81  28S 
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3.2.1 – Transcriptomic characterisation of Poly(I:C) stimulation in CF and CF corrected 

bronchial epithelial cells  

After sequencing, Novogene retuned the raw reads which were then quality checked, 

trimmed, aligned, normalised, and analysed in house. Poly(I:C) stimulation was used as a 

control throughout this project as it is a TLR3 agonist and can stimulate a strong type I and III 

IFN response. To begin analysing the difference in the interferon response in CF and CF 

corrected cells, the transcriptomic signatures of the cell line’s response to poly(I:C) was 

assessed. In total, there were 7793 differentially expressed genes between the two cell lines, 

stimulus, and time points (padj=0.01). Fig3.2.1.1 summarises the overall expression matrix of 

the top 2000 genes differentially expressed after poly(I:C) stimulation for 12 and 24 hours in 

CF and CF corrected cell lines, done in triplicate, analysed by ANOVA and clustered using 

hierarchical clustering based on average. Distinct gene signatures between the two cell lines 

are evident, despite the only difference between the cell lines being that the CF corrected cells 

were genetically corrected for the F508del mutation in the CFTR gene. The effect of the 

poly(I:C) is evident in both cell lines, and there is variation between the 12- and 24-hour time 

point. 98 ISGs are present in the top 2000 differentially expressed genes, highlighted by pink 

in the panel on the heatmap and these cluster at the top and in the middle of the heatmap, 

where most of the variation due to poly(I:C) stimulation is observed.  
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Figure 3.2.1.1: Gene expression heatmap of top 2000 genes differentially expressed after poly(I:C) 

stimulation. CF and CF corrected BECs were stimulated with poly(I:C) (100g/ml) for 12 and 24 hours, 

RNA was isolated and sent for bulk RNA sequencing. Data were compared to unstimulated controls 

and between the two cell lines using ANOVA to test for significance and Benjamini-Hochberg test to 

correct p-value. The heatmap was organised by hierarchical clustering based on mean gene expression. 

Each column represents a sample (n=3), and each row represents a gene (padj<0.01). ISGs are 

highlighted in pink on the left-hand panel.  
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3.2.1.1 – DEG analysis of 12-hour Poly(I:C) stimulated CF and CF corrected bronchial 

epithelial cells   

To further investigate the ISG signature of the cell lines, a list of 486 type I and III ISGs was 

created using a collation of multiple gene sets from the Molecular Signatures Database as 

detailed in section 2.2.3.5. The significant differentially expressed genes after the ANOVA 

(Fig3.2.1.1) were then cross referenced with the collated ISG set and the overall expression 

matrix of the type I and III IFN response is shown in Fig3.2.1.2 A. Overall, after 12 hours of 

poly(I:C) stimulation in the two cell lines there were 314 significantly differentially expressed 

ISGs (padj=0.05). Interestingly, it is clear from the heatmap that the CF and CF corrected cells 

have distinct ISG signatures after stimulation. Differentially expressed ISGs for each individual 

condition were identified when compared to their appropriate uninfected control using a 

student’s t-test (padj=0.05). This revealed that there were 139 and 140 significant 

differentially expressed ISGs for CF corrected and CF BECs respectively. 107 of these ISGs were 

distinct between the two cell lines with 86 overlapping (Fig3.2.1.2 B). When this data had a 

further filter applied (fold change >2) there were 21 and 12 upregulated ISGs in the CF 

corrected and CF BECs (Fig3.2.2.2 C, D).  
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Figure 3.2.1.2: Differentially expressed ISGs of poly(I:C) stimulated CF and CF corrected BECs after 12 

hours. CF and CF corrected BECs were stimulated with poly(I:C) (100g/ml) for 12 hours, RNA was 

isolated and sent for bulk RNA sequencing. (A) Heatmap was organised by hierarchical clustering based 

on mean gene expression and only includes genes from a list of 486 ISGs. Each column represents a 

sample (n=3), and each row represents a gene (padj<0.05). Significance was calculated using ANOVA 

and Benjamini-Hochberg test to correct p-value. (B) Venn diagram of differentially expressed ISGs 

compared to unstimulated control of named condition representing overlap of ISG signature in CF and 

CF corrected BECs. Volcano plots representing differentially expressed ISGs for (C) CF corrected and (D) 
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CF cells stimulated by poly(I:C) for 12 hours, determined by student’s t-test padj<0.05 and fold change 

>2. 

 

Of the 27 differently expressed genes with a fold change >2, only 6 were overlapping which 

are highlighted in yellow in Table3.2.2.1. The ISGs expressed by the CF corrected cells had 

higher fold changes than the CF cells, B4GALNT2 had the highest fold change in the CF 

corrected cells (8.05) and FGF5 had the highest fold change in the CF cells (4.75). The CF 

corrected cells also expressed the overlapping ISGs more strongly than the CF cells, for 

example, IL7R has a fold change of 6.06 compared to 3.15 respectively. There were 2 ISGs 

downregulated by the CF cells and one downregulated in the CF corrected cells. Importantly, 

the CF corrected cells showed significantly increased expression of IFN1 and IFN3 at a fold 

change of 3.27 and 2.83 respectively. The CF cells did not significantly upregulate either IFN1 

or IFN3 after poly(I:C) stimulation. Overall, 9 more ISGs were upregulated by the CF corrected 

cells compared to the CF cells after poly(I:C) stimulation for 12 hours and all the ISGs were 

expressed to a greater extent in the CF corrected cells.  
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Table 3.2.1.1: All differentially expressed ISGs in CF and CF corrected BECs after poly(I:C) stimulation for 

12 hours. Overlapping genes are highlighted in yellow, upregulated genes are in red cells and 

downregulated in blue (padj<0.05; fold change >2).  

CF corrected BECs CF BECs 

Gene Symbol P(adj) Fold Change Gene Symbol P(adj) Fold Change 

B4GALNT2 0.017 8.05 FGF5 0.025 4.75 

ISG15 0.010 6.52 GBP5 0.011 3.65 

IL7R 0.010 6.06 HCAR3 0.014 3.48 

SAMD9L 0.034 5.55 IL7R 0.005 3.15 

IFIT3 0.011 4.56 IFIT3 0.006 2.60 

VEGFC 0.010 4.20 SAMD9L 0.072 2.39 

DHX58 0.011 4.18 SERPINB9 0.026 2.26 

CXCL2 0.023 3.85 DHX58 0.014 2.17 

PMAIP1 0.011 3.68 C1S 0.014 2.16 

OAS2 0.012 3.67 PMAIP1 0.006 2.09 

IFNL1 0.023 3.27 IFIH1 0.006 2.05 

IFIT1 0.038 3.11 IFIT1 0.045 2.02 

CXCL8 0.016 3.10 PLD5 0.038 -3.27 

SAMD9 0.011 2.94 IDO1 0.019 -2.37 

AIM2 0.017 2.92    

IFIH1 0.011 2.89    

CSF2 0.095 2.84    

IFNL3 0.026 2.83    

OAS1 0.086 2.81    

EXOC3L1 0.026 2.76    

B4GALNT2 0.017 2.65    

PLD5 0.014 -4.78    
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3.2.1.2 – GSEA analysis of 12-hour Poly(I:C) stimulated CF and CF corrected bronchial 

epithelial cells   

GSEA was completed on CF and CF corrected cells compared to their uninfected controls using 

a student’s t-test. This revealed that a number of type I interferon gene sets were significantly 

enriched in CF corrected BECs after 12 hours of poly(I:C) stimulation; ‘Hecker IFNB1 Targets’ 

(padj=0.01; normalised enrichment score (NES) = 2.15; 95 genes) (Fig3.2.1.3), ‘Der IFN Alpha 

Response Up’ (padj=0.01; NES=1.73; 74 genes) and the general interferon gene set ‘Browne 

Interferon Response Genes’ (padj=0.03; NES=1.76; 67 genes). None of these gene sets were 

significantly enriched by CF BECs. Other gene sets enriched in the CF BECs were type II IFN 

immune responses ‘Der IFN Gamma Response Up’ (padj=0.01; NES=1.55); a gene set of 450 

genes upregulated by bacterial infection ‘Zhou Inflammatory Response Live Up’ (padj=0.01; 

NES=1.73); and the 200 genes defining the inflammatory response in humans ‘Hallmark 

Inflammatory Response’ (padj=0.01; NES=1.66), showing a bias towards a more general 

inflammatory response.  

 

 

 

 

 

 

 

 

 



 117 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.1.3: Representative visualisation of GSEA of CF and CF corrected BECs stimulation with 

poly(I:C) for 12 hours. (A) CF corrected BECs stimulated with 100g/ml poly(I:C) for 12 hours showed 

enrichment of ‘Hecker IFNB1 Targets’ gene set (padj=0.01). (B) CF cells did not show enrichment of this 

gene set (padj=0.4). Significance calculated using Student’s T-test and Benjamini-Hochberg test to 

correct p-value. Gene set consists of 96 genes. Data is from 3 independent experiments.  
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3.2.1.3 – Protein-protein interaction network analysis of 12-hour Poly(I:C) stimulated CF 

and CF corrected bronchial epithelial cells   

To further elucidate the response of the CF and CF corrected BECs after 12 hours of poly(I:C) 

stimulation, protein-protein network analysis was completed using the stringApp on 

Cytoscape on all differentially expressed genes in stimulated cells compared to uninfected 

controls. Functional enrichment of the networks revealed there were more genes related to 

the type I IFN response, highlighted in blue, in the CF corrected network (Fig3.2.1.4 A) 

compared to the CF network (Fig3.2.1.4 B), with 18 and 14 ISGs respectively. The ISGs in the 

CF corrected network were also more strongly upregulated than in the CF network, so 

confirming results observed in previous figures.  
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Figure 3.2.1.4: Network analysis of poly(I:C) stimulated CF and CF corrected BECs after 12 hours. 

Network visualisation of significant immunity-associated proteins (padj<0.05 and fold change >2), after 

12 hours of poly(I:C) stimulation in (A) CF corrected BECs and (B) CF BECs. The nodes indicate genes, 

and the colour represents fold change. Functional enrichment analysis highlights the nodes involved 

in the type I IFN response (blue) (Cytoscape, stringApp).  

 

 

 

e

KLF4

DDX58

GBP4

PMAIP1

TNFRSF8

KCNA7

ISG20

DDX60

CCL22

DHX58

RPL9

ZC3HAV1

ZAP70

LTB

IFIH1

IFIT1

EEF1G

FGF17

CCL5

SP8

IL18RAP

IFIT3

RSAD2

GPX3

GBP5

TNFRSF1B

ISG15

TNFTNFAIP8L2

IFI44

HERC5

SAMD9L

OASL

CMPK2

TRAF1

FGF2

IL7R

B 

3.92.62.0 4.5

Node Fill Color:  Fold change

3.3



 120 

3.2.1.4 – DEG analysis of 24-hour Poly(I:C) stimulated CF and CF corrected bronchial 

epithelial cells   

After 24 hours of poly(I:C) stimulation there was a total of 329 differentially expressed ISGs 

(padj=0.05) (Fig3.2.1.5 A), for both CF corrected BECs (189) and CF BECs (195). Both cell lines 

expressed more ISGs at 24 hours compared with 12 hours but still had distinct ISG signatures 

post stimulation (Fig3.2.1.5 A) with only 121 ISGs overlapping (Fig3.2.1.5 B). 
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Figure 3.2.1.5: Differentially expressed ISGs of poly(I:C) stimulated CF and CF corrected BECs after 24 

hours. CF and CF corrected BECs were stimulated with poly(I:C) (100g/ml) for 24 hours, RNA was 

isolated and sent for bulk RNA sequencing. (A) Heatmap was organised by hierarchical clustering based 

on mean gene expression and only includes genes from a list of 486 ISGs. Each column represents a 

sample (n=3), and each row represents a gene (padj<0.05). Significance was calculated using ANOVA 

and Benjamini-Hochberg test to correct p-value. (B) Venn diagram of differentially expressed ISGs 

compared to unstimulated control of named condition representing overlap of ISG signature in CF and 

CF corrected BECs. Volcano plots representing differentially expressed ISGs for (C) CF corrected and (D) 
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CF cells stimulated by poly(I:C) for 24 hours, determined by student’s t-test padj<0.05 and fold change 

>2.  

 

When filtering the genes that were differentially expressed by over 2-fold change (Fig3.2.1.5 

C, D), it revealed that both CF and CF corrected BECs expressed 39 upregulated ISGs with 28 

of these overlapping (Table3.2.1.2). However, the expression pattern of the responses differed 

regarding the shared ISGs, for example, guanylate binding protein 5 (GBP5) had the highest 

expression in the CF BECs with a fold change of 8.05, but this was only upregulated by a fold 

change of 3.07 in the CF corrected BECs. Notably, IFN1 was significantly upregulated by the 

CF corrected BECs, but not the CF BECs. The CF BECs expressed more downregulated ISGs than 

the CF corrected BECs. 
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Table 3.2.1.2: All differentially expressed ISGs in CF and CF corrected BECs after poly(I:C) stimulation for 

24 hours. Overlapping genes are highlighted in yellow, upregulated genes are in red cells and 

downregulated in blue (padj<0.05; fold change >2). 

CF corrected BECs CF BECs 

Gene Symbol P(adj) Fold Change Gene Symbol P(adj) Fold Change 

CXCL3 0.004 5.59 GBP5 0.011 8.05 

APOBEC3G 0.028 5.25 IL7R 0.009 6.52 

IL7R 0.006 4.50 ESM1 0.016 6.06 

CSF2 0.008 4.49 IL1A 0.014 5.55 

HCAR3 0.015 4.47 SHC4 0.011 4.56 

SAMD9L 0.020 4.27 IL24 0.041 4.20 

PMAIP1 0.006 4.24 ANGPTL4 0.011 4.18 

ISG15 0.007 3.98 IFIT3 0.014 3.85 

IFIT3 0.005 3.95 PMAIP1 0.007 3.68 

LMO2 0.012 3.85 ISG15 0.007 3.67 

VEGFC 0.004 3.77 ACE2 0.038 3.27 

CXCL8 0.014 3.69 SAMD9L 0.010 3.11 

ESM1 0.013 3.33 TNFAIP3 0.048 3.10 

SAMD9 0.014 3.19 CSF2 0.058 2.94 

GBP5 0.010 3.07 HCAR3 0.011 2.92 

TNFAIP3 0.009 3.02 HSD11B1 0.010 2.89 

IL23A 0.006 3.00 IFIT1 0.044 2.84 

DHX58 0.009 2.90 VEGFC 0.010 2.83 

G0S2 0.028 2.84 BIRC3 0.007 2.81 

IL6 0.008 2.79 ANTXR2 0.011 2.76 

IFIH1 0.008 2.79 BATF2 0.013 2.65 

PLAUR 0.007 2.67 G0S2 0.010 2.61 

IFIT1 0.012 2.60 SAMD9 0.011 2.57 

PLCG2 0.014 2.43 IFIH1 0.032 2.52 

IFIT2 0.008 2.40 APOBEC3G 0.042 2.49 

FYB1 0.015 2.35 CXCL8 0.011 2.46 

IL24 0.062 2.31 PLCG2 0.040 2.42 

ANTXR2 0.028 2.23 DHX58 0.042 2.41 

BIRC3 0.004 2.23 IFIT2 0.008 2.38 

TRPV3 0.045 2.09 DDX60L 0.018 2.36 

CTSS 0.014 2.07 OAS2 0.010 2.31 

USP18 0.048 2.06 IL23A 0.042 2.28 

NFE2L3 0.007 2.05 PDZD2 0.018 2.25 

IFNL1 0.012 2.05 PLAUR 0.014 2.24 

NAV3 0.017 2.04 IL6 0.049 2.19 

DAPP1 0.004 2.03 CTSS 0.050 2.16 

RELB 0.008 2.01 NMNAT2 0.047 2.10 

RTP4 0.062 2.01 FERMT1 0.017 2.09 

ACE2 0.050 2.00 PDCD1LG2 0.031 2.00 

PTPN22 0.018 -3.98 PLD5 0.018 -6.84 

EDIL3 0.016 -2.29 APOD 0.016 -3.10 

PDK4 0.014 -2.28 SERPINB9 0.014 -2.34 

IGFBP3 0.045 -2.22 SYT12 0.045 -2.33 

IRF8 0.015 -2.17 GALM 0.015 -2.27 

   IRF8 0.011 -2.17 

   IGFBP3 0.041 -2.11 

   PDK4 0.047 -2.08 

   B4GALNT2 0.012 -2.08 
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3.2.1.5 – GSEA analysis of 24-hour Poly(I:C) stimulated CF and CF corrected bronchial 

epithelial cells   

At 24 hours post stimulation, again the CF corrected cells did show significant enrichment of 

all three of the interferon response gene sets that were previously mentioned (Fig3.2.1.6). 

The GSEA also showed that CF BECs did show enrichment in the ‘Hecker IFNb1 Targets’ 

(padj=0.06; NES=1.57), ‘Der IFN Alpha Response Up’ (padj=0.07; NES=1.55), but not the 

‘Browne Interferon Response Genes’ (padj=0.12; NES=1.45) gene sets. There was still a bias 

toward a general inflammatory response with the ‘Zhou Inflammatory Response Live Up’ 

(padj=0.03; NES=1.73) and ‘Hallmark Inflammatory Response’ (padj=0.06; NES=1.82) gene 

sets being significantly enriched.  
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Figure 3.2.1.6: Representative visualisation of GSEA of CF and CF corrected BECs stimulated with 

poly(I:C) for 24 hours. (A) CF corrected BECs stimulated with 100g/ml poly(I:C) for 24 hours showed 

enrichment of ‘Hecker IFNB1 Targets’ gene set (padj=0.01). (B) CF cells also showed enrichment of this 

gene set (padj=0.06). Significance calculated using Student’s T-test and Benjamini-Hochberg test to 

correct p-value. Gene set consists of 96 genes.  
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3.2.1.6 – Protein-protein interaction network analysis of 24-hour Poly(I:C) stimulated CF 

and CF corrected bronchial epithelial cells   

The protein-protein network analysis on all differentially expressed genes with function 

enrichment revealed a network with 20 genes involved in the type I ISG response in the CF 

corrected network (Fig3.2.1.7 A), and 15 in the CF network (Fig3.2.1.7 B). This confirms more 

ISGs were upregulated at 24 hours compared to 12 hours in both cell lines, and that the CF 

corrected cells elicited a stronger type I and III IFN response at both time points after poly(I:C) 

stimulation.  
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Figure 3.2.1.7: Network analysis of poly(I:C) stimulated CF and CF corrected BECs after 24 hours. 

Network visualisation of significant immunity-associated proteins (padj<0.05 and fold change >2), after 

24 hours of poly(I:C) stimulation in (A) CF corrected BECs and (B) CF BECs. The nodes indicate genes, 

and the colour represents fold change. Functional enrichment analysis highlights the nodes involved 

in the type I IFN response (blue) (Cytoscape, stringApp). 
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3.2.2 – Transcriptomic characterisation of Aspergillus fumigatus fixed hyphae infection 

in CF and CF corrected bronchial epithelial cells  

 

Once a defect in the type I and III IFN response was identified in the CF BECs in response to 

poly(I:C) it was investigated if this defect was also present in response to Af fixed hyphae 

infection. ANOVA analysis revealed 10572 differentially expressed genes between the two cell 

lines, infection, and time points. Cluster analysis of the top 2000 differentially expressed genes 

in the CF and CF corrected cells at 12- and 24-hours post infection done in triplicate and 

analysed by multigroup comparison showed the distinct gene signatures post infection at both 

time points (Fig3.2.2.1). The genes that are upregulated after infection are more strongly 

expressed at 24 hours compared to 12 hours and there is a difference in expression patterns 

after infection between the two cell lines. The top 2000 differentially expressed genes in 

Fig3.2.2.1 contains 82 ISGs across both time points.  
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Figure 3.2.2.1: Gene expression heatmap of top 2000 genes differentially expressed after fixed hyphae 

infection. CF and CF corrected BECs were infected with Af hyphae (MOI=8) for 12 and 24 hours, RNA 

was isolated and sent for bulk RNA sequencing. Data were compared to uninfected controls and 

between the cell lines and time points using ANOVA to test for significance and Benjamini-Hochberg 

test to correct p-value. Heatmap was organised by hierarchical clustering based on mean gene 

expression. Each column represents a sample (n=3), and each row represents a gene (padj=<0.01). 

ISGs are highlighted in pink on the left-hand panel. 
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3.2.2.1 – DEG analysis of 12-hour Af fixed hyphae infected CF and CF corrected bronchial 

epithelial cells   

To investigate further the ISG gene list was cross referenced with the differentially expressed 

genes. A heatmap and ANOVA analysis of these genes clearly shows there are differences in 

the expression patterns post infection between the two cell lines (Fig3.2.2.2 A) with a total of 

361 differentially expressed genes (padj=0.05). When the infected cells were compared to 

their relevant uninfected controls, a student’s t-test revealed there were 268 and 253 

differentially expressed ISGs in the CF corrected and CF cells after hyphae infection 

respectively, 225 were shared between the two cell lines and 43 were distinct to the CF 

corrected cells (Fig3.2.2.2 B). Volcano plots applying a further filter on the data of a fold 

change >2 show that although many ISGs are upregulated by the hyphae infection, there are 

more ISGs downregulated than upregulated in both cell lines (Fig3.2.2.2 C, D) and that the 

genes upregulated by the two cell lines differ.  
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Figure 3.2.2.2: Differentially expressed ISGs of 12 hour fixed hyphae infected CF and CF corrected BECs. 

CF and CF corrected BECs were infected with Af hyphae (MOI=8) for 12 hours, RNA was isolated and 

sent for bulk RNA sequencing. (A) Heatmap was organised by hierarchical clustering based on mean 

gene expression and includes genes from a list of 486 ISGs. Each column represents a sample (n=3), 

and each row represents a gene (padj<0.05). Significance was calculated using ANOVA and Benjamini-

Hochberg test to correct p-value. (B) Venn diagram of differentially expressed ISGs compared to 

unstimulated control of named condition represents overlap of ISG signature in CF and CF corrected 

BECs. Volcano plots represents differentially expressed ISGs for (C) CF corrected and (D) CF cells 

infected by Af hyphae for 12 hours, determined by student’s t-test padj<0.05 and fold change >2. 
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Of the top 25 upregulated ISGs with the further filter of fold change >2, only 5 are upregulated 

by both cell lines (Table3.2.2.1). IFIT1 and IFIT3 were significantly upregulated by a fold change 

of 2.23 and 5.62 respectively in the CF corrected cells but were significantly downregulated 

by the CF cells by a fold change of -5.48 and -5.89 respectively. IFIT1 is one of the most 

abundantly expressed ISGs during the antiviral response, but its role in antifungal immunity 

has not been investigated. Its downregulation in response to fungal infection in CF cells 

suggests a possible explanation to the reduced fungal killing capacity of CF cells. Interestingly, 

the gene that is expressed with the highest fold change in the CF BECs is CXCL2 (fold change = 

25.55), a strong neutrophil chemoattractant which is not significantly upregulated by CF 

corrected cells. Other monocyte and neutrophil chemoattractants CXCL3 and CXCL8 are 

upregulated by both CF and CF corrected cells. CXCL3 is upregulated by a fold change of 44.45 

in CF corrected cells compared to 19.72 in CF, whereas the strongest neutrophil 

chemoattractant CXCL8 is upregulated by a fold change of 3.97 in CF corrected cells and 18.87 

in CF cells post infection. Other notable downregulated genes are IFIT5 in both cell lines and 

IFN2 in CF cells, which is not significantly downregulated by the CF corrected cells after 

hyphae exposure. 

 

 

 

 

 

 

Table 3.2.2.1: The top 25 upregulated and top 25 downregulated ISGs in CF and CF corrected BECs after 

fixed hyphae infection for 12 hours. Overlapping genes are highlighted in yellow, upregulated genes are 

in red cells and downregulated in blue (padj<0.05; fold change >2). 

CF corrected BECs CF BECs 

Gene Symbol P(adj) Fold Change Gene Symbol P(adj) Fold Change 
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CXCL3 0.010 44.45 CXCL2 0.010 25.55 

APOBEC3G 0.002 20.31 CXCL3 0.006 19.72 

IL7R 0.004 16.79 CXCL8 0.010 18.87 

CSF2 0.005 10.62 DUSP1 0.003 17.68 

HCAR3 0.002 10.11 PTGS2 0.006 9.89 

SAMD9L 0.005 9.46 NFKBIZ 0.016 9.03 

PMAIP1 0.002 7.81 PDK4 0.019 8.10 

ISG15 0.004 5.79 SOCS1 0.015 7.36 

IFIT3 0.002 5.62 CREB5 0.014 6.24 

LMO2 0.005 5.17 IL6 0.006 5.99 

VEGFC 0.014 4.28 ANGPTL4 0.046 5.83 

CXCL8 0.008 3.97 CCNA1 0.007 4.54 

ESM1 0.002 3.71 IL23A 0.019 4.19 

SAMD9 0.009 3.26 PMAIP1 0.014 3.99 

GBP5 0.005 3.10 TENT5A 0.006 3.83 

TNFAIP3 0.031 3.09 SNORD17 0.020 3.05 

IL23A 0.012 2.96 IRF7 0.014 2.95 

DHX58 0.035 2.94 SMG1P1 0.006 2.68 

G0S2 0.018 2.80 LINC-PINT 0.047 2.41 

IL6 0.009 2.77 SMG1P3 0.003 2.41 

IFIH1 0.005 2.64 WFDC2 0.020 2.40 

PLAUR 0.008 2.56 APOBEC3A 0.037 2.16 

IFIT1 0.011 2.23 MAFF 0.045 2.14 

PLCG2 0.015 2.23 IL1A 0.035 2.11 

IFIT2 0.012 2.22 GAPDH 0.003 2.02 

SLC2A12 0.005 -8.46 TMEM229B 0.012 -15.40 

TMEM229B 0.005 -8.02 RTP4 0.042 -11.95 

CEMIP2 0.001 -6.75 SPSB1 0.008 -9.16 

SPSB1 0.009 -6.74 SLC2A12 0.002 -8.63 

ABCA1 0.001 -6.06 GCNT4 0.001 -7.05 

ZBED6 0.015 -6.02 APOL6 0.027 -6.89 

APOL6 0.018 -6.00 CEMIP2 0.002 -6.58 

PTAFR 0.007 -5.69 PDCD1LG2 0.011 -6.55 

PLD5 0.026 -5.57 SGMS2 0.008 -6.26 

DTX4 0.006 -5.23 PTAFR 0.003 -6.24 

HCAR3 0.025 -5.21 TBK1 0.006 -6.19 

PDCD1LG2 0.009 -5.03 N4BP1 0.020 -6.13 

TMEM217 0.005 -4.96 IFIT3 0.003 -5.89 

TNFSF15 0.003 -4.89 IRF2 0.022 -5.56 

GCNT4 0.013 -4.80 IFIT1 0.018 -5.48 

B3GNT7 0.014 -4.78 TNFSF15 0.006 -5.39 

AIDA 0.010 -4.59 DTX4 0.019 -5.35 

TRANK1 0.008 -4.57 IFIT5 0.007 -5.30 

LNPEP 0.001 -4.45 ZBED6 0.019 -5.30 

LRRC3 0.001 -4.34 POLR3B 0.019 -5.28 

IFIT5 0.006 -4.28 ITGA2 0.001 -5.17 

ANKRD12 0.001 -4.25 ANKRD12 0.004 -5.03 

N4BP1 0.009 -4.22 IFNL2 0.042 -4.92 
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3.2.2.2 – GSEA analysis of 12-hour Af fixed hyphae infected CF and CF corrected 

bronchial epithelial cells   

GSEA also revealed enrichment in ‘KEGG JAK STAT1/2 Signalling’ (padj=0.09; NES=1.77) and 

‘Reactome TRAF6 Mediated IRF7 Activation’ (padj=0.05; NES=1.76) gene sets in the CF 

corrected cells, as well as the interferon related sets ‘Hecker IFNB1 Targets’ (padj=0.01; 

NES=1.54), ‘Der IFN Alpha Response Up’ (padj=0.09; NES=1.61) and ‘Browne Interferon 

Response Genes’ (padj=0.1; NES=1.57).  None of these gene sets were significantly enriched 

in the CF cells and the ‘Reactome TRAF6 Mediated IRF7 Activation’ (padj=0.1; NES=-1.43) and 

‘Hecker IFNb1 Targets’ (padj=0.1; NES=-1.45) gene sets were significantly downregulated 

(Fig3.2.2.3).  
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Figure 3.2.2.3: Representative visualisation of GSEA of CF and CF corrected BECs infected with Af fixed 

hyphae for 12 hours. (A) CF corrected BECs infected with Af hyphae (MOI=8) for 12 hours showed 

enrichment of ‘Hecker IFNB1 Targets’ gene set (padj=0.01). (B) CF cells did not show enrichment of this 

gene set (padj=0.7). Significance calculated using Student’s T-test and Benjamini-Hochberg test to 

correct p-value. Gene set consists of 96 genes.  
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3.2.2.3 – Protein-protein interaction network analysis of 12-hour Af fixed hyphae 

infected CF and CF corrected bronchial epithelial cells   

Functional enrichment of the protein-protein network analysis of the differentially expressed 

genes at 12 hours post hyphae infection showed that there were 6 and 5 genes related to the 

type I IFN response in the CF corrected and CF cells respectively. Despite there being little 

difference in the type I ISG expression in the network, the ISGs had higher fold changes in the 

CF corrected network compared to CF. Further functional enrichment showed the importance 

of the TRAF6-mediated IRF7 activation (red) and JAK-STAT1/2 signalling (green) in the CF 

corrected cells (Fig3.2.2.4 A). There was no evidence of genes related to these processes in 

the CF cells.  
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Figure 3.2.2.4: Network analysis of Af fixed hyphae infected CF and CF corrected BECs after 12 hours. 

Network visualisation of significant immunity-associated proteins (padj<0.05 and fold change >2), after 

12 hours of fixed hyphae infection in (A) CF corrected BECs and (B) CF BECs. The nodes indicate genes, 

and the colour represents fold change. Functional enrichment analysis highlights the nodes involved 

in the type I IFN response (blue), TRAF6 mediated IRF7 activation (red) and JAK-STAT1/2 signalling 

(green) (Cytoscape, stringApp). 
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3.2.2.4 – DEG analysis of 24-hour Af fixed hyphae infected CF and CF corrected bronchial 

epithelial cells   

After 24 hours of fixed hyphae exposure, cluster analysis and ANOVA revealed there were 363 

differentially expressed ISGs (padj=0.05) between the two cell lines and the infections but that 

there was a more similar ISG expression pattern after 24 hours of hyphae exposure (Fig3.2.2.5 

A) compared to 12 hours (Fig3.2.2.2 A). When compared to their appropriate uninfected 

controls, CF and CF corrected cells expressed 285 and 275 ISGs respectively. There were 243 

ISGs differentially expressed by both cell lines, with only 32 being distinct to the CF corrected 

cells (Fig3.2.2.5 B). Similarly to the ISG expression at 12 hours post infection, there were more 

ISGs significantly downregulated than upregulated in both cell lines (Fig 3.2.2.5 C, D).  
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Figure 3.2.2.5: Differentially expressed ISGs in 24 hour fixed hyphae infected CF and CF corrected BECs. 

CF and CF corrected BECs were infected with Af hyphae (MOI=8) for 24 hours, RNA was isolated and 

sent for bulk RNA sequencing. (A) Heatmap was organised by hierarchical clustering based on mean 

gene expression and only includes genes from a list of 486 ISGs. Each column represents a sample 

(n=3), and each row represents a gene (padj<0.05). Significance was calculated using ANOVA and 

Benjamini-Hochberg test to correct p-value. (B) Venn diagram of differentially expressed ISGs 

compared to unstimulated control of named condition representing overlap of ISG signature in CF and 

CF corrected BECs. Volcano plots representing differentially expressed ISGs for (C) CF corrected and (D) 
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CF cells infected by Af hyphae for 24 hours, determined by student’s t-test padj<0.05 and fold change 

>2.  

 

Of the top 25 upregulated ISGs in the two cell lines, there were 18 shared at 24-hour post 

exposure, compared to just 5 at 12 hours. There were differences in expression patterns 

between the two cell lines. CF corrected cells showed preference to monocyte recruitment 

with upregulation of CXCL3 at a fold change of 100.79, compared to 64.55 in CF cells. The CF 

cells expressed CXCL2 at more than double the strength than the CF corrected cells with fold 

changes of 32.23 and 11.73 respectively, again highlighting the neutrophil recruitment bias in 

the CF cell response. IRF7 is upregulated by both cell lines and is a key transcriptional regulator 

of second phase IFN and IFN genes and can induce further expression of type I ISGs. At 12 

hours post infection, the TRAF6 mediated IRF7 activation was downregulated in the CF cells, 

suggesting the IRF7 expression in the CF cells could be activated by TRIF, MyD88 or IRAK1/4 

signalling cascades. As IRF7 is essential to the second wave of type I IFN expression, this could 

suggest the defect in the CF IFN response results in a delayed reaction by the cells.   
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Table 3.2.2.2: The top 25 upregulated and top 25 downregulated ISGs in CF and CF corrected BECs after 

fixed hyphae infection for 24 hours. Overlapping genes are highlighted in yellow, upregulated genes are 

in red cells and downregulated in blue (padj<0.05; fold change >2). 

CF corrected BECs CF BECs 

Gene Symbol P(adj) Fold Change Gene Symbol P(adj) Fold Change 

CXCL3 0.001 100.79 CXCL3 0.008 64.55 

PTGS2 0.006 22.33 CXCL2 0.003 32.23 

CXCL8 0.007 15.56 CXCL8 0.007 23.75 

CXCL2 0.003 11.73 ANGPTL4 0.009 21.27 

CSF2 0.008 9.80 DUSP1 0.007 16.32 

SOCS1 0.001 9.43 PTGS2 0.015 14.10 

NFKBIZ 0.011 8.74 NFKBIZ 0.011 11.56 

IL23A 0.001 8.55 IL6 0.006 10.76 

PMAIP1 0.011 7.26 CREB5 0.033 8.68 

IL6 0.002 4.98 CSF2 0.025 7.42 

IL1A 0.007 4.64 IL23A 0.008 7.17 

TAGAP 0.003 4.52 SOCS1 0.012 6.32 

DUSP1 0.002 4.43 PMAIP1 0.018 6.06 

LINC-PINT 0.007 4.29 IL24 0.029 5.67 

HBEGF 0.040 3.77 CCNA1 0.020 4.43 

IL24 0.013 3.58 LINC-PINT 0.006 3.69 

IRF7 0.011 3.19 STARD5 0.050 3.68 

TGM2 0.006 2.84 IRF7 0.010 3.15 

SPOCD1 0.012 2.62 PDK4 0.047 2.99 

NMB 0.001 2.59 WFDC2 0.006 2.77 

WFDC2 0.007 2.33 DUSP2 0.004 2.73 

CREB5 0.011 2.21 GAPDH 0.000 2.66 

ARL14 0.005 2.16 KRT8 0.001 2.30 

GAPDH 0.001 2.11 TGM2 0.021 2.11 

ADRB2 0.028 2.08 IL1R2 0.038 2.10 

ABCA1 0.001 -19.07 TMEM229B 0.017 -28.04 

TRANK1 0.004 -18.90 RTP4 0.014 -21.76 

TMEM229B 0.015 -18.29 SLC2A12 0.003 -16.95 

RTP4 0.020 -15.75 TLR3 0.008 -15.69 

PTAFR 0.011 -12.52 TNFSF10 0.013 -15.02 

MUC16 0.038 -11.15 DTX4 0.000 -13.40 

APOL6 0.003 -10.27 SPSB1 0.017 -11.32 

DTX4 0.003 -9.65 IRF2 0.010 -10.08 

TLR2 0.003 -9.56 SAMD9 0.004 -9.89 

CEMIP2 0.001 -9.46 GCNT4 0.002 -9.71 

SLC2A12 0.001 -9.26 APOL6 0.002 -9.71 

IRF2 0.039 -9.10 PTAFR 0.003 -9.16 

ANKRD12 0.001 -8.80 B3GNT7 0.001 -9.07 

TNFSF10 0.007 -8.49 SAMD8 0.001 -9.01 

THEMIS2 0.003 -8.39 THEMIS2 0.010 -8.83 

SAMD8 0.001 -8.35 LRRC3 0.015 -8.73 

SAMD9 0.001 -8.15 TNFSF15 0.002 -8.47 

B3GNT7 0.005 -7.91 SYT12 0.002 -8.39 

TLR3 0.012 -7.74 ANKRD12 0.000 -8.19 

IFIT1 0.001 -7.36 N4BP1 0.002 -8.04 

LRRC3 0.001 -7.23 TBK1 0.010 -8.01 

SLFN11 0.001 -6.61 ABCA1 0.001 -7.84 

IDO1 0.031 -6.56 TRANK1 0.033 -7.52 
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3.2.1.5 – Protein-protein interaction network analysis of 24-hour Poly(I:C) stimulated CF 

and CF corrected bronchial epithelial cells   

Functional enrichment of the protein-protein network analysis of the differentially expressed 

genes at 24 hours post hyphae infection showed that there were 5 and 2 genes related to the 

type I IFN response in the CF corrected and CF cells respectively. The CF network (Fig3.2.2.6 

B) contained one gene related to the TRAF6-mediated IRF7 activation compared to 5 genes in 

the CF corrected network (Fig3.2.2.6 A), again highlighting the defect in this signalling cascade. 

Two genes involved in JAK-STAT1/2 signalling we highlighted in the CF corrected network and 

no evidence of genes related to this signalling pathway in the CF network.  
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Figure 3.2.2.6: Network analysis of Af fixed hyphae infected CF and CF corrected BECs after 24 hours. 

Network visualisation of significant immunity-associated proteins (padj<0.05 and fold change >2), after 

24 hours of fixed hyphae infection in (A) CF corrected BECs and (B) CF BECs. The nodes indicate genes, 

and the colour represents fold change. Functional enrichment analysis highlights the nodes involved 

in the type I IFN response (blue), TRAF6 mediated IRF7 activation (red), and JAK-STAT1/2 signalling 

(green) (Cytoscape, stringApp). 
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3.2.3 – Transcriptomic characterisation of Aspergillus fumigatus heat killed conidia 

infection in CF and CF corrected bronchial epithelial cells  

3.2.3.1 – DEG analysis of 12-hour Af heat killed conidia infected CF and CF corrected 

bronchial epithelial cells   

As type I and III IFN expression was also observed after heat killed conidia infection, RNA 

isolated from cells infected with heat killed conidia for 12 hours were also sent for bulk RNA 

sequencing. ANOVA analysis shows 4507 differentially expressed genes between the two cell 

lines and with infection. Clustering analysis of top 2000 differentially expressed genes in three 

repeats based on a multigroup comparison shows very distinct gene expression between the 

two cell lines, and some variation post infection (Fig3.2.3.1). There were 76 ISGs included in 

this cluster analysis, highlighted in pink on the left-hand panel.  
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Figure 3.2.3.1: Gene expression heatmap of top 2000 genes differentially expressed after heat killed 

conidia infection. CF and CF corrected BECs were infected with Af heat killed conidia (MOI=8) for 12 

hours, RNA was isolated and sent for bulk RNA sequencing. Data were compared to uninfected controls 

and between the cell lines using ANOVA to test for significance and Benjamini-Hochberg test to correct 

p-value. Heatmap was organised by hierarchical clustering based on mean gene expression. Each 

column represents a sample (n=3), and each row represents a gene (padj<0.01). ISGs are highlighted 

in pink on the left-hand panel. 
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Again, these differentially expressed genes were cross referenced with the collated list of type 

I and III ISGs. From Fig3.2.3.2 A it is clear the two cell lines have very different ISG expression 

patterns, with 285 differentially expressed ISGs revealed by ANOVA analysis. When compared 

to their individual uninfected controls, student’s t-test revealed CF corrected cells 

differentially expressed 88 ISGs after heat killed conidia infection while CF cells differentially 

expressed 78. Of the 138 total ISGs expressed between the CF and CF corrected cells post 

infection, only 28 ISGs were differentially expressed by both with 60 ISGs being distinct for CF 

corrected cells and 50 for CF cells (Fig3.2.3.2 B). From the volcano plots it is clear to see the 

CF corrected cells (Fig3.2.3.2 C) upregulated more ISGs than the CF cells (Fig3.2.3.2 D) by a 

fold change of more than 2.  
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Figure 3.2.3.2: Differentially expressed ISGs of heat killed conidia infected CF and CF corrected BECs 

after 12 hours. CF and CF corrected BECs were infected with Af heat killed conidia (MOI=8) for 12 hours, 

RNA was isolated and sent for bulk RNA sequencing. (A) Heatmap was organised by hierarchical 

clustering based on mean gene expression and includes genes from a list of 486 ISGs. Each column 

represents a sample (n=3), and each row represents a gene (padj<0.05), significance calculated by 

ANOVA and Benjamini-Hochberg test to correct p-value. (B) Venn diagram of differentially expressed 

ISGs compared to unstimulated control of named condition representing overlap of ISG signature in 

CF and CF corrected BECs. Volcano plots representing differentially expressed ISGs for (C) CF corrected 
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and (D) CF cells infected by Af heat killed conidia for 12 hours, determined by student’s t-test padj<0.05 

and fold change >2. 

To assess this in more detail, the significant ISGs that were differentially expressed by more 

than a fold change of 2, only CXCL8 was expressed by both cell lines (Table3.2.3.1), showing 

the importance of immune cell recruitment in this response from both cells. Interestingly, the 

CF cells upregulated NLRC3 by a fold change of 4.51. This gene codes for a protein that 

interacts directly with and prevents trafficking of STING to prevent STING-dependent 

activation of the immune response. It is also thought to affect TLR4 activation by the 

ubiquitination of TRAF6, providing a link to the data observed in previous GSEA showing 

TRAF6-mediated IRF7 activation defect in the fixed hyphae infected cells. Notably, IFN3 is 

downregulated by the CF cells after heat killed conidia infection, but not by the CF corrected 

cells. 

Table 3.2.3.1: All differentially expressed ISGs in CF and CF corrected BECs after fixed hyphae infection 

for 24 hours. Overlapping genes are highlighted in yellow, upregulated genes are in red cells and 

downregulated in blue (padj<0.05; fold change >2). 

CF corrected BECs CF BECs 

Gene Symbol P(adj) Fold Change Gene Symbol P(adj) Fold Change 

CXCL8 0.002 5.43 FGF5 0.043 4.67 

SCG5 0.003 3.81 NLRC3 0.021 4.51 

IL24 0.007 3.54 CXCL8 0.005 3.13 

PTGS2 0.025 2.39 SNORD17 0.037 2.20 

ANGPTL4 0.049 2.31 IFNL3 0.039 -2.69 

CSF2 0.035 2.26 IDO1 0.047 -2.58 

MMP3 0.048 2.23 PLD5 0.048 -2.47 

KRT34 0.003 2.06 CADPS2 0.046 -2.46 

NCALD 0.008 -4.41    

TNFSF10 0.004 -3.89    

SYT12 0.012 -2.01    
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3.2.3.2 – GSEA analysis of 12-hour Af heat killed conidia infected CF and CF corrected 

bronchial epithelial cells   

GSEA of the differentially expressed genes in the CF cells infected by heat killed conidia 

compared to uninfected controls showed enrichment of inflammatory gene sets but no 

interferon related gene sets (Fig3.2.3.3). Whereas CF corrected cells infected with heat killed 

conidia showed significant enrichment of ‘Hecker IFNb1 Targets’ (padj=0.07;NES=1.73) as well 

as ‘Hallmark Inflammatory Response’ (padj=0.01;NES=1.67).  
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Figure 3.2.3.3: Representative visualisation of GSEA of CF and CF corrected BECs infected with Af heat 

killed conidia for 12 hours. (A) CF corrected BECs infected with Af heat killed conidia (MOI=8) for 12 

hours showed enrichment of ‘Hecker IFNB1 Targets’ gene set (padj=0.07). (B) CF cells did not show 

enrichment of this gene set (padj=0.8). Significance calculated using Student’s T-test and Benjamini-

Hochberg test to correct p-value. Gene set consists of 96 genes.  
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3.2.3.3 – Protein-protein interaction network analysis of 12-hour Af heat killed conidia 

infected CF and CF corrected bronchial epithelial cells   

Functional enrichment of the protein-protein network analysis on the upregulated genes 

expressed by CF and CF corrected BECs after 12 hours of heat killed conidia infection again 

highlighted the difference in the type I IFN response related genes, with 3 genes out of 16 

being related to the interferon response in the CF corrected network and no genes in the CF 

network falling into this category.  
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Figure 3.2.3.4: Network analysis of Af heat killed conidia infected CF and CF corrected BECs after 12 

hours. Network visualisation of significant immunity-associated proteins (padj<0.05 and fold change 

>2), after 12 hours of heat killed conidia infection in (A) CF corrected BECs and (B) CF BECs. The nodes 

indicate genes, and the colour represents fold change. Functional enrichment analysis highlights the 

nodes involved in the type I IFN response (blue) (Cytoscape, stringApp). 
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3.3 – Confirmation of IFN  and IFN1 response in CF and CF corrected 

bronchial epithelial cells after Aspergillus fumigatus infection 

To determine if the defect in the type I and III IFN response observed in the transcriptomics 

was due to a downregulation in the expression of IFN and IFN1 in CF cells, as observed in 

bacterial and viral infections, RT-PCR of infected CF and CF corrected cells was carried out to 

assess the expression of these genes directly. IFN and IFN1 expression was significantly 

increased in CF corrected BECs compared to CF BECs across all time points and stimuli (Fig3.3.1 

A and B). Fixed hyphae induced IFN1 expression peaked at 3 and 24 hours and IFN 

expression peaked at 24 hours in CF corrected cells. Heat killed conidia induced IFN1 

expression was consistent across 3 and 12 hours and dropped off at 24 hours, while IFN 

expression peaked at 12 hours. IL-8 was expressed consistently across all stimuli and time 

points, with CF cells expressing significantly more IL-8 after 12 hours of poly(I:C) stimulation.  
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Figure 3.3.1: IFNβ and IFN𝝀1 expression by CF and CF corrected BECs after infection with Af fixed hyphae 

and heat killed conidia. CF and CF corrected BECs were stimulated with poly(I:C) (100ug/ml) and 

infected with fixed Af hyphae (MOI=8) and heat killed Af conidia (MOI=8) for 3, 12 and 24 hours. RNA 

was isolated from washed cells an RT-PCR was carried out to assess expression of (A) IFN, (B) IFN 

and (C) IL-8.  
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As all experiments previously discussed were carried out using one CF cell line and its 

genetically corrected control, a second CF primary cell line with the F508del mutation was also 

infected with Af to rule out the possibility of a cell line specific defect. This cell line, along with 

a healthy BEAS-2B cells, were grown to air-liquid interface (ALI), meaning cell cultures 

consisted of pseudostratified epithelium including mucus producing goblet, ciliated, and basal 

cells and the formation of tight junctions. The interactions of the differentiated cells make ALI 

a more accurate model of the CF airway than a monolayer culture.  

The CF ALI culture followed a similar IFN and IFN1 expression pattern to the CF cells grown 

as a monolayer. Both IFN and IFN1 expression in the CF cells (Fig3.3.2 B, C) was much lower 

than that in the healthy cells (Fig3.3.2 A, C) after poly(I:C) stimulus and Af fixed hyphae and 

heat killed conidia infection at both 12 and 24 hours. Fixed hyphae stimulated IFN and IFN1 

expression in BEAS-2Bs, with more expression at 24 hours than 12, whereas poly(I:C) and heat 

killed conidia infection stimulated more IFN and IFN1 at 12 hours compared to 24 hours. In 

the CF cells, there was more IFN and IFN1 expressed at 12 hours compared to 24 hours in 

response to both fixed hyphae and heat killed conidia infection but at a much lower level than 

the healthy cells (fixed hyphae induced IFN relative expression was 290 compared to 6 in CF 

corrected and CF BECs respectively at 24 hours).  
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Figure 3.3.2: IFNβ and IFN𝝀1 expression in BEAS-2B cells and a primary CF epithelial cell line at ALI after 

Af fixed hyphae and heat killed conidia infection. Healthy (A, C, E) and CF BECs (B, D, E) were grown to 

ALI and were stimulated with poly(I:C) (100ug/ml) and infected with fixed Af hyphae (MOI=8) and heat 

killed Af conidia (MOI=8) for 12 and 24 hours. RNA was isolated from washed cells and RT-PCR was 

carried out to assess expression of IFN (A, B), IFN (C, D), and IL-8 (E, F). Data from three technical 

repeats.  
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3.4 – Discussion  

In this chapter the data has shown that exposure of healthy control BEAS-2B cells to Af heat 

killed conidia and fixed hyphae upregulates mRNA expression of IFN and IL-8 as well as 

secretion of IFN1. 12 hours of poly(I:C) stimulation revealed differential gene expression 

between CF and CF corrected BECs and distinctive ISG profiles. GSEA of the poly(I:C) 

stimulated cells showed type I ISG pathways were more prominent in CF corrected cells, 

whereas type II IFN and pro-inflammatory pathways were more prominent in CF cells. Protein-

protein network analysis confirmed upregulation of type I ISGs in CF corrected cells compared 

to CF cells. After 24 hours of poly(I:C) stimulation there was a greater number of changes in 

expression of type I and III ISGs in both CF and CF corrected cells and a greater overlap in 

expression patterns than 12 hours. GSEA 24 hours post poly(I:C) stimulation showed 

upregulation of type I IFN pathways in CF corrected cells as demonstrated at 12 hours post 

stimulation. The CF cells generated less of a bias towards the pro-inflammatory gene sets and 

showed a trend towards an increase in the type I IFN response gene sets. After 12 hours of 

fixed hyphae infection there were many ISGs differentially expressed with more genes being 

downregulated, however, the upregulated genes were more strongly upregulated. Important 

differences in ISGs include downregulation of IFIT1, IFIT3 and IFN2 in CF cells compared to 

all three genes being upregulated in CF corrected cells. CF corrected cells expressed the 

monocyte chemoattractant, CXCL3, at a higher level than the CF cells, a fold change of 44.45 

compared to 19.72 respectively. CF cells expressed the neutrophil chemoattractant CXCL8 at 

a higher level than CF corrected cells with fold changes of 18.87 and 3.97 respectively, and 

CXCL2, another powerful neutrophil chemoattractant, was expressed by CF cells at a fold 

change of 25.55 but not expressed by CF corrected cells. GSEA revealed upregulation of 
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TRAF6-mediated IRF7 activation, JAK-STAT1/2 signalling and type I ISG related gene sets in CF 

corrected cells, with none of these gene sets being upregulated in CF cells. Protein to protein 

interaction network analysis revealed more type I ISGs, TRAF6-mediated IRF7 activation 

pathway genes and JAK-STAT1/2 signalling genes in the CF corrected network compared to the 

CF network. At 24 hours post hyphae infection there was more overlap in the ISG signature 

between the CF and CF corrected cell lines compared to 12 hours. However, in the protein-

protein interaction network analysis the type I IFN, TRAF6-mediated IRF7 activation pathway 

genes and JAK-STAT1/2 signalling genes were more prominent in the CF corrected cells than 

CF. During heat killed conidia infection at 12 hours there was little overlap of ISGs between 

the two cell lines compared to hyphae infection and the CF corrected cells expressed more 

ISGs than CF. Notably, the only overlapping ISG was the neutrophil chemoattractant CXCL8 

and the CF cells significantly downregulated IFN3 by a fold change of 2.69. There was 

enrichment of inflammatory gene sets in both cell lines when analysed using GSEA and a trend 

towards type I IFN gene sets in the CF corrected cell line but not the CF. Again, protein-protein 

interaction network analysis showed a type I ISG profile in the CF corrected cells but not in the 

CF cells. RT-PCR confirmation of the downregulated type I and III IFN response observed in the 

RNA sequencing analysis was completed at both monolayer and ALI in two different CF BEC 

lines and showed CF BECs expressed significantly less IFN and IFN than their respective non-

CF controls at 3, 12 and 24 hours post poly(I:C) stimulation and Af infection in the form of fixed 

hyphae and heat killed conidia.   

Data in this chapter confirms that Af infection stimulates a type I and III IFN response and that, 

in cells with a CFTR mutation, there is a reduction in this response. The reduction in the IFN 

response in cells with a CFTR mutation was first confirmed using a poly(I:C) stimulus at 12 and 
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24 hours. At 12 hours post stimulation, there was significantly fewer ISGs significantly 

expressed in cells with a CFTR mutation and of the 14 that were expressed by the CF cells, 

only 7 overlapped with the 22 ISGs significantly expressed by the CF corrected cells. Those 

that overlapped did include some key ISGs such as IFIH1, IFIT1, and IL7R, however, the CF cells 

did not express OAS1, IFN1, and IFN3 while the CF corrected cells did. Network and GSEA 

analysis confirmed these findings, with type I and III IFN related pathways significantly 

enriched by the CF corrected cells, but not the CF cells. At 24 hours post poly(I:C) stimulation 

there were 4 more ISGs significantly downregulated by the CF cells compared to the CF 

corrected cells and the same amount of upregulated ISGs. 31 of the total 48 differentially 

expressed ISGs in the CF cells were overlapping with the CF corrected cells, suggesting less of 

a discrepancy of IFN response at 24 hours compared to 12 hours which had an overlap of 7 

out of 14. However, again IFN1 was upregulated by the CF corrected BECs and not the CF 

BECs. This was further confirmed by GSEA showing enrichment in two of the type I IFN 

response pathways by the CF cells. This could suggest that there is a delayed type I IFN 

response and an aberration of the type III IFN response in cells with a CFTR mutation, however, 

further work including time course infections would be required to confirm this finding.  

To then investigate this in response to Af infection the CF and CF corrected BECs were exposed 

to fixed Af hyphae for 12 and 24 hours. Af hyphae stimulated a strong ISG response, however, 

despite this there were more downregulated ISGs than upregulated at both time points. CF 

cells upregulated 25 ISGs while CF corrected cells upregulated 27 at 12 hours post stimulation, 

although little difference in the number of ISGs upregulated, CF corrected cells upregulated 

these genes in a stronger fashion. For example, CXCL3 was upregulated by a fold change of 

44.45 in CF corrected cells and 19.72 in CF cells. Of the top 25 upregulated ISGs only 5 genes 
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were overlapping which were CXCL3, CXCL8, IL6, IL23A and PMAIP1. Several key ISGs were 

upregulated by CF corrected cells and not CF cells, such as ISG15, IFIH1, and IFIT2. 

Furthermore, IFN2 was significantly downregulated by a fold change of 4.92 in CF cells. The 

reduction in activation of the IFN response in CF cells compared to CF corrected was further 

confirmed with GSEA which revealed CF corrected cells showed upregulation of 3 IFN related 

gene sets as well as the TRAF6 mediated IRF7 activation gene set involving 30 genes. The CF 

cells, however, showed downregulation of Hecker IFNB1 targets and TRAF6 mediated IRF7 

activation gene sets. This highlights a potential pathway that is dysregulated in cells with a 

CFTR mutation and was also observed in network analysis of all the upregulated genes after 

infection. Similarly to poly(I:C) stimulation, the CF IFN response at 24 hours more closely 

mirrored that of the CF corrected cells, providing further information to suggest a delayed 

response rather than dysfunctional. Functional enrichment of the network analysis at 24 

hours did reveal a discrepancy in the TRAF6 mediated IRF7 activation between the CF and CF 

corrected cells with 5 genes in the CF corrected network and only 1 in the CF network. Despite 

the IFN response at 24 hours to both poly(I:C) and Af fixed hyphae still containing some 

differences between the two cell lines, there was a pattern towards the CF cells have a more 

similar ISG signature with the CF corrected cells and more of a discrepancy at 12 hours than 

24 hours. The relevance of timing and strength of the IFN response in pathogen protection 

has been highlighted in the recent SARS-CoV-2 pandemic in which impaired IFN production 

related to poor viral clearance and overexpression of type I IFN contributed to the cytokine 

storm observed in severe cases(336, 343). Mouse models have shown type I IFN treatment to be 

effective at early stages of infection, but treatments at later-stage infection exacerbated the 

immune response and resulted in poor outcomes(335). Furthermore, some clinical studies have 
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shown the importance of timing of exogenous type I and III IFN treatment in the clinical 

outcomes of COVID-19 patients(335, 337).  

CF and CF corrected cells were also infected with Af heat killed conidia for 12 hours to assess 

the response to different forms of Af morphology. The heat killed conidia stimulated less of 

an IFN response than both poly(I:C) and Af fixed hyphae. When the resting conidia is heat 

killed at 90C the hydrophobic rodA layer and the cell wall is disrupted, allowing exposure of 

the fungal cell wall components and DNA. Af hyphae has no protective RodA layer and a 

distinct cell wall composition to swollen conidia, therefore, it reveals many other fungal cell 

wall components such as glycans and lipids, giving rise to different IFN responses between the 

heat killed conidia and fixed hyphae infections(98, 132). Interestingly, of the differentially 

expressed ISGs after heat killed conidia infection, only one gene overlapped between the two 

cell lines. CXCL8 was the overlapping gene, upregulated by a fold change of 5.43 in CF 

corrected cells and 3.13 in CF cells. CXCL8 is heavily involved in neutrophil activation and 

chemotaxis which have been discussed as important effector cells in the clearance of fungal 

infection(350). Interestingly, IFN3 was significantly downregulated by a fold change of 2.69 in 

CF cells in response to heat killed conidia and, with a downregulation of IFN2 in response to 

fixed hyphae, this provides evidence of a downregulated type III IFN response in CF cells during 

fungal infection. NLRC3 was upregulated by the CF cells by a fold change of 4.51 after heat 

killed conidia infection which has been defined as a negative regulator of the immune 

response, including downregulating IFN signalling. NLRC3 is a member of the NLR family, first 

discovered in 2005 it is found only in the cytoplasm of cells both in the presence and absence 

of infection(351). When overexpressed, NLRC3 can interact with TRAF6 to both inhibit its 

activation and promote its degradation through the proteasome, possibly determining a 
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mechanism by which the TRAF6 mediated IRF7 activation is downregulated in CF cells(352). 

Furthermore, NLRC3 has been shown to directly interact with both STING and TBK1, 

preventing STING/TBK1 dimerization and signalling, as well as blocking the trafficking and 

translocation of STING to the nucleus, which is essential or activating the production of type I 

and III IFN(353). In the presence of overexpressed NLRC3, both STING and TLR9 have been 

shown to reduce activation of the IFN response and instead over activate the NF-B response, 

which can amplify the inflammatory response both during and after infection, leading to 

exacerbation of chronic inflammation which is already observed in CF. This gene was not 

upregulated in CF corrected cells(354, 355). Work concerning this protein will be further 

discussed in the final discussion chapter (Chapter 7).  

Multiple studies have shown a downregulated or delayed type I IFN response in cells with a 

CFTR mutation in response to viral and bacterial infections. As discussed in section 1.1.2, cells 

with a CFTR mutation have shown both lower expression of IFNs, their related ISGs, and PRRs 

related to their signalling such as TLR3, RIG-I, and MDA5 in response to rhinovirus and 

poly(I:C)(31). P.a. infected CF BECs also showed reduced IFN expression, and in rhinovirus and 

P.a. co-infection both the type I and III IFN response was shown to be even lower(39). In 2018, 

the first paper was published highlighting the importance of both the type I and III IFN 

response in Af infection (Section 1.2.4.2), and further work on this has highlighted 

MDA5/MAVs signalling to be key in this response(163, 174). Despite the growing evidence 

importance of the type I and III IFN in fungal infection and the dysfunction of this response in 

CF, this is the first piece of work to show there is a downregulated or delayed type I and III IFN 

response to Af in cells with a CFTR mutation.  
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The downregulation of the type I and III IFN response in the CF BECs was confirmed using both 

monolayer and ALI cultures and RT-PCR of IFN and IFN1. Due to time restraints, only one 

experiment using the ALI culture was completed so despite technical repeats, there was only 

one experimental repeat. Another casualty of the time constraint was the lack of barrier 

integrity measurements for the ALI and inability to confirm the differentiation of the ALI with 

anything other than a visual aid. Other limitations of this work include being unable to use live 

fungal stimulus. As described in section 1.2.1, Af transitions through multiple morphologies 

during its life cycle, and due to BECs alone being unable to effectively control Af infection, heat 

killed or fixed fungus had to be used(98). Optimisation assays revealed that heat killed conidia 

and fixed hyphae initiated the largest IFN response and provides two different morphological 

forms of Af to mirror the natural progression of invasive infection. To address this in the future, 

an ALI BEC/neutrophil co-culture could be used alongside live fungal infection at an MOI of 

0.1-0.5 as this would be better controlled. Although heat killed conidia provided a strong IFN 

response in the healthy cells during optimisation, there was less of a response observed in the 

CF corrected and CF BECs. If repeating this experiment, a higher MOI would be used to provide 

more of a response and allow for more differentially expressed genes and larger networks. 

Furthermore, when completing network analysis, filtering was required to reduce the size of 

the networks and focus the analysis on the immune response. To do this, all ribosomal genes 

were removed, alongside genes related to protein translation and cell growth. Although some 

of these genes could be involved in the immune system, it was decided to remove them for 

the purpose of this study. Similarly to this, the STRING database was used for functional 

enrichment analysis on the networks, however, this function is limited to known pathways 

and gene sets and did not include a gene set for type III IFNs so providing a limitation on this 

work.  As there was evidence suggesting a delayed IFN response rather than a dysregulated 
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one in both fixed hyphae and poly(I:C) infection and stimulation, time course infection studies 

should be carried out to confirm this. Finally, more extensive protein work should be carried 

out to confirm some of the findings, for example, the assessment of other type I and III IFNs 

such as IFN and IFN2/3, as well as other signalling associated genes such as NLRC3, TRAF6, 

IRF7, cGAS, JAK and STAT1/2.  

In conclusion, this chapter shows evidence for a reduced type I IFN response at 12 hours post 

infection and stimulation, and a more similar type I ISG signature at 24 hours as well as a 

downregulated type III IFN response at both time points in CF BECs compared to CF corrected 

BECs during Af infection. This provides the foundation for the possibility of type I and III IFN 

to be used as an immunotherapeutic agent during fungal infection in CF and shows evidence 

suggesting NLRC3 overexpression and TRAF6 mediated IRF7 activation are possible 

mechanisms for this dysfunction.  
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Chapter 4: Effect of CFTR modulator combination therapy on 

the cystic fibrosis bronchial epithelial cell immune response to 

Aspergillus fumigatus  

4.1 – Optimisation of CFTR modulator combination therapy in CF 

bronchial epithelial cells  

17 years since the discovery of the first CFTR modulator, ivacaftor (VX-770), and 4 years since 

their introduction onto the NHS, CFTR modulators have had a profound impact on the clinical 

treatment and presentation of CF. Phase 3 trials of Kaftrio, the commercial name for 

elexacaftor/tezacfator/ivacaftor combination therapy, showed a 14.3% increase in FEV, a 

measure of lung function, and a 63% reduction in the rates of pulmonary exacerbations 

requiring hospitalisation and intravenous antibiotics(356). While their effect on the chloride and 

bicarbonate channel is well documented, how these small molecule correctors influence the 

CF immune system is yet to be reported (discussed in section 1.1.4). Therefore, the impact of 

CFTR modulator combination therapy on the CF type I and III response to Af was investigated. 

Due to the CFTR dependent type I and III IFN defect identified in the previous chapter, it was 

hypothesised that CFTR modulator combination therapy would positively impact type I and III 

IFN response in CF BECs after Af infection. This hypothesis was assessed through 

establishment of a BEC Af infection model with addition of CFTR modulators, RNA sequencing 

analysis of this infection and treatment model, and confirmation of RNA sequencing findings. 

Little data has been published regarding the cellular and plasma concentrations of CFTR 

modulators in patients receiving treatment. The limited data available reports huge variation 

between patients, sample type, and modulator type with cellular concentrations ranging from 
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0.01ng/ml to 1.65x105ng/ml(356-358). Clinically, for ivacaftor monotherapy the goal plasma 

concentration to maintain is 250ng/ml(357). Due to the variation of cellular and plasma 

concentrations reported on CFTR modulators during active treatment, concentration 

optimisation was carried out to determine the concentration the CF modulators that could be 

used to treat CF BECs without causing cytotoxicity or an inflammatory response. CF cells were 

treated with a range of concentrations of a combination of CFTR modulators, including 

tezacaftor, ivacaftor and elexacaftor at a 1:1:1 ratio. LDH results show that cytotoxicity begins 

to increase from 5ng/ml and continues to increase up to 80% at 20ng/ml. TNF ELISA data 

also shows there is TNF production from 5ng/ml and this increases as CFTR modulator 

concentration increases. Therefore, it was determined that a concentration of 0.33ng/ml of 

each individual CFTR modulator would be used, with a combined concentration of 1ng/ml.  

 

 

 

 

  
 

 

 

 

 

 

 

 

 

 

Figure 4.1.1: Cytotoxicity and proinflammatory cytokine release in CF bronchial epithelial cells after 

CFTR combination therapy. CF BECs were treated with a range of CFTR modulator combination therapy, 

including ivacaftor, tezacaftor and elexacaftor at a 1:1:1 ratio for 24 hours. (A) Cytotoxicity of this 

treatment was assessed using a LDH assay and (B) TNF release was assessed by ELISA. Data shown is 

from three technical replicates (n=1) as this is a confirmation of previous work from Louis Thewitt, a 

technician in the lab.  
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4.2 – Transcriptomic characterisation of the effects of CFTR modulator 

combination therapy on bronchial epithelial cells 

4.2.1 – Transcriptomic characterisation of the effect of CFTR modulator combination 

treatment on CF bronchial epithelial cells 

To begin the investigation on the effect of the CFTR modulator treatment on the CF BECs, the 

effect of the modulators without Af infection was assessed. All CF cells were treated twice 

with CFTR modulators at a combined concentration of 1ng/ml, once for 24 hours, and a 

second treatment for a further 12 hours. The double treatment was carried out because 

stimulated or infected cells were pre-treated with modulator therapy 24 hours prior to and at 

the time of stimulation/infection and, therefore, the control cells with just modulator 

treatment required the same double treatment. RNA was isolated and sent for bulk RNA 

sequencing. Between untreated CF BECs and the modulator treated CF BECs there were 1192 

differentially expressed genes (padj=0.01). Due to fewer differentially expressed genes than 

previous comparisons, Fig4.2.1.1 summaries the top 1000 differentially expressed genes after 

CFTR modulator treatment for 36 hours including all 29 ISGs from the curated list, highlighted 

in pink in the panel to the left. It is clear from the heatmap that the treatment significantly 

alters the gene signature of the CF cells, with several ISGs effected.  
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Figure 4.2.1.1: Gene expression heatmap of top 1000 genes differentially expressed after 36 hours of 

CFTR modulator combination therapy. CF BECs were treated with 1ng/ml of 

tezacaftor/ivacaftor/elexacaftor combination therapy for 36 hours and RNA isolated and sent for bulk 

RNA sequencing. Data were compared with unstimulated and untreated CF BECs cultured for 36 hours 

and significance was calculated using a student’s T-test. Heatmap was organised by hierarchical 

clustering based on mean gene expression. Each column represents a sample (n=3), and each row 

represents a gene (padj<0.01). ISGs are highlighted in pink on the left-hand panel.  
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To further assess the effect of the modulators directly on the ISG response, the differentially 

expressed genes were again cross referenced with the list of ISGs created using the Molecular 

Signatures Database explained in the methods (section 2.2.3.5). There were 93 significant 

differentially expressed ISGs (padj=0.05) from the list of 486 and Fig4.1.1.2 A shows the overall 

ISG expression 36 hours post modulator treatment, revealing a polar shift in the gene 

signature. To create a two-step filtration on the differentially expressed genes, the volcano 

plot shows the significantly differentially expressed genes that are upregulated or 

downregulated by a fold change >2. The volcano plot in Fig4.1.1.2 B shows that modulator 

treatment results in direct upregulation of IFN3 and IL24, the latter of which has direct effect 

on STAT1 and STAT3 signalling and control of cell survival and proliferation. Interestingly, there 

is direct downregulation of NLRC3 (Table4.2.1.1), a gene referred to in the previous chapter 

as being able to have direct effect on the ubiquitination of TRAF6 and STING trafficking and 

was upregulated by CF cells post Af infection.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 172 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.1.2: Differentially expressed ISGs of poly(I:C) stimulated CF and CF corrected BECs after 12 

hours. CF BECs were treated with combination modulator treatment consisting of 1ng/ml of 

tezacaftor/ivacaftor/elexacaftor (1:1:1 ratio) for 36 hours. RNA was isolated and sent for bulk RNA 

sequencing.  (A) Heatmap was organised by hierarchical clustering based on mean gene expressed and 

includes only significantly differentially expressed genes from a curated list of 486 ISGs using ANOVA. 

Each column represents a sample (n=3), and each row represents a gene. (B) Volcano plot representing 

differentially expressed genes from the same list of 486 ISGs, determined using a student’s t-test 

(padj<0.05) and fold-change >2, represented as Log2(fold change). 

Table 4.2.1.1: Differentially expressed ISGs in CF BECs after CFTR modulator combination therapy for 36 

hours. Upregulated genes are in red cells and downregulated in blue (padj<0.05; fold change >2). 

CF BECs 

Gene Symbol Padj Fold Change  
SHC4 0.042 7.13 

IL24 0.039 3.75 

IFNL3 0.023 3.11 

IDO1 0.049 2.74 

TRIML2 0.045 2.51 

RPLP0P2 0.005 2.14 

PAMR1 0.002 -8.47 

NLRC3 0.047 -3.73 

LMO2 0.005 -3.38 

SYT12 0.031 -2.00 

Log2(fold change) 
-L

og
10

(p
) 

B                     

A                     

CF un CF + M un 
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4.2.2 – Transcriptomic characterisation of the effect of CFTR modulator combination 

treatment on the response to Poly(I:C) in CF bronchial epithelial cells 

4.2.2.1 – DEG analysis of the effect of CFTR modulator treatment on 12-hour Poly(I:C) 

stimulated CF and CF corrected bronchial epithelial cells   

To assess the effect of the modulator treatment on the CF immune response, CF cells were 

treated with modulators for 24 hours and subsequently stimulated with poly(I:C) for 12 hours. 

ANOVA analysis revealed 2332 differentially expressed genes (padj=0.01). Clustering analysis 

of the top 2000 differentially expressed genes reveals the significant impact the CFTR 

modulators have on the CF BEC gene signature post poly(I:C) stimulation. Of the 2000 

differentially expressed genes, there are 95 ISGs included in this expression panel, with many 

clustered around areas of differing expression.  
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Figure 4.2.2.1: Gene expression heatmap of top 2000 genes differentially expressed after CFTR 

modulator treatment and poly(I:C) stimulation for 12 hours. CF BECs were treated with combination 

modulator treatment consisting of 1ng/ml of tezacaftor/ivacaftor/elexacaftor (1:1:1 ratio) for 24 hours 

prior to, and again alongside poly(I:C) stimulation (100g/ml) for 12 hours. Heatmap was organised by 

hierarchical clustering based on mean gene expression. Each column represents a sample (n=3), and 

each row represents a gene (padj<0.01). ISGs are highlighted in pink on the left-hand panel. 

Significance was calculated using ANOVA. 
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After cross-referencing these differentially expressed genes with the list of ISGs, the shift in 

the ISG signature post modulator treatment became clear (Fig4.2.2.2 A). Of the 486 ISGs, 216 

were differentially expressed calculated by ANOVA (padj=0.05) between the modulator 

treatment and stimulation. 54 ISGs were differentially expressed following poly(I:C) 

stimulation with modulator treatment and 53 ISGs without, 87 were differentially expressed 

both with and without modulator treatment (Fig4.2.2.2 B) when data was compared to 

respective unstimulated and untreated controls. When filtering according to the Log2(fold 

change) >2 it became clear that there were more ISGs expressed after poly(I:C) stimulation 

with modulator treatment compared to without. 12 ISGs were upregulated after poly(I:C) 

stimulation by the CF cells without modulator and 2 were downregulated, and 25 after 

modulator treatment with 5 downregulated.  
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Figure 4.2.2.2: Differentially expressed ISGs after CFTR modulator treatment and poly(I:C) stimulation 

for 12 hours. CF BECs were treated with combination modulator treatment consisting of 1ng/ml of 

tezacaftor/ivacaftor/elexacaftor (1:1:1 ratio) for 24 hours prior to, and again alongside poly(I:C) 

stimulation (100g/ml) for 12 hours. (A) Heatmap was organised by hierarchical clustering based on 

mean gene expression and only includes genes from a list of 486 ISGs. Each column represents a 

sample (n=3), and each row represents a gene (padj<0.05). Significance was calculated using ANOVA. 

(B) Venn diagram of differentially expressed ISGs compared to uninfected control of named condition 

representing overlap of ISG signature in CF BECs with and without modulator treatment. Volcano plots 

representing differentially expressed genes from the same list of 486 ISGs for poly(I:C) stimulated CF 
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cells (D) with modulator treatment and (C) without modulator treatment, determined by student’s t-

test padj<0.05 and fold change >2. 

 

Importantly, IFN1 was upregulated by a fold change of 2.75 after modulator treatment, but 

not upregulated at all without. Some key ISGs were also only upregulated after treatment, 

namely ISG15 and IFIT2. C1S was upregulated by CF cells post poly(I:C) stimulation without 

modulator treatment, but not with. C1S is a key constituent of the complement 

subcomponent C1 which activates pro-inflammatory peptide C5a which has been shown to 

be upregulated in CF soluble fractions(29). C5a has been related to increased inflammation and 

a reduced BMI in children with CF. IL-24 was downregulated after poly(I:C) stimulation with 

modulator treatment, despite it being upregulated by modulator treatment alone 

(Table4.2.1.1). Over expression of IL-24 is associated with hyper inflammatory states, auto-

immune diseases and tissue damage caused by immune cell infiltration. 
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Table 4.2.2.1: All differentially expressed ISGs in poly(I:C) stimulated CF cells with and without CFTR 

modulator treatment. Overlapping genes are highlighted in yellow, upregulated genes are in red cells 

and downregulated in blue (padj<0.05; fold change >2).   

 

 

 

 

 

 

 

 

 

 

 

 

 

CF BECs CF BECs + Modulators 

Gene Symbol P(adj) Fold Change Gene Symbol P(adj) Fold Change 

FGF5 0.025 4.75 PAMR1 0.001 10.48 

GBP5 0.011 3.65 GBP5 0.012 3.95 

HCAR3 0.014 3.48 SAMD9L 0.018 3.70 

IL7R 0.005 3.15 HCAR3 0.033 3.69 

IFIT3 0.006 2.60 IFIT3 0.001 3.37 

SAMD9L 0.042 2.39 LMO2 0.047 3.08 

SERPINB9 0.026 2.26 IFIT1 0.009 3.04 

DHX58 0.014 2.17 IL7R 0.000 3.04 

C1S 0.014 2.16 ISG15 0.000 3.00 

PMAIP1 0.006 2.09 IFNB1 0.035 2.75 

IFIH1 0.006 2.05 PLCG2 0.010 2.72 

IFIT1 0.045 2.02 DHX58 0.003 2.54 

PLD5 0.038 -3.27 TRANK1 0.031 2.51 

IDO1 0.019 -2.37 IFIH1 0.003 2.48 

   SAMD9 0.021 2.42 

   APOBEC3F 0.009 2.26 

   ZNFX1 0.003 2.26 

   ACE2 0.002 2.22 

   IFIT2 0.005 2.12 

   APOBEC3A 0.042 2.10 

   NMNAT2 0.004 2.09 

   PLEKHA4 0.042 2.05 

   IRF1-AS1 0.003 2.05 

   IL16 0.019 2.02 

   PMAIP1 0.000 2.01 

   SHC4 0.038 3.27 

   PLD5 0.038 2.81 

   ADAMTS6 0.003 2.39 

   IL24 0.035 2.37 

   RPLP0P2 0.030 2.10 
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4.2.2.2 – GSEA analysis of the effect of CFTR modulator treatment on 12-hour Poly(I:C) 

stimulated CF and CF corrected bronchial epithelial cells   

GSEA analysis further confirmed this as ‘Hecker IFNB1 Targets’ gene set was the only 

significantly enriched interferon related in CF BECs stimulated with poly(I:C) after modulator 

treatment (q=0.10; NES=1.45) but not without (q=0.4; NES=0.38) (Fig4.2.2.3). The ISG 

signature of the CF cells post modulator treatment with poly(I:C) stimulation doesn’t mirror 

that of the CF corrected BECs but seems to partially correct it. For example, ISG15 is not 

upregulated in the CF BECs, but it is in the modulator treated CF BECs by a fold change of 3, 

and by the CF corrected BECs by a fold change of 6.52 (Table 3.2.1.1).  
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Figure 4.2.2.3: Representative visualisation of GSEA of CF and CF corrected BECs stimulated with 

poly(I:C) for 12 hours with and without modulator treatment. (A) CF corrected BECs stimulated with 

100g/ml poly(I:C) for 12 hours showed enrichment of ‘Hecker IFNB1 Targets’ gene set (padj=0.01). 

(B) CF cells did not show enrichment of this gene set (padj=0.4). (C) CF BECs treated with combination 

modulator treatment consisting of 1ng/ml of tezacaftor/ivacaftor/elexacaftor (1:1:1 ratio) for 24 hours 

prior to, and again alongside poly(I:C) stimulation for 12 hours showed significant enrichment of this 

gene set (padj=0.1). Significance calculated using Student’s T-test. Gene set consists of 96 genes.  
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4.2.2.3 – Protein-protein interaction network analysis of the effect of CFTR modulator 

treatment on 12-hour Poly(I:C) stimulated CF and CF corrected bronchial epithelial cells   

Protein-protein network analysis on all upregulated genes after poly(I:C) stimulation with and 

without modulator treatment further confirmed the previous findings that more ISGs are 

upregulated post modulator treatment, with 17 ISGs compared to 14. Functional enrichment 

of these networks shows the ISGs that are upregulated without modulator treatment are 

expressed with a higher fold increase after modulator treatment, including OASL, ISG20, 

DDX58, DDX60 and IFI55 (Fig4.2.2.4).  
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Figure 4.2.2.4: Network analysis of 12 hours of poly(I:C) stimulation in CF BECs with and without 

modulator treatment. Network visualisation of significant immunity-associated proteins (padj<0.05 

and fold change >2), after 12 hours of poly(I:C) stimulation in (A) CF BECs and (B) CF BECs treated with 

combination modulator therapy. The nodes indicate genes, and the colour represents fold change. 

Functional enrichment analysis highlights the nodes involved in the type I IFN response (blue) 

(Cytoscape, stringApp). 
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4.2.3 – Transcriptomic characterisation of the effect of CFTR modulator combination 

treatment on the response to heat killed Af conidia infection CF bronchial epithelial cells 

4.2.3.1 – DEG analysis of the effect of CFTR modulator treatment on 12-hour heat killed 

conidia infected CF and CF corrected bronchial epithelial cells   

The effect of the modulator treatment on the immune response to fungal exposure was 

assessed by infecting modulator treated CF cells with heat killed conidia for 12 hours. ANOVA 

analysis revealed 2070 differentially expressed genes (padj=0.01). Clustering analysis of the 

top 2000 differentially expressed genes in the three repeats based on multigroup comparison 

shows distinct gene expression between modulator treated and untreated cells and between 

heat killed conidia infected cells with and without modulator treatment. 61 ISGs are 

highlighted in the left-hand panel of the heatmap (Fig4.2.3.1). 
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Figure 4.2.3.1: Gene expression heatmap of top 2000 genes differentially expressed after 12 hours of 

heat killed conidia infection and CFTR modulator treatment. CF BECs were treated with combination 

modulator treatment consisting of 1ng/ml of tezacaftor/ivacaftor/elexacaftor (1:1:1 ratio) for 24 hours 

prior to, and again alongside Af heat killed conidia infection (MOI=8) for 12 hours. Heatmap was 

organised by hierarchical clustering based on mean gene expression. Each column represents a sample 

(n=3), and each row represents a gene (padj<0.01). ISGs are highlighted in pink on the left-hand panel. 

Significance was calculated using ANOVA. 
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Investigating further into effect the CFTR modulator treatment has on the type I and III IFN 

response to heat killed conidia infection, a list of 486 ISGs was cross referenced with the 

differentially expressed genes previously discussed.  Fig4.2.3.2 A shows differences in the ISG 

signature post modulator treatment with some variation after heat killed conidia exposure 

and ANOVA analysis reveals a total of 125 differentially expressed ISGs (padj=0.05). With 134 

total differentially expressed ISGs (padj=0.05) after heat killed conidia exposure both with and 

without modulator treatment when data was compared to respective uninfected and 

untreated controls, only 26 overlapped with 54 being distinct after modulator treatment 

(Fig4.2.3.2 B).  
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Figure 4.2.3.2: Differentially expressed ISGs of heat killed conidia infected CF BECs for 12 hours with and 

without modulator treatment. CF BECs were treated with combination modulator treatment consisting 

of 1ng/ml of tezacaftor/ivacaftor/elexacaftor (1:1:1 ratio) for 24 hours prior to, and again alongside Af 

heat killed conidia infection (MOI=8) for 12 hours. (A) Heatmap was organised by hierarchical 

clustering based on mean gene expression and only includes genes from a curated list of 486 ISGs. 

Each column represents a sample (n=3), and each row represents a gene (padj<0.05). Significance was 

calculated using ANOVA. (B) Venn diagram of differentially expressed ISGs compared to uninfected 

control of named condition representing overlap of ISG signature in CF BECs with and without 

modulator treatment. Volcano plots representing differentially expressed genes from the same list of 
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486 ISGs for Af infected CF cells (D) with modulator treatment and (C) without modulator treatment, 

determined by student’s t-test padj<0.05 and fold change >2. 

 

With a further filter of a fold change of >2, there is no difference in the number of upregulated 

ISGs with modulator treatment, with the only variation in number of genes being that 4 are 

downregulated without and only 2 with modulator treatment. However, the ISGs that are 

differentially expressed vary drastically. Firstly, IFN3 is downregulated by the CF cells after 

heat killed conidia infection, however, with modulator treatment, IFN3 was upregulated by 

a fold change of 5.15. CXCL8 was significantly upregulated by CF BECs with heat killed conidia 

exposure, however, with added modulator treatment, CXCL8 was not upregulated. CXCL8 is a 

key neutrophil chemoattractant and as a key immunopathogenic feature of CF, reducing the 

influx of neutrophils to the CF airway could reduce the overall chronic inflammatory cycle. 

Finally, the downregulation of NLRC3 after heat killed conidia infection and modulator 

treatment prevents the ubiquitination of TRAF6 and allows normal trafficking of STING, 

therefore, could explain the mechanism by which the ISG signature is altered post 

combination modulator treatment. 

Table 4.2.3.1: All differentially expressed ISGs in CF and CF corrected BECs after heat killed conidia 

infection for 12 hours with and without CFTR modulator treatment. Overlapping genes are highlighted 

in yellow, upregulated genes are in red cells and downregulated in blue (padj<0.05; fold change >2). 

CF BECs CF BECs + Modulator 

Gene Symbol P(adj) Fold Change Gene Symbol P(adj) Fold Change 

FGF5 0.043 4.67 IFNL3 0.048 5.15 

NLRC3 0.021 4.51 ESM1 0.035 4.93 

CXCL8 0.005 3.13 CADPS2 0.046 2.68 

SNORD17 0.037 2.20 TRIML2 0.031 2.65 

IFNL3 0.049 -2.69 NLRC3 0.033 -4.38 

IDO1 0.047 -2.58 MAN1A1 0.049 -2.62 

PLD5 0.048 -2.47    

CADPS2 0.046 -2.46    
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4.2.3.2 – GSEA analysis of the effect of CFTR modulator treatment on 12-hour Poly(I:C) 

stimulated CF and CF corrected bronchial epithelial cells   

As explained in section 3.2.3, GSEA of the differentially expressed genes in the CF cells infected 

with heat killed conidia compared to uninfected controls showed enrichment of no IFN related 

gene sets. With modulator treatment there was still no interferon related gene sets that were 

significantly enriched, however, the ‘Hecker IFNB1 Targets’ gene set had padj value that was 

lower (padj=0.2) than before modulator treatment (padj=0.4).  

 

4.2.3.3 – Protein-protein interaction network analysis of the effect of CFTR modulator 

treatment on 12-hour Poly(I:C) stimulated CF and CF corrected bronchial epithelial cells   

Functional enrichment of the network analysis on all significantly upregulated genes after heat 

killed conidia infection in CF BECs shows that without modulator treatment there are no type 

I ISGs out of the 17 genes in the network. After modulator treatment, despite there only being 

5 genes in the protein-protein network, 3 were type I ISGs.  
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Figure 4.2.3.3: Network analysis of Af heat killed conidia infected CF BECs after 12 hours with and 

without CFTR modulator treatment. Network visualisation of significant immunity-associated proteins 

(padj<0.05 and fold change >2), after 12 hours of heat killed conidia infection in (A) CF BECs and (B) CF 

BECs with CFTR modulator treatment. The nodes indicate genes, and the colour represents fold 

change. Functional enrichment analysis highlights the nodes involved in the type I IFN response (blue) 

(Cytoscape, stringApp). 
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4.3 – Confirmation of IFN  and IFN1 response in modulator treated 

CF bronchial epithelial cells after Aspergillus fumigatus infection 

To determine if the rescue of the type I and III response due to the CFTR modulator treatment 

observed in the transcriptomics was due to increased expression of IFN and IFN1 expression 

in CF cells directly, RT-PCR of infected and modulator treated cells was carried out. Significantly 

higher IFN and IFN1 expression was observed after modulator treatment in poly(I:C) 

stimulated and heat killed conidia infected cells but not after fixed hyphae infection (Fig4.3.1). 

However, when compared to the IFN and IFN1 expression in the CF corrected BECs with the 

same stimulation (Fig3.3.1), the levels of expression after modulator treatment are not as 

high, for example, heat killed conidia infection resulted in a fold increase of 32 of IFN1 

expression in CF corrected cells after 12 hours, but only a fold change of 5 in modulator treated 

CF cells. This suggests a partial rescue of the type I and III IFN response with modulator 

treatment after poly(I:C) stimulation and heat killed conidia infection, but not fixed hyphae 

infection.  
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Figure 4.3.1: IFNβ and IFN𝝀1 expression by CF BECs after infection with Af fixed hyphae and heat killed 

conidia and combination CFTR modulator therapy. CF and CF corrected BECs were stimulated with 

poly(I:C) (10ug/ml) and infected with fixed Af hyphae (MOI=8) and heat killed Af conidia (MOI=8) for 

3, 12 and 24 hours. 24 hours prior to infection the CF BECs were treated with 1ng/ml of modulator 

combination treatment at a 1:1:1 ratio. RNA was isolated from washed cells an RT-PCR was carried out 

to assess expression of (A) IFN, (B) IFN and (C) IL-8. 
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4.4 – Discussion 

The main findings in this chapter were that modulator treatment influences the IFN response 

in the absence of Af infection, upregulating 7 ISGs, most notably IFN3. Alongside poly(I:C) 

stimulation, CFTR modulator treatment resulted in the upregulation of more than double the 

amount of ISGs expressed by the CF BECs (12 compared to 25) as well as increasing their 

expression. GSEA analysis confirmed this finding with significantly enriched IFN pathways 

and network analysis displays similar results with the upregulated ISGs more significantly 

expressed after modulator treatment when compared to poly(I:C) treatment alone. In the 

presence of Af infection there wasn’t an increase in the number of ISGs expressed, however, 

multiple ISGs that were downregulated in the CF cells were then upregulated after modulator 

treatment and vice versa. For example, IFN3 was downregulated after fungal infection in CF 

cells but upregulated after fungal infected in the presence of modulator treatment and NLRC3 

was upregulated in the absence but downregulated in the presence of modulators. Although 

there was no significance in the GSEA, the gene sets relating to the type I IFN response were 

trending towards significance after modulator treatment. Finally, the network analysis shows 

very clearly that there are no ISGs in the absence of modulator treatment but that there are 

3 out of 5 genes that are ISGs in the presence of modulator treatment during fungal infection. 

These results were confirmed using RT-PCR to assess the expression of IFN and IFN1 which 

showed significantly increased IFN and IFN1 expression after heat killed conidia infection 

and poly(I:C) stimulation but not fixed hyphae infection.  

The data showed that CFTR modulator treatment influences ISG expression both in the 

presence and absence of stimulation or Af infection. In the absence of stimulation or infection, 

CFTR modulator treatment stimulated upregulation of 6 ISGs including SHC4 which is involved 
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in signalling from PRRs to stimulate the inflammatory response and IL-24 which is involved in 

both the pro-inflammatory response and the regulation of it. IDO1 is involved in modulating 

the immune response, particularly regulating T-cell function, and immune tolerance, so 

priming towards the protective Th1 response and away from the Th2 response that results in 

sensitisation in the CF lung(359, 360). Importantly, IFN3 was directly upregulated by the 

modulator treatment alone and is known for its potency among the type III IFNs, being 2-fold 

and 16-fold more potent that IFN1 and IFN2 respectively. IFN3 induces more anti-viral ISGs 

than IFN1 and IFN2, including genes such as IFN, TLR3, MYD88, and CXCL0. CFTR 

modulator also downregulated 4 ISGs, including PAMR1 which plays a role in the processing 

and stability of RNA during recognition and LMO2 which has a critical role in the differentiation 

of lymphocytes, specifically T-cells(361). Interestingly, NLRC3 is also downregulated whose 

negative regulation of the type I and III IFN response has already been discussed (section 3.4).  

When a poly(I:C) stimulus was applied to the CF cells alongside modulator treatment, there 

was a significant shift in ISG expression when compared to the poly(I:C) stimulation alone. 

There were 13 more ISGs significantly upregulated by a fold change >2 after modulator 

treatment compared to without, importantly IFN1 was upregulated by a fold change of 2.75 

with poly(I:C) stimulation and modulator treatment but it was not upregulated with poly(I:C) 

stimulation alone. Other genes that were only upregulated in the presence of modulator 

treatment involve ISG15 which can directly inhibit viral replication, activate, and recruit T-cells 

and NK cells, and regulate autophagy in infected cells(362). IFIT2 has similar functional abilities 

to ISG15 with an ability to directly reduce viral replication through binding viral mRNA and 

modulate the immune response to pathogens while also amplifying the antiviral state by 

enhancing IFN signalling and expression(363). IL16 is also upregulated by a fold change of 2.02 
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and is a key chemoattractant targeting neutrophils, monocytes, DCs and, importantly, Th1 

cells(364). Th1 bias of the Th1/Th2 axis is a crucial factor during fungal clearance, ensuring 

fungal killing and reducing the risk of sensitivity(233, 239).  

In the presence of Af heat killed conidia infection and modulator treatment, there was again 

a shift in ISG expression. IFN3 was significantly downregulated during infection without 

modulator treatment but significantly upregulated by a fold change of 5.15 after modulator 

treatment. IDO1 was downregulated by a fold change of 2.58 during infection alone, which 

would skew the Th1/Th2 ratio towards a sensitised Th2 bias, however, this gene was not 

significantly downregulated after modulator treatment(365). Another important gene that was 

upregulated during infection alone and downregulated by a fold change of 4.38 after 

modulator treatment was NLRC3.  

To my knowledge, one paper has been published on the effect of CFTR modulators on the type 

I IFN response. This paper by a group in Edinburgh was the first to show a CFTR-dependent 

dysregulation of the type I IFN response(41). They first showed a dysregulation of the type I IFN 

response in human monocyte-derived macrophages (HMDMs) cultured ex vivo from CF 

patients after stimulation with LPS. When they compared this response to patients who had 

been receiving Kaftrio treatment for 6 months or more they saw no significant difference of 

the type I IFN response. However, when they cultured the HMDMs in the presence of Kaftrio, 

they observed significantly increased expression of key ISGs such as MX1, IFIT3, and IFI44L 

after 24 hours of LPS stimulation compared to those cultured in its absence. The work in this 

chapter focuses on in vitro epithelial cells rather than ex vivo culture of primary monocytes 

and includes data indicating an impact on the type III IFN response as well as the type I IFN 

response assessed in this paper. In addition, their paper reported a completely reversible 
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response, which differs from the partial rescue shown in this thesis. This is the first work to be 

completed on this response in bronchial epithelial cells, in the context of fungal infection and 

with the additional assessment of the type III IFN response.  

To attempt to identify a target pathway effected by the CFTR combination therapy, pathways 

involved in the expression of the named ISGs whose expression was augmented by the 

treatment were assessed in literature. ISG15 induction has been reported after both type I 

and III IFN expression stimulated through TLR4/TRIF, cGAS/STING, and RIG-I/MAVs signalling 

resulting in IRF7 and IRF3 homodimer phosphorylation and subsequent IFN signalling(362). 

DNA-damaging or genotoxic reagents can also induce a DNA-damage response and p53 

induced ISG15 expression. IFN can induce expression of IDO1 through JAK1/TYK2 induced 

STAT1/2 signalling induced by activation of cGAS/STING, TLR4/TRAF6/IRF7, TLR4/TRIF/IRF3, 

and TLR3/7/8 signalling(359). The IFN3 bias post modulator treatment both in the absence 

and presence of heat killed conidia suggests activation of PRRs that are subcellularly localised 

in favour of type III IFN activation, for example, peroxisomal MAVS or plasma membrane TLR4 

signalling. Occhigrossi, et al., published evidence of a defect in the cGAS/STING/TBK1/IRF7 

signalling in the production of type I IFN, in which both ISG15 and IFN expression can be 

affected(42). Alongside the differential expression of NLRC3, known to target STING 

translocation, the cGAS/STING pathway is likely to be directly influenced by CFTR expression. 

However, it is likely there are several targets, this pathway could be an interesting topic of 

further investigation.  

Several limitations to this work have been discussed in the previous chapter, including lack of 

live fungal infection, restrictions when using the STRING database for network analysis and 

removal of certain sets of genes during network filtering. Furthering this, it was out of the 
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scope of this project to confirm the effectiveness of the CFTR modulators using a calcium flux 

assay due to price and time constraints. Instead, CFTR modulator concentrations were 

confirmed using cell death and pro-inflammatory cytokine assays alongside previous literature 

and correction of chloride channel function was assumed. Effectiveness was confirmed with 

the vast differential gene expression and upregulation of CFTR expression observed post 

modulator treatment with RNA sequencing.  

To continue the work presented in this chapter, specific RT-PCR confirmation experiments of 

the cGAS/STING signalling pathways could be completed to identify if there is a CFTR 

dependent defect in this pathway. Chloride channel functional assay would be completed to 

confirm restoration of chloride influx. Furthering this, nasal samples from patients with CF 

could be grown to ALI and infected with Af to observe if the same results are present in patient 

samples. This work has significant clinical impact as it allows confirmation of a CFTR-

dependent defect in the type I and III IFN response and lays the foundation in determining the 

mechanism surrounding this, revealing possible therapeutic targets. This allows for the 

possibility of completely restoring the type I and III IFN response in CF patients who are 

receiving CFTR modulator treatment and reveals possible immunotherapeutic alternatives for 

patients with CF who do not or cannot receive modulator treatment.  
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Chapter 5: Effect of Aspergillus fumigatus infection on PBMCs 

isolated from healthy donors and patients with cystic fibrosis  

Dendritic cells are known to be the most potent producers of type I and III IFN in the blood 

and recent literature describes the importance of monocytes and B cells in type I IFN 

release(366, 367). Furthermore, advances showing a type I IFN defect in CF bone marrow derived 

macrophages (BMDMs) in mice and human CF PBMCs in response to Pseudomonas 

aeruginosa was identified and shown to be corrected by 2’, 3’ cGAMP treatment(42). Therefore, 

to address aim 3 described in the introduction as the assessment of the type I and III IFN 

response to Af in PBMCs isolated from healthy donors and from patients with a CFTR mutation 

(section 1.4). It was hypothesised that there is a defect in the type I and type III IFN response 

in PBMCs isolated from patients with CF in response to Af.  

 

5.1 – Patient information  

Patients were recruited from the Royal Brompton and Harefield NHS Foundation Trust and 

Manchester University NHS Foundation Trust, Wythenshawe Hospital from two clinical 

studies, FREAL and TrIFIC, detailed in the methods (section 2.1.6). Table 5.1 shows the patient 

information for all samples used in this chapter. Patient information lacks details of all 

infections present across all patients or any previous infections the patient may have had.  

Table 5.1: Details of patients recruited for the four patient groups from FREAL and TrIFIC.  

Study 
Group 

Study Patient 
ID 

Age Sex CFTR 
mutation 

Underlying 
disease 

Infection(s) 
present 

Ethnicity 

CF with 
fungal 
disease 

FREAL 

RB023 39 M W126X/ 

V520F 

CF Aspergillus 
fumigatus 

White 
British 

RB024 37 F F508del/ 

F508del 
CF Scedosporium White 

British 
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RB027 33 M F508del/ 

F508del 
CF Rasamsonia White 

British 

TrIFIC 

RBH007 51 M R347P/ 

P67L 

CF Aspergillus 
fumigatus 

White 
British 

RBH024 34 F F508del/ 
L165S 

CF Aspergillus 
fumigatus  

White 
British 

CF 
without 
fungal 
disease 

TrIFIC 

RBH020 35 M F508del/ 

R117H+7T 

CF Pseudomonas 
aeruginosa 

White 
British 

RBH045 32 F F508del/ 

C2052delA 

CF Pseudomonas 
aeruginosa 

White 
British 

MFT024 22 M F508del/ 

I507del 
CF Pseudomonas 

aeruginosa 

White 
British 

MFT038 35 F F508del/ 
F508del 

CF Pseudomonas 
aeruginosa 

White 
British 

MFT086 25 M F508del/ 
N1303K 

CF Normal flora White 
other 

Non-CF 
with 
fungal 
disease 

FREAL 

RB002 45 F N/A Asthma Aspergillus 
fumigatus 

White 
British 

RB003 62 M N/A ARDS Aspergillus 
fumigatus  

Asian 

RB009 61 M N/A Asthma Aspergillus 
fumigatus  

White 
British 

RB037 35 M N/A Nil Aspergillus 
fumigatus  

White 
British 

RB048 64 F N/A Nil Aspergillus 
fumigatus 

White 
British 

Healthy 
donors  TrIFIC 

HD01 42 M N/A N/A N/A Asian 

HD02 25 F N/A N/A N/A White 
British 

HD03 58 M N/A N/A N/A White 
British 

HD04 40 F N/A N/A N/A White 
British 

HD05 37 M N/A N/A N/A White 
British 
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5.2 – Optimisation of Af infection model in PBMCs isolated from healthy 

donors 

To determine if the same defect is present after Af infection, a PBMC Af infection model using 

previously frozen PBMCs needed to be established. PBMCs from healthy donors were infected 

with an MOI of 2, 4 and 8 for 6 hours of both fixed hyphae and heat killed conidia. Reasons 

for these stimuli were described in chapter 1 (section 3.1). Heat killed conidia did not induce 

a type I or III IFN response to any MOIs used, however, fixed hyphae infection stimulated a 

dose dependent increase in both IFN and IFN1 expression. Due to poor RNA quality and 

quantity obtained from PBMCs infected at an MOI of 8, it was determined that, despite the 

significant increase in expression, this stimulus was too much for the cells. Therefore, it was 

decided that an MOI of 4 should be used moving forward.  
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Figure 5.2.1: IFNβ and IFN𝝀1 expression by healthy PBMCs after fixed and heat killed Af infection. 

Healthy PBMCs were thawed and left in PBMC media with benzonase for 2 hours. The media was 

subsequently changed and stimulus of fixed hyphae, heat killed conidia (MOI=2, 4 and 8) or poly(I:C) 

(50ug/ml) was added for 6 hours. RT-PCR was used to assess (A) IFNβ expression and (B) IFN𝝀1 

expression. All data was normalised to 18S RNA and fold change was calculated using the ∆∆CT method. 

Data from three independent experiments and are mean ± SD, *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. 

 

Once a MOI for infection was determined, a time point needed to be determined. Thawed, 

healthy PBMCs were infected with fixed hyphae at an MOI=4 for 6, 12 and 24 hours. Thawed 

PBMCs did not survive well past 12 hours, which was assessed by visualising the cells through 

a light microscope and collection of low concentrations of degraded RNA. Expression of IFN 

and IFN1 peaked at 12 hours after poly(I:C) stimulation, but there was minimal expression 

after fixed hyphae infection at this time point. From the data and the quality and quantity of 

RNA obtained post infection it was determined that 6 hours of infection with fixed hyphae at 

an MOI=4 was optimal.  

 

 

 

Poly(I:C)

Fixed hyphae

Heat killed conidia 

M
O
I=

2

M
O
I=

4

M
O
I=

8

M
O
I=

2

M
O
I=

4

M
O
I=

8

0

100

200

300

F
o

ld
 c

h
a
n

g
e
 o

f 
IF

N
b

**

**

**

**



 202 

 

  
 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2.2: IFNβ and IFN𝝀1 expression by healthy PBMCs after fixed Af hyphae infection. Healthy 

PBMCs were thawed and left in PBMC media with benzonase for 2 hours. The media was subsequently 

changed and stimulus of fixed hyphae (MOI=4) or poly(I:C) (50ug/ml) was added for 6, 12, and 24 

hours. RT-PCR was used to assess (A) IFNβ expression and (B) IFN𝝀1 expression. All data was normalised 

to 18S RNA and fold change was calculated using the ∆∆CT method. Data from three independent 

experiments and are mean ± SD, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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5.3 – CF PBMCs do not display the same defect in IFNβ and IFN𝝀1 

expression after Af infection that is present in CF BECs  

IFNβ, IFNλ1, TNFα expression and TNFα release from PBMCs stimulated with Af fixed hyphae 

(MOI=4) and poly(I:C) for 6 hours was studied in cells isolated from healthy donors, and 

patients using RT-PCR and ELISA. The patient groups were CF with fungal disease, CF without 

fungal disease, non-CF with fungal disease and healthy donors (n=5 across all groups). There 

was no significant difference in the IFNβ and IFNλ1 expression stimulated by both poly(I:C) 

and fixed hyphae between the groups (Fig5.3.1 A, B). This differs from the BEC data reported 

in chapter 3, suggesting a potential mucosal-specific defect. TNFα expression in CF patients 

with fungal infection was significantly higher when compared to the non-CF fungal infection 

patient group and healthy donors (Fig5.3.1 C). ELISA results showed significantly higher 

production of TNFα in the CF patients with and without fungal infection when compared to 

the non-CF fungal infection patient group (Fig5.3.1 D). This data correlates with published 

data showing the elevated inflammatory state in the CF lung detailed in the introduction. This 

work was performed in conjunction with Haina Zhang, an MSc student at Imperial College 

London.  
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Figure 5.3.1: Af infection in PBMCs isolated from patient groups. PBMCs were isolated from stated 

patient groups and frozen for storage. When appropriate, PBMCs were thawed and placed in PBMC 

media with benzonase for 2 hours and subsequently challenged with Af fixed hyphae (MOI=4) or 

stimulated with 50ug/ml poly(I:C) for 6 hours before the supernatant was collected and RNA was 

isolated from washed cells. RT-PCR was used to assess (A) IFNβ expression, (B) IFNλ1 expression and 

(C) TNFα expression. D. TNFα production was assessed by ELISA using culture supernatant. Each 

patient group contains n=5. Data are mean ± SD of 2 technical repeats, *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. 
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5.4 – Discussion 

The data in this chapter shows that healthy PBMCs produce IFN and IFN1 in response to 

fixed Af hyphae infection for 6 hours but do not respond to heat killed conidia. IFN was 

produced at higher concentrations than IFN1. When this expression was assessed in patient 

groups, there was no significant difference in the IFN or IFN1 expression between any 

group, indicating that the defect observed in the type I and III IFN response in CF bronchial 

epithelial cells is not present in CF PBMCs. TNFα expression was significantly higher in CF 

patients with fungal infection compared to non-CF fungal infection patients, indicating an 

elevated pro-inflammatory response in the CF patients. This finding was mirrored when 

assessing TNFα production by ELISA and revealed that even the CF patients without fungal 

infection produced significantly more TNFα than non-CF fungal infection and healthy donors 

alike.   

Occhigrossi et al. recently reported a defect in the IFN production in CF PBMCs post 

Pseudomonas aeruginosa infection when compared to healthy, however, they used freshly 

isolated PBMCs which could explain the difference in expression levels they reported, 

alongside the different stimulus(42). Several other studies highlight the importance for the type 

I and III IFN response to Af infection, using BAL from mouse models and human BECs but few 

studies directly assess this response in PBMCs isolated from healthy or CF patients, 

highlighting the novelty of this work(141, 163, 174).  

Limitations of the work in this chapter was based around the lack of patient samples and the 

speed of recruitment. This project began in 2020, and due to the COVID-19 pandemic, coupled 

with the introduction of CFTR modulators, CF patients required fewer hospital admissions, 
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were shielding, and transitioned to at home or virtual care. Recruitment for our clinical studies 

were shadowed by COVID-19 studies during 2020, meaning we began recruitment a year later 

and with a much slower uptake than initially expected. This left little time for optimisation and 

completion of PBMC experiments and smaller patient groups than desired. Furthermore, it 

was required to be less selective regarding patient demographics and clinical status than 

initially planned, resulting in more variation of CFTR mutations and infections present. 

Detailed infection history and current infections/co-infections present in all patients was also 

unknown, making comparisons more difficult. If circumstances were different there would 

have been more effort allocated to recruiting more patients with Af infection who possess the 

F508del mutation to restrict as much variation. Due to the unpredictable nature of patient 

recruitment and the length of time required for the infection experiment, storage and, 

therefore, freezing of the PBMCs was necessary. Thawing of frozen PBMCs can have more of 

an effect on some cell types than others, for example, dendritic cells do not withstand freeze-

thaws well, and with them being the largest producers of type I and III IFNs in PBMCs, this 

reduces a key cell population. Finally, due to time restraints, only the expression of IFN and 

IFN1 was assessed, leaving multiple type I and III IFNs expression levels unexplored. 

Therefore, increasing numbers of patients in the groups and amount of IFN targets measured, 

and development of a protocol using freshly isolated PBMCs would have been desirable and 

would be required to thoroughly investigate the type I and III IFN response in CF PBMCs.  

Overall, the lack of difference of IFN and IFN1 expression across the patient groups suggests 

there could be a mucosal specific defect in the IFN and IFN1 response in CF cells in response 

to Af infection when compared to healthy cells, so rejecting the hypothesis stated at the start 

of the chapter. Clinically, this could highlight the importance of administration of a potential 
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type I or III IFN therapy to the mucosal surface, rather than vascularly, so targeting the location 

of the defect and the source of Af colonisation.   
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Chapter 6: Effect of exogenous type I and III interferons on 

healthy and cystic fibrosis neutrophil fungal control and cell 

survival   

6.1 – Introduction  

Neutrophils are the most abundant leukocyte in the human blood and are essential for both 

the control of pathogens and the restoration of homeostasis of the host environment. 

Neutrophils are key elements of the first line antifungal immune response and can eliminate 

fungus through phagocytosis, oxidative burst, and formation of NETs (described in Section 

1.2.4.3)(368). After recruitment to the site of infection, neutrophils uptake Af conidia for 

intracellular killing, release NADPH oxidase-mediated ROS which can induce an apoptosis-like 

programmed fungal death and induce NET production to prevent or slow down fungal 

growth(369). A study conducted in 2018 by the Rivera lab revealed the importance of CCR2+ 

monocytes and their crosstalk with neutrophils, involving type I and III IFNs, in the priming 

and fungicidal ability of neutrophils in the mouse lung(163). Specifically, type I IFNs are required 

to successfully prime for the optimal production of type III IFNs by Ly6Chi monocytes, which 

then act directly on recruited neutrophils to promote fungicidal effector functions such as ROS 

production and their ability to restore homeostasis post infection.  

As described in the introduction (Section 1.1.2) a neutrophilic inflammatory environment 

precedes colonisation and infection in CF.  In addition, life span of neutrophil in CF respiratory 

samples is increased compared to non-CF samples, which in part is secondary to a reduction 

in apoptosis of CF neutrophils compared to healthy(52). Neutrophils express CFTR both on their 

phagolysosome membranes and cell surface membranes and with defective CFTR there is 
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reduced phagolysosome acidification and reduced fungal killing. Consequently, despite the 

elevated number, increased survival, and increased ROS production of neutrophils in the CF 

airway, there is defective control or killing of pathogens and a reduction in the neutrophilic 

homeostatic ability, contributing to the overall hyperinflammatory state(53).  

Therefore, it was hypothesised that type I and type III IFN may have a role in improving Af 

clearance and control of infection. To address this hypothesis this chapter aimed to:  

1. Optimise a neutrophil Af infection assay using freshly isolated healthy and CF 

neutrophils.  

2. Assess if the addition of type I and type III IFN improves control of Af infection through 

measuring: 

a. Fungal killing  

b. Cell cytotoxicity  

c. Mechanistic methods of fungal killing including NETosis and ROS production 
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6.2 – Optimisation of Af infection model in neutrophils isolated from 

healthy donors  

To determine the effect of Af infection on the neutrophil innate immune response, neutrophils 

had to be isolated from healthy donors and patients with CF from the Royal Brompton and 

Harefield NHS Foundation Trust. Neutrophils were isolated using polymorphprep within 30 

minutes of blood collection and the purity of the isolation was determined using flow 

cytometry. To accomplish this, cells were stained for surface markers CD3, CD19, CD14, CD56, 

CD123, CD11b, and CD66b. CD11b and CD66b are expressed by neutrophils but are not 

neutrophil specific, therefore, it was necessary to use a dump channel to gate out cells 

expressing the other mentioned markers which includes T-cells, B-cells, monocytes, NK cells, 

dendritic cells, eosinophils, and basophils. Cells were also stained with a Live/Dead stain to 

ensure cell viability. Initially, cells were gated by forward and side scatter, followed by gating 

out the doublets through forward scatter height and area (Fig6.2 A, B). Live cells were 

determined with the live-dead and all further cell percentages were calculated using the 

number of live cells (Fig6.2 C). The dump channel was used for to exclude CD11b and CD66b 

expression by the other immune cells mentioned (Fig6.2 D). Finally, the cells that were double 

positive for CD11b and CD66b were determined as neutrophils and the isolation was shown 

to have purity levels consistently above 94% (Fig6.2 E).  
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Figure 6.2: Representative flow cytometry gating strategy for isolation of neutrophils. All cells were first 

gated based on forward scatter area and side scatter area to determine the cells from the cell debris 

(A). Single cells were gated based on forward scatter area and forward scatter height to remove 

doublets (B). Live cells were selected for based on a positive control of cells stained with Live/Dead 

fixable aqua, dead cell stain kit (C). Cells were further gated on using a dump channel for CD3, CD19, 

CD14, CD16, CD56, and CD123 so gating out cell types such as B-cells, T-cells, NK cells, dendritic cells, 

monocytes, and macrophages (D). Finally, neutrophils were gated as double positive for CD11b and 

CD66 (E). From the original pool of all live cells gated in (C), 94% of cells were gated as neutrophils.  
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6.2.1 – Effect of exogenous IFN and IFN1 on fungal growth 

 

Before proceeding to assess the effect of the exogenous IFN and IFN1 on neutrophil 

function, the impact of both cytokines on kinetics of CEA10 (Fig 6.2.1) and dsRed (Fig6.2.2) 

was examined. Af conidia of both fungal strains were imaged using wide field microscopy for 

12 hours to assess conidial swelling and hyphal germination. Neither high or low 

concentration of IFN or IFN1 affected time from conidial swelling to hyphae germination. 

Both CEA10 and dsRed germinated at 5 hours on average and grew from an average of 4.3um 

and 4.9um at 0 hours to an average of 19.5um and 16.2um at 7 hours respectively (Fig6.2.1 

and Fig6.2.2 respectively).  
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Figure 6.2.1: The effect of IFN and IFN1 on CEA10 growth and germination. CEA10 was grown in the 

presence and absence of IFN or IFN1 or both at 1ng/l or 10ng/l for 8 hours in clear RPMI. The 

diameter of CEA10 conidia under all conditions were measured to show fungal swelling (A) and the 

time at which the fungus germinated was plotted for comparison across all conditions (B). 

Representative images of CEA10 conidia swelling and germinating were taken every hour (C). All 

images and analysis were completed on ImageJ, Fiji. Statistical significance was tested with two-way 

ANOVA for swelling data and student’s T-test for germination data. Data is from 3 experimental repeats 

(n=3). Error bars represent SD.  
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Figure 6.2.2: The effect of IFN and IFN1 on dsRed growth and germination. dsRed was grown in the 

presence and absence of IFN or IFN1 or both at 1ng/l or 10ng/l for 12 hours in clear RPMI. The 

diameter of dsRed conidia under all conditions were measured to show fungal swelling (A) and the 
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dsRed MFI was measured as another measure of fungal growth (B). The time at which the fungus 

germinated was plotted for comparison across all conditions (C). Representative images of CEA10 

conidia swelling and germinating were taken every hour (D). All images and analysis were completed 

on ImageJ, Fiji. Statistical significance was tested with two-way ANOVA for swelling data and student’s 

T-test for germination data. Data is from 3 experimental repeats (n=3). Error bars represent SD. 
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6.3 – Patient Information   

Chapter 3 describes data showing a downregulated or delayed type I and III IFN response in 

CF BECs when compared to CF corrected BECs. As previously described (Section 1.2.4.3), this 

response is essential in regulating antifungal neutrophil responses, therefore with a 

downregulation already shown it was investigated if a treatment of exogenous type I and III 

IFN could have a direct effect on neutrophil antifungal response. In order to assess this, 5 

healthy donors and 5 patients with CF were recruited from the Royal Brompton and Harefield 

NHS Foundation Trust under the TrIFIC clinical study, detailed in the methods (section 2.1.6).  

Table 6.3: Details of patients recruited from TrIFIC.  

Study 
Group 

Study Patient 
ID 

Age Sex CFTR 
mutation 

Underlying 
disease 

Infection(s) 
present 

Ethnicity 

CF with 
fungal 
disease 

TrIFIC 

RBH062 46 M F508del/ 
3011_3019del 

CF Aspergillus 
fumigatus 

White 
British 

RBH063 43 F p.Arg74Gln/ 

p.Arg297Gln 

CF Pseudomonas 
aeruginosa  

White 
British 

RBH064 20 F F508del/ 
F508del 

CF Staphylococcus 
aureus  

White 
British 

RBH065 32 F F508del/ 
F508del 

CF N/A White 
British 

RBH068 27 F F508del/ 
F508del 

CF Aspergillus 
fumigatus 

White 
British 

Healthy 
donors  TrIFIC 

HD01 42 M N/A N/A N/A Asian 

HD02 25 F N/A N/A N/A White 
British 

HD03 58 M N/A N/A N/A White 
British 

HD04 23 F N/A N/A N/A Asian 

HD05 27 M N/A N/A N/A Asian 
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6.4 – Effect of exogenous IFN and IFN1 on Neutrophil Function 

6.4.1 – Effect of exogenous IFN and IFN1 on healthy neutrophil function 

Once it was established that the exogenous IFN or IFN1 had no direct effect on fungal 

growth, their effect on healthy neutrophil antifungal response was investigated through 

assessing ROS production, NET production, cell survival and fungal killing.  Fungal CFUs were 

carried out as a measurement of fungal killing and addition of IFN1 at both concentrations 

and both IFN and IFN1 together at 10ng/l significantly reduced the number of CFUs after 

infection, so indicating increased fungal killing (Fig6.4.1 A). IFN alone had no significant 

impact on fungal CFUs. When cell cytotoxicity was observed as a measure for cell survival, 

exogenous IFN treatment alone had no significance, but cell cytotoxicity significantly 

increased with addition of exogenous IFN1 and both IFN and IFN1 together at both 

concentrations (Fig6.4.1 B). 
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Figure 6.4.1: The effect of IFN and IFN1 on healthy neutrophil fungal killing and cell survival. 

Neutrophils were isolated from 5 healthy donors and treated with either IFN, IFN1 or both together 

at a concentration of 1ng/l and 10ng/l both in the presence and absence of Af infection at an 

MOI=0.5 or MOI=1 where stated. Cytotoxicity was assessed using an LDH assay on the supernatant 

after 3 hours of Af infection (E). CFUs were obtained from lysates of neutrophils after 3 hours of 

infection with the presence of exogenous IFN treatments (F). Statistical significance was tested with 

two-way ANOVA for ROS data and student’s T-test for the rest of the data. Data is from 5 experimental 

repeats (n=5). Error bars represent SD. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  
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Uninfected neutrophils isolated from healthy donors had increased ROS production following 

addition of exogenous IFN and IFN1. ROS was significantly increased following PMA 

stimulation (positive control) and low dose IFN (1ng/l) but there was no significant change 

for any other condition (Fig6.4.2 A). Addition of IFN and IFN1 in the setting of fungal 

infection did not lead to any significant changes in ROS compared to positive PMA control 

(Fig6.4.2 B). As expected, ROS was significantly raised after infection and stimulation in 

comparison to uninfected controls. NETosis levels were significantly increased with addition 

of IFN/IFN1 at both concentrations and IFN1 at 10ng/l stimulated more NETs in the 

absence of fungal infection (Fig6.4.2 C). When NETosis levels were assessed after the addition 

of fungus, there was a much stronger response across all conditions (Fig6.4.2 D). Exogenous 

IFN at both concentrations during infection significantly reduced NET production when 

compared to just fungus alone, and IFN and IFN1 together at 10ng/l significantly increased 

NET production compared to fungus alone. 
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Figure 6.4.2: The effect of IFN and IFN1 on healthy neutrophil ROS and NET production. Neutrophils 

were isolated from 5 healthy donors and treated with either IFN, IFN1 or both together at a 

concentration of 1ng/l and 10ng/l both in the presence and absence of Af infection at an MOI=0.5 

or MOI=1 where stated. ROS production was quantified using a Tecan plate reader over 4 hours (240 

minutes) in the absence of fungal infection (A) and the addition of live swollen Af conidia at an MOI=1 

(B). NETosis was measured after 3 hours of exogenous IFN, IFN1 or both together with and without 

live swollen Af infection (MOI=0.5) by staining with SYTOXGreen DNA stain and imaging using a Zeiss 

CD7 fluorescent microscope. MFI of the SYTOXGreen was calculated and background of cells alone was 

removed from images without fungus and data was presented as a measurement of extracellular NETs 

(C). Where Af infection was present, a second normalisation step was carried out to remove the 

fluorescence of the fungus, therefore MFI measurements of images with Af alone were also subtracted 

and data was presented as a measurement of extracellular NETs (D). Statistical significance was tested 

with two-way ANOVA for ROS data and student’s T-test for the rest of the data. Data is from 5 

experimental repeats (n=5). Error bars represent SD. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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6.4.2 – Effect of exogenous IFN and IFN1 on cystic fibrosis neutrophil function 

After investigating the effects of exogenous IFN on healthy neutrophils revealed significant 

and interesting data, their effect on neutrophils isolated from patients with CF was next to be 

explored. When assessing fungal killing by measuring fungal CFU, IFN1 at 1ng/l significantly 

reduced the number of CFU, so indicating increased fungal killing (Fig6.4.3 A). The exogenous 

IFN treatments had no impact of cell cytotoxicity across all conditions and concentrations 

(Fig6.4.3 B).  
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Figure 6.4.3: The effect of IFN and IFN1 on CF neutrophil fungal killing and cell survival. Neutrophils 

were isolated from 5 patients with CF and treated with either IFN, IFN1 or both together at a 

concentration of 1ng/l and 10ng/l both in the presence and absence of Af infection at an MOI=0.5 

or MOI=1 where stated. CFUs were obtained from lysates of neutrophils after 3 hours of infection with 

the presence of exogenous IFN treatments (A). Cytotoxicity was assessed using an LDH assay on the 

supernatant after 3 hours of Af infection (B). Statistical significance was tested with two-way ANOVA 

for ROS data and student’s T-test for the rest of the data. Data is from 5 experimental repeats (n=5). 

Error bars represent SD. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  
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There was no significant difference between the baseline ROS in CF patients compared to 

control donors, however, baseline NET production was higher in CF patients compared to 

health donors. Exogenous IFN and IFN1 at both 1ng/l and 10ng/l significantly increased 

ROS production in CF neutrophils, but not to the same extent as the PMA stimulated positive 

controls (Fig6.4.4 A). When the exogenous IFNs were added alongside fungal infection, there 

was a significant increase of ROS production when compared to uninfected across all 

conditions but IFN1 at both 1ng/l and 10ng/l significantly reduced ROS production when 

compared to Af infection alone (Fig6.4.4 B). Due to the baseline activation of CF neutrophils, 

there were NETs produced by unstimulated and uninfected neutrophils. Exogenous IFN at 

1ng/l significantly reduced NET production in CF neutrophils when added alone, but IFN at 

10ng/l significantly increased production of NETs (Fig6.4.4 C). IFN1 alone had no significant 

impact on NET production, but when added with IFN at 1ng/l there was a significant 

increase. When the IFNs were added in addition to fungal infection, IFN had no significant 

effect at either concentration, but IFN1 at 10ng/l and both IFN and IFN1 together at 

1ng/l and 10ng/l concentrations significantly reduced NETosis when compared to Af 

infection alone (Fig6.4.4 D). 
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Figure 6.4.4: The effect of IFN and IFN1 on CF neutrophil ROS and NET production. Neutrophils were 

isolated from 5 patients with CF and treated with either IFN, IFN1 or both together at a 

concentration of 1ng/l and 10ng/l both in the presence and absence of Af infection at an MOI=0.5 

or MOI=1 where stated. ROS production was quantified using a Tecan plate reader over 4 hours (240 

minutes) in the absence of fungal infection (A) and the addition of live swollen Af conidia at an MOI=1 

(B). NETosis was measured after 3 hours of exogenous IFN, IFN1 or both together with and without 

live swollen Af infection (MOI=0.5) by staining with SYTOXGreen DNA stain and imaging using a Zeiss 

CD7 fluorescent microscope. MFI of the SYTOXGreen was calculated and background of cells alone was 

removed from images without fungus and data was presented as a measurement of extracellular NETs 

(C). Where Af infection was present, a second normalisation step was carried out to remove the 

fluorescence of the fungus, therefore MFI measurements of images with Af alone were also subtracted 

and data was presented as a measurement of extracellular NETs (D). Statistical significance was tested 

with two-way ANOVA for ROS data and student’s T-test for the rest of the data. Data is from 5 

experimental repeats (n=5). Error bars represent SD. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  
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6.4.3 – CF neutrophils produce more ROS and NETs in response to Af compared to 

healthy neutrophils  

The differing responses of CF and healthy neutrophils to Af infection was then assessed. CF 

neutrophils showed significantly less cytotoxicity than healthy neutrophils and their 

cytotoxicity seemed to be unaffected by the PMA and Af infection, unlike the healthy 

neutrophils (Fig6.4.5 B). The CF neutrophils had significantly fewer CFUs/ml after infection 

than healthy neutrophils, indicated increased fungal killing (Fig6.4.5 A). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4.5: Comparison of CF and healthy neutrophil fungal killing and cell survival. Neutrophils were 

isolated from 5 healthy donors and 5 patients with CF and infected with Af at an MOI=0.5 or MOI=1 

where stated and stimulated with PMA (20ng/l) as a positive control. Cytotoxicity was assessed using 

an LDH assay on the supernatant after 3 hours of Af infection (C). CFUs were obtained from lysates of 

neutrophils after 3 hours of infection (D). Statistical significance was tested with two-way ANOVA for 

ROS data and student’s T-test for the rest of the data. Data is from 5 experimental repeats (n=5). Error 

bars represent SD. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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CF neutrophils produced significantly more ROS after PMA stimulation and Af infection when 

compared to healthy neutrophils (Fig6.4.6 A). Despite the baseline NET production observed 

in the CF neutrophils, they continued to produce more NETs than healthy neutrophils after 

both PMA stimulation and Af infection (Fig6.4.6 B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4.6: Comparison of CF and healthy neutrophil ROS and NET production. Neutrophils were 

isolated from 5 healthy donors and 5 patients with CF and infected with Af at an MOI=0.5 or MOI=1 

where stated and stimulated with PMA (20ng/l) as a positive control. ROS production was quantified 

using a Tecan plate reader over 4 hours (240 minutes) after the addition of live swollen Af conidia at 

an MOI=1 (A). NETosis was measured after 3 hours of infection with live swollen Af infection (MOI=0.5) 

by staining with SYTOXGreen DNA stain and imaging using a Zeiss CD7 fluorescent microscope. MFI of 

the SYTOXGreen was calculated and background of cells alone and a second normalisation step was 

carried out to remove the fluorescence of the fungus, therefore MFI measurements of images with Af 

alone were also subtracted and data was presented as a measurement of extracellular NETs (B). 

Statistical significance was tested with two-way ANOVA for ROS data and student’s T-test for the rest 

of the data. Data is from 5 experimental repeats (n=5). Error bars represent SD. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. 
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6.4.4 – Healthy neutrophils respond more to exogenous IFN treatment after Af 

infection compared to CF neutrophils  

CF neutrophils showed significantly less cell cytotoxicity across all conditions, with and 

without fungus (Fig6.4.7 B). CFUs in the CF neutrophils were significantly lower in Af infection 

alone and after 1ng/l of IFN, but not after 10ng/l IFN as the CFU of the healthy 

neutrophils with the addition of 10ng/l IFN has reduced to an average of 1050 CFUs/ml, 

similar to the 995 CFUs/ml in the CF neutrophils (Fig6.4.7 A).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4.7: Comparison of the effects of IFN on Af infected healthy and CF neutrophil fungal killing 

and cell survival. Neutrophils were isolated from 5 healthy donors and 5 patients with CF and treated 

with IFN at a concentration of 1ng/l and 10ng/l both in the presence and absence of Af infection 

at an MOI=1. Cytotoxicity was assessed using an LDH assay on the supernatant after 3 hours of Af 

infection (A). CFUs were obtained from lysates of neutrophils after 3 hours of infection with the 

presence of exogenous IFN treatments (B). Statistical significance was tested with two-way ANOVA for 

ROS data and student’s T-test for the rest of the data. Data is from 5 experimental repeats (n=5). Error 

bars represent SD. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  
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When comparing the effect of the exogenous IFN, despite healthy neutrophils producing 

significantly more ROS than their uninfected control after addition of 1ng/l IFN, CF 

neutrophils produced significantly more ROS after 1 and 10ng/l IFN, both in the presence 

and absence of Af infection (Fig6.4.8 A, B). 10ng/l of IFN alone caused a significant increase 

of NET production in CF cells compared to neutrophils and when IFN was added with fungal 

infection, CF neutrophils also produced significantly more NETs than healthy cells (Fig6.4.8 C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4.8: Comparison of the effects of IFN on Af infected healthy and CF neutrophil ROS and NET 

production. Neutrophils were isolated from 5 healthy donors and 5 patients with CF and treated with 

IFN at a concentration of 1ng/l and 10ng/l both in the presence and absence of Af infection at an 

C 

B A 

0 50 100 150 200 250

0

2

4

6

8

Time (min)

R
e
la

ti
v
e
 R

O
S

 p
ro

d
u

c
ti

o
n

Healthy Uninfected 

CF Uninfected 

Healthy IFNβ 1ng/µl

CF IFNβ 1ng/µl

Healthy IFNβ 10ng/µl

CF IFNβ 10ng/µl

ns

****

****

0 50 100 150 200 250

0

2

4

6

8

10

12

Time (min)

R
e
la

ti
v
e
 R

O
S

 p
ro

d
u

c
ti

o
n

Healthy Uninfected 

CF Uninfected 

Healthy Af (MOI=1)

CF Af (MOI=1)

Healthy Af + IFNβ 1ng/µl

CF Af + IFNβ 1ng/µl
Healthy Af + IFNβ 10ng/µl

CF Af + IFNβ 10ng/µl

ns

****

****

****

IFNβ Af (MOI=0.5) Af + IFNβ

-2000

0

2000

4000

M
F

I

ns

**

** ****
***

1ng/ml 10ng/ml1ng/ml 10ng/ml

β β

Healthy

CF



 232 

MOI=0.5 or MOI=1 where stated. ROS production was quantified using a Tecan plate reader over 4 

hours (240 minutes) in the absence of fungal infection (A) and the addition of live swollen Af conidia 

at an MOI=1 (B). NETosis was measured after 3 hours of exogenous IFN with and without live swollen 

Af infection (MOI=0.5) by staining with SYTOXGreen DNA stain and imaging using a Zeiss CD7 

fluorescent microscope. MFI of the SYTOXGreen was calculated and background of cells alone was 

removed from images without fungus and data was presented as a measurement of extracellular NETs. 

Where Af infection was present, a second normalisation step was carried out to remove the 

fluorescence of the fungus, therefore MFI measurements of images with Af alone were also subtracted 

and data was presented as a measurement of extracellular NETs (C). Statistical significance was tested 

with two-way ANOVA for ROS data and student’s T-test for the rest of the data. Data is from 5 

experimental repeats (n=5). Error bars represent SD. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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6.4.5 – Healthy neutrophils respond more to exogenous IFN1 treatment after Af 

infection compared to CF neutrophils  

When assessing the differing effects of IFN1 in healthy and CF neutrophils with and without 

Af infection, it was clear that there was significantly less cell cytotoxicity in the CF neutrophils 

across all conditions compared to healthy (Fig6.4.9 B), but no significant difference in the 

CFU/ml in the CF or healthy neutrophils after IFN1 treatment at both 1 and 10ng/l (Fig6.4.9 

A).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4.9 Comparison of the effects of IFN1 on Af infected healthy and CF neutrophil fungal killing 

and cell survival. Neutrophils were isolated from 5 healthy donors and 5 patients with CF and treated 

with IFN1 at a concentration of 1ng/l and 10ng/l both in the presence and absence of Af infection 

at an MOI=0.5 or MOI=1 where stated. CFUs were obtained from lysates of neutrophils after 3 hours 

of infection with the presence of exogenous IFN treatments (A). Cytotoxicity was assessed using an 

LDH assay on the supernatant after 3 hours of Af infection (B). Statistical significance was tested with 

two-way ANOVA for ROS data and student’s T-test for the rest of the data. Data is from 5 experimental 

repeats (n=5). Error bars represent SD. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  
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IFN1 at 1 and 10ng/l alone induced significantly more ROS in the CF neutrophils compared 

to healthy (Fig6.4.10 A). Despite the reduction in ROS production when IFN1 was added in 

the presence of Af infection in CF neutrophils, they still produced significantly more ROS than 

the healthy cells in the presence of Af and Af with IFN1 (Fig6.4.10 B). IFN1 at both 

concentrations lead to CF neutrophils producing significantly fewer NETs than healthy 

neutrophils in the absence of Af infection, but significantly more NETs were produced by the 

CF neutrophils with IFN1 at 1ng/l in the presence of Af (Fig6.4.10 C).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4.10: Comparison of the effects of IFN1 on Af infected healthy and CF neutrophil ROS and NET 

production. Neutrophils were isolated from 5 healthy donors and 5 patients with CF and treated with 

IFN1 at a concentration of 1ng/l and 10ng/l both in the presence and absence of Af infection at an 
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MOI=0.5 or MOI=1 where stated. ROS production was quantified using a Tecan plate reader over 4 

hours (240 minutes) in the absence of fungal infection (A) and the addition of live swollen Af conidia 

at an MOI=1 (B). NETosis was measured after 3 hours of exogenous IFN1 with and without live swollen 

Af infection (MOI=0.5) by staining with SYTOXGreen DNA stain and imaging using a Zeiss CD7 

fluorescent microscope. MFI of the SYTOXGreen was calculated and background of cells alone was 

removed from images without fungus and where Af infection was present, a second normalisation step 

was carried out to remove the fluorescence of the fungus, therefore MFI measurements of images 

with Af alone were also subtracted and data was presented as a measurement of extracellular NETs 

(C). Statistical significance was tested with two-way ANOVA for ROS data and student’s T-test for the 

rest of the data. Data is from 5 experimental repeats (n=5). Error bars represent SD. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. 
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6.4.6 – Healthy neutrophils respond more to both exogenous IFN and IFN1 treatment 

together after Af infection compared to CF neutrophils  

When assessing the effects of treatment of both IFN and IFN1 together there was no 

significant difference between the CFUs/ml of the two types of cells treatment at both 

concentrations (Fig6.4.11 A). CF neutrophils showed lower cytotoxicity throughout all 

conditions than the healthy neutrophils (Fig6.4.11 B).  

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4.11: Comparison of the effects of both IFN and IFN1 on Af infected healthy and CF 

neutrophil ROS and NET production. Neutrophils were isolated from 5 healthy donors and 5 patients 

with CF and treated with IFN/IFN1 at a concentration of 1ng/l and 10ng/l both in the presence 

and absence of Af infection at an MOI=0.5 or MOI=1 where stated. CFUs were obtained from lysates 

of neutrophils after 3 hours of infection with the presence of exogenous IFN treatments (A). 

Cytotoxicity was assessed using an LDH assay on the supernatant after 3 hours of Af infection (B). 

Statistical significance was tested with two-way ANOVA for ROS data and student’s T-test for the rest 

of the data. Data is from 5 experimental repeats (n=5). Error bars represent SD. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001.  
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Significantly more ROS was produced by the CF neutrophils after treatment at both 

concentrations both in the presence and absence of fungal infection (Fig6.4.12 A, B). CF 

neutrophils produced significantly fewer NETs after IFN and IFN1 treatment in the presence 

of fungal infection, but there were no significant differences in the NET production with IFN 

and IFN1 alone (Fig6.4.12 C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4.12: Comparison of the effects of IFN/IFN1 on Af infected healthy and CF neutrophil ROS 

and NET production. Neutrophils were isolated from 5 healthy donors and 5 patients with CF and 

treated with IFN/IFN1 at a concentration of 1ng/l and 10ng/l both in the presence and absence 
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of Af infection at an MOI=0.5 or MOI=1 where stated. ROS production was quantified using a Tecan 

plate reader over 4 hours (240 minutes) in the absence of fungal infection (A) and the addition of live 

swollen Af conidia at an MOI=1 (B). NETosis was measured after 3 hours of exogenous IFN/IFN1 with 

and without live swollen Af infection (MOI=0.5) by staining with SYTOXGreen DNA stain and imaging 

using a Zeiss CD7 fluorescent microscope. MFI of the SYTOXGreen was calculated and background of 

cells alone was removed from images without fungus and where Af infection was present, a second 

normalisation step was carried out to remove the fluorescence of the fungus, therefore MFI 

measurements of images with Af alone were also subtracted and data was presented as a 

measurement of extracellular NETs (C). Statistical significance was tested with two-way ANOVA for ROS 

data and student’s T-test for the rest of the data. Data is from 5 experimental repeats (n=5). Error bars 

represent SD. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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6.5 – Discussion   

The data in this chapter shows exogenous IFN and IFN1 treatments have no effect on the 

swelling or germination of CEA10 or dsRed Af alone. When neutrophils were isolated from 

healthy donors and infected with Af, IFN1 treatment at both high (10ng/l) and low (1ng/l) 

concentrations and IFN/IFN1 treatment at the higher concentration (10ng/l) significantly 

decreased the number of CFUs collected after infection, signifying increased fungal killing. 

When observing cytotoxicity, there was significantly increased neutrophil cytotoxicity after 

IFN1 and IFN/IFN1 treatment at both concentrations when compared to fungal infection 

alone. Neutrophil killing involves several self-destructive mechanisms including NETosis, 

degranulation, and phagocytosis resulting in extensive oxidative burst which damages the cell. 

Therefore, the increase in cell cytotoxicity could be a direct consequence of increased 

neutrophil activation and fungal killing. To attempt to determine the mechanism of which 

fungal killing occurs, ROS and NET production where assessed. Low concentration IFN 

treatment (1ng/l) alone increased ROS production in the neutrophils isolated from healthy 

donors, but no other IFN or IFN1 treatments had a significant affect. When the IFN 

treatment was coupled with Af infection, none of the treatments had any significant effect 

when compared to fungal infection alone. When observing NET production in the presence of 

IFN treatments alone, the healthy neutrophils produced significantly more NETs after all 

treatments, with IFN1 initiating the strongest NETosis response. In the presence of Af 

infection, IFN at both high and low concentrations significantly reduced NET production and 

IFN/IFN1 at 10ng/l significantly increased NET production when compared to Af infection 

alone. When the same experiments were carried out in neutrophils isolated from patients 

with CF, only IFN1 treatment at high (10ng/l) concentration significantly reduced the CFU 
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count after infection and there was no significant difference in cell cytotoxicity across all 

treatments and infections. All IFN treatments alone significantly increased ROS production, 

and interestingly, in the presence of fungal infection, IFN1 treatment at both high (10ng/l) 

and low (1ng/l) concentrations significantly reduced ROS production when compared to Af 

infection alone. There was baseline neutrophil activation in the cells isolated from patients 

with CF, resulting in NET production by the uninfected cells and accounting for the negative 

results observed in Fig6.4.4 C. Low concentration IFN treatment significantly reduced 

NETosis, while high concentration IFN treatment significantly increased it. IFN1 treatment 

didn’t have a significant effect on NET production. IFN/IFN1 treatment significantly 

increased NET production at the lower concentration but had no effect at the higher 

concentration. In the presence of Af infection, high concentration IFN1 and both 

concentrations of IFN/IFN1 treatment significantly decreased NET production when 

compared to Af infection alone. Therefore, IFN has been shown to have a direct effect on 

antifungal neutrophil function in healthy neutrophils through reducing NET production but 

has no effect alone on fungal killing. IFN1 significantly improved fungal killing in healthy 

neutrophils and reduced neutrophil survival but had no significant effect on ROS or NET 

production in the presence of fungus. When IFN and IFN1 were used together, there was 

an increase in NET production at 10ng/l which resulted in an increase of fungal killing. In CF 

neutrophils, however, significant improvement in fungal killing was only observed at 10ng/l 

and this was coupled with an observation of reduced NETosis and ROS production.  

When comparing the neutrophil responses of those isolated from healthy donors and from 

patients with CF, there was significantly more fungal killing and reduced cell cytotoxicity 

observed in CF neutrophils. As described in section 6.1, increased neutrophil life span is a 



 241 

contributing factor to the neutrophilic inflammation observed in patients with CF. Increased 

fungal killing observed in the neutrophils isolated from patients with CF was an unexpected 

finding, however, this could be due to the CF neutrophils having already been exposed to and, 

therefore, primed towards an antifungal response whereas healthy neutrophils have not been 

exposed to Af before. Neutrophils isolated from patients with CF produced significantly less 

ROS and NETs compared to healthy without the presence of IFN treatments. Healthy 

neutrophils responded more readily to all IFN treatments compared to CF neutrophils.  

Espinosa et al., published the first paper linking antifungal neutrophil response to type I and 

III IFN responses(163). Their work used a mouse model to show that CCR2+ monocytes are 

required to produce type I IFNs to prime for type III IFN release which are required for optimal 

antifungal neutrophil ROS production and neutrophil specific deletion of IFNLR1 and STAT1 

increased mortality in mice due to invasive aspergillosis. Although they showed that human 

neutrophils also express IFNLR1, the rest of their work was in a mouse model and none of this 

has been linked to CF. Further work from this group shows dectin-1 is critical for the induction 

of the type I and III IFN response, however, all this work was carried out in mice(141).  Therefore, 

this is the first work showing IFN and IFN1 treatments can have a direct effect on human 

antifungal neutrophil responses and, importantly, increased fungal killing in both healthy and 

CF human neutrophils after IFN1 treatment.  

There is limited understanding on whether NETosis is essential for pathogen protection or if it 

contributes more to a damaging inflammatory response. Excessive NETosis has been linked to 

many neutrophilic inflammatory pathologies such as systemic lupus erythematosus and 

sepsis(370, 371). As described in the introduction (section 1.1.2), NETs consist of a meshwork of 

DNA, MPO, NE, lactoferrin-chelating proteins, and other pro-inflammatory molecules(372). 
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Therefore, they are a major source of inflammation as well as inducing coagulation through 

activating platelets(373). This can result in inflammation driven tissue damage and severe 

vascular injury and thrombosis. Increased levels of DNA in sputum from CF patients further 

increases viscosity of the mucus and is associated with increased disease progression and lung 

function decline. It is now known that a significant amount of this DNA is sourced from NET 

production(60). Despite their excess inflammatory properties, NETs have been shown to be able 

to trap and arrest fungal growth but have yet to be shown to kill fungus directly(369). The data 

in this chapter suggests NETs are more involved in inflammation than killing as conditions 

resulting in reduction of NETs also resulted in improved fungal killing.   

Limitations in this chapter include the number of patient samples used. As mentioned in the 

previous chapter, the COVID-19 pandemic limited recruitment time and frequency resulting 

in the smaller patient groups represented in this project. There is also variation in the CFTR 

mutations present in the CF patient samples, this was again a time specific issue that would 

have been avoided if possible. Furthermore, the ROS assay used measures the amount of 

hydroxl (OH), peroxides (O-O), and other ROS intermediates in the cell as one measurement, 

therefore, it was not possible to measure any differences between the composition of the ROS 

in the CF neutrophils compared to healthy neutrophils. Finally, due to the method used for 

NET production, it was not possible to look for mechanistic or timing differences between cell 

types and in different conditions as cells were fixed at 3 hours post infection for measurement. 

Further work would include larger patient groups and an assessment of neutrophil 

phagocytosis. As described in section 1.2.6, defective acidification of the phagolysosome 

through the lack of Cl- ions reacting with H2O2 and MPO to form HOCl is another key 

contributor to reduced microbe clearance in CF patients.  
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This work may have clinical implications, if addition of IFN1 is confirmed to improve fungal 

clearance, while reducing the overactive NET and ROS production and the resulting sustained 

inflammation in CF airway, this would be an effective alternative to antifungal treatments. The 

importance of this is furthered by the emergence of antifungal resistance among CF patients.  
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Chapter 7: Discussion 

The work in this thesis has demonstrated a novel downregulation of the epithelial type I and 

III IFN response in the presence of Af infection at the transcriptional level using analysis of the 

interferome and confirmatory RT-PCR in cells with a CFTR mutation. The data has shown that 

this defect is CFTR dependent as the CF corrected cell line used throughout the study as a 

control was only genetically corrected for the common CF-causing mutation it possessed, the 

F508del mutation. Furthermore, the disease phenotype was partially corrected through the 

use of CFTR modulator therapy. As the same defect was not observed in PBMCs isolated from 

patients with CF, this could suggest a mucosal-specific defect, however, restricted patient 

sampling and recently published conflicting data means further investigations are required to 

confirm this(41). This work provides further understanding of the defect observed in the type I 

and III IFN response in cells with a CFTR mutation that has been established during both viral 

and bacterial infections but that has not been investigated in fungal infections previously(38-

40). With the statistics stating that up to 60% of CF patients worldwide provide positive Af 

cultures and work published in 2018 indicating the importance of both the type I and III IFN 

response in optimal anti-fungal neutrophil responses, the thesis investigates this link in a 

timely fashion(141, 163, 257). The translational importance of the type I and III IFN defect was 

determined through exogenous IFN1 treatment of CF neutrophils resulting in increased 

antifungal killing without increasing inflammatory ROS or NET production. This provides an 

exciting prospective immunotherapy option to reduce fungal infection rates in patients with 

CF with the additional benefits of reducing the inflammatory milieu characteristic of the 

disease. Additionally, the recent clinical trials purposing pegylated interferon lambda for the 
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treatment of COVID-19 means there is an existing approved medication that can be 

repurposed to this effect(337). 

CF is not the only respiratory disease that has been linked to a defect in the type I and III IFN 

response(374, 375). Conflicting data has been published regarding this response in COPD 

patients, with some reporting IFN expression rates 40-65% lower in lower lung cells 

compared to healthy, while another showing an increased response compared to healthy(374, 

376, 377). The contradictory nature of these studies could be explained through differing sample 

types, such as sputum or cells, and the variation in numbers of patients sampled which range 

from 8 to 70. Similarly, severe asthmatics can present with impaired type I and III IFN response 

resulting in increased susceptibility to infection and a worsening of uncontrolled type 2 

immunity, all increasing inflammation, and exacerbating symptoms(375, 378, 379). Again, however, 

not all asthmatics have a deficient IFN response(378). CF, COPD, and severe asthma are all 

conditions in which susceptibility to fungal infection is a main risk factor which contributes to 

disease progression and lung function decline(380, 381). Therefore, translationally, an 

understanding of this defect and what it means for antifungal effector cells has the potential 

to improve morbidity and treatment across multiple lung conditions the importance of which 

is furthered with the rise an azole resistance observed in Af strains over the past few years(124, 

126-128).  

The introduction of CFTR modulators to CF care has posed questions surrounding the 

requirement of further investment into CF research and further treatments. Despite the 

evidence in this study that the modulators can alter and direct the disease phenotype towards 

a healthier one, it has been shown this is likely to be a partial rescue rather than a full 

restoration of the type I and III IFN response. Additionally, CFTR modulators do not work for 
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all CF-causing mutations leaving 10% of the CF population exempt and, of those that qualify, 

some cannot tolerate the medication due to side effects and drug-drug interactions(84, 382, 383). 

Ultimately, CF is a lifelong disease which requires daily medication and treatments and there 

is little evidence of the long-term effects of CFTR modulator therapy, or what the treatment 

landscape of an aging CF population will look like. Sustained residual inflammation observed 

in patients with HIV is known to increase the risk of kidney, liver, and heart disease as well as 

quicken the development of metabolic and cognitive impairment(384). Therefore, despite 

breakthrough research and medications, there is still an unmet medical need in the treatment 

of CF that needs to be addressed.  

CF and CF corrected BECs were infected for 12 or 24 hours with Af heat killed conidia or fixed 

hyphae before RNA extraction for transcriptome profiling and bulk RNA sequencing. NLRC3 

expression was increased in CF BECs both in the presence and absence of fungal infection and 

its expression was reduced by CFTR modulator treatment. Additionally, GSEA identified a 

downregulation in the TRAF6-mediated IRF7 activation pathway in CF cells. TRAF6 has been 

described as a functional partner of NLRC3 and it has been shown that NLRC3 can prevent 

TRAF6 autoubiquitination and, therefore, inhibit activation and down-stream signalling(352). 

IRF7 binding sites are present on the genes encoding both type I and III IFNs so a reduction in 

IRF7 activation would reduce the expression of both type I and III IFNs(36, 385, 386). Furthermore, 

NLRC3 modulates STING activity by directly associating and preventing translocation to the 

nucleus(355, 387). It has also been shown that NLRC3 can interact with TBK1 to interfere with the 

interaction between TBK1 and STING, essential in the activation of IRF3 which, again, is 

involved in the expression of both type I and III IFNs(36, 353, 387). Questions remain regarding 

how NLRC3 is directly affected by CFTR and should be investigated further, however, there has 
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been some evidence of other NLR family proteins being directly affected by CFTR(353). 

Previously, elevated NLRP3 expression was decreased in patients with CF after three months 

of Trikafta therapy(388). This downregulation correlated with reduced intracellular chloride 

concentrations and reduced P2X7R expression(256). Additionally, K+ efflux is a principal trigger 

for NLRP3 inflammasome activation and another study showed CFTR modulator treatment 

reduced Na+ and K+ transport dysregulation and, therefore, reduced the exaggerated 

inflammatory response observed(389, 390). To confirm the increased expression of NLRC3 and 

the impact of this in cells with a CFTR mutation, confirmatory RT-PCR should be carried out 

along with ELISA to assess protein levels and Af infection experiments using NLRC3 KO cell 

lines. Additionally, NLRC3 expression should be assessed in PBMCs and immune cells such as 

neutrophils and the impact of increased expression should be investigated.  

Neutrophils isolated from patients with CF were infected with live Af in the presence or 

absence of exogenous IFN or IFN1 treatment. Exogenous IFN1 treatment of CF neutrophils 

resulted in increased antifungal killing without increasing inflammatory ROS or NET 

production and IFN treatment had no significant effect on fungal killing, cell cytotoxicity or 

NET and ROS production in CF neutrophils. IFN and IFN1 treatment together reduced NET 

production but had no significant impact on ROS production or overall fungal killing. Reduction 

in NET production would have an overall anti-inflammatory effect as discussed in Section 

6.5(49, 52). ROS production also has inflammatory properties but is essential in microbial 

killing(171, 368). This poses the question of how the IFN1 treatment in CF neutrophils resulted 

in an increase in fungal killing while also reducing ROS and NET production. As previously 

mentioned, Espinosa et al. reported the importance of type III IFN production to promote 

optimal antifungal ROS neutrophil responses, with less of an impact on cellular recruitment 
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and pro-inflammatory cytokine production(163, 195). Although the mechanisms by which IFN 

controls this response are unknown, it is hypothesised to be STAT1-dependent and involve 

optimal NADPH enzyme expression in the phagosome(163). The importance of neutrophilic ROS 

in fungal immunity is highlighted by the extreme susceptibility to fungal infection observed in 

patients with NADPH oxidase deficiencies such as in CGD(204, 391-393). Neutrophils kill fungus 

through various mechanisms, of which only two have been investigated here. Nutritional 

starvation of small metals such as iron and zinc and neutrophil activated secretory granule 

release are other methods of fungal killing that should be investigated alongside IFN 

treatment to determine why the data has shown a decrease in CFU counts(368). Phagocytosis 

of Af is impaired in patients with CF as described in the introduction (section 1.2.6), therefore, 

this could be a method of fungal killing that has been enhanced with IFN1 treatment and 

further work would need to be carried out to this effect.  

The heat killed or fixed forms of Af were chosen as they elicited a type I and III IFN response 

in healthy BECs and live forms of fungus would not have been tolerated by the BEC culture. 

Future work should consider BEC/neutrophil co-cultures with low MOI live Af infection 

analysed in a time course manner to assess the differential responses throughout the fungal 

life cycle. It is also important to consider the complex nature of the lung epithelium and how 

this contributes to the disease phenotype. This has been recently considered in the context of 

fungal infection interactions and included how cell line work does not fully capture the 

relevant host epithelium-fungal interactions, for example, the lack of CFTR expressing 

ionocytes which regulate ion transport, fluid levels, and pH in the epithelium(394). Submerged 

cell line culture doesn’t allow assessment of the wider complexity; therefore, ALI culture of a 

CF primary cell line was used to begin to explore this. Although beneficial, further work with 
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the CF primary cell line ALI culture would restrict this analysis to just homozygous F508del 

mutation. To address this, nasal samples collected from patients with CF could be cultured to 

ALI and holistic approaches such as nasal ALI and immune cell co-cultures would allow ex vivo 

assessment of this response.  

At the start of this thesis, it was hypothesised that there is a downregulated type I and type III 

IFN response during Af infection in cells with a CFTR mutation and that this defect results in 

reduced fungal clearance by CF neutrophils. The evidence presented accepts that there is a 

downregulated type I and III IFN response during Af infection in CF cells. The data further 

shows that exogenous IFN1 treatment does have a significant impact on fungal killing and 

therefore fungal clearance, but that IFN treatment does not. Therefore, despite both the 

type I and III IFN response being downregulated in cells with a CF-causing mutation, only the 

defect in the type III IFN response is having a direct impact on neutrophilic fungal killing ability.  
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7.1 – Concluding Remarks   

In aggregate, this thesis presents for the first time a CFTR-dependent defect in the type I and 

III IFN response in epithelial cells, but not PBMCs, with a CFTR mutation in the presence of Af 

infection. This response was shown to be partially rescued by the administration of 

combination CFTR modulator treatment. There is evidence for the mechanisms underpinning 

this response as being directly related to an upregulation of NLRC3 expression and subsequent 

downregulation of STING mediated IRF3 and TRAF6-mediated IRF7 activation, although 

further investigation is required to understand the CFTR dependency of these genes and 

signalling pathways. Furthermore, exogenous IFN1 treatment of CF neutrophils resulted in 

more effective fungal killing without increasing inflammatory ROS or NET production. The data 

in this thesis increases understanding of fungal susceptibility in CF and paves the way for the 

potential of IFN1 immunotherapy in CF Af related disease to increase fungal killing while 

reducing the damaging inflammatory milieu that is characteristic of the progressive loss of 

lung function in CF.  
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