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ABSTRACT 

A unifying feature of all pulmonary infections caused by the opportunistic fungus 

Aspergillus fumigatus is damage to the lung epithelium. However, the mechanistic basis 

and the regulatory control of such damage is poorly characterized. This study employed a 

functional genomic approach combined with an in vitro epithelial cell model to better 

understand the pathobiology of A. fumigatus-mediated lung damage.  

Previous in vitro observations have identified A. fumigatus mediated lung cell damage 

occurring at early phase (≤ 16 hours) via epithelial cell detachment or late phase (>24 hours) 

via epithelial cell lysis. This study sought to identify and characterize the A. fumigatus

transcriptional regulators modulating epithelial cell damage during these phases. Hence, 

the suitability and performance of two epithelial damage assays in high throughput format 

were assessed and validated. Screening 479 A. fumigatus transcription factor null mutants 

for their capacity to cause epithelial cell detachment and cell lysis revealed a total of 17 

transcription factor mutants with reproducible deficits in causing epithelial damage. Of 

these, 10 mutants were defective in causing early damage via detachment and 8 mutants 

were defective in causing late damage via lysis. The 17 mutants exhibited varied and often 

unique phenotypic profiles with respect to fitness, epithelial adhesion, cell wall defects, 

and rates of spore uptake by epithelial cells. Strikingly, 9 out of 10 mutants deficient in 

causing early phase damage also exhibited reduced hyphal extension rates, and filtrates of 

7 out of 8 mutants deficient in late phase damage were less cytotoxic.  Remarkably, the 

ΔpacC strain was defective in both phases of epithelial damage and was also defective in 

all tested phenotypes. Thus, by integrating two genome-wide next generation sequencing 

approaches, this study aimed to uncover the biological processes and the transcriptional 

network directly regulated by A. fumigatus PacC at acidic, neutral, and alkaline pH 

environments. Aligning with the critical role of PacC during host tissue invasion and 

virulence, PacC reiterated as a master regulator not only directing genes involved in cell 

wall and secreted products, as well as 26 transcription factors, but also interacting with 14 

of the 17 regulators of epithelial damage. 

This study delivers the first overview of A. fumigatus regulatory genes governing lung 

epithelial cell damage and identified distinct and temporal yet coordinated host-damaging 

activities and a hierarchical regulatory network governing epithelial damage.  
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PREFACE 

This thesis has been written in a traditional format split into seven Chapters. Chapter 1

provides an extensive introduction and review of the current available literature relevant 

to the research, while highlighting the gaps in the field that need be compensated, and 

finally lists the core aims of this study. Chapter 2 describes general materials and protocols 

corresponding to the methodology used in all the research chapters, specific methodology 

relevant to the objectives in each chapter are described in the respective Chapter sections. 

Chapter 3 explains the optimisation of Aspergillus fumigatus epithelial cell damage assays 

for high throughput format screening in an in vitro lung cell model. Chapter 4 describes the 

genome-wide screening of the Aspergillus fumigatus transcription factors regulating 

epithelial cell damage and identifies the regulators of epithelial cell detachment and 

epithelial cell lysis. Chapter 5 identifies the mechanistic and phenotypic profile of the 

Aspergillus fumigatus epithelial regulators driving damage by examining the transcription 

factor mutants for several probable virulence attributes. Chapter 6 explores the genome-

wide binding and gene expression profile of the Aspergillus fumigatus transcription factor 

PacC and reveals the biological processes and the transcriptional network directly under 

PacC control. Chapter 7 provides a summary and final discussion of the most crucial 

findings from Chapters 3, 4 and 5 while focussing on the implications of this study and 

provides a scope for future work.  

All experiments were conducted within the Manchester Fungal Infection Group (MFIG), 

University of Manchester during the 6 years of the part-time PhD program. Research in 

Chapters 3, 4 and 5 were conducted under the supervision of Prof. Elaine Bignell as the 

main supervisor during year 1-year 4 of the PhD program. Work from these chapters has 

been published towards a peer-reviewed journal article and a book chapter. Chapter 6 was 

conducted under the supervision of Prof. Mike Bromley as the main supervisor and Dr. 

Margherita Bertuzzi as the co-supervisor during year 4-year 6 of the PhD program.  
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CHAPTER 1 

1. Introduction
Fungi are one of the oldest and most diverse kingdoms of eukaryotes (Ruggiero et al., 

2015). The fungal kingdom is subdivided into eight phyla (Chytridiomycota, 

Blastocladiomycota, Glomeromycota, Microsporidia, Neocallimastigomycota, 

Basidiomycota, Ascomycota and Zygomycota), based primarily upon the reproductive 

structures, and further subdivided into several classes, families, genera, and species (spp.) 

(Tedersoo et al., 2018). The exact number of fungal species is unknown; estimates 

generously predict up to 5.1 million species (Blackwell, 2011), with recent estimated 

species numbers ranging from 2.2 to 3.8 million (Hawksworth and Lücking, 2017). Fungi can 

exist in disparate forms; unicellular that reproduce by budding, or multi-cellular moulds 

that reproduce by spore dispersal forming elongated cellular structures called hyphae. 

Fungi could also exist as a dimorph or a polymorph, wherein they can shift form between 

being yeasts and moulds or can develop pseudo hyphal structures (Moore, Robson and 

Trinci, 2011). Astoundingly, fungi are excellent survivors, inhabiting almost every 

environmental niche on the planet including extreme habitats, such as coldest parts of 

tundra, aquatic zones including soda lakes, geothermal regions such as deserts as well as 

in acidic copper mines (Newsham, 2012). Moreover, fungi are saprophytes possessing 

specific metabolic pathways that play vital roles in in the ecosystem by recycling of carbon, 

nitrogen, sulphur, and phosphate (Hawksworth, 1991).  In addition to their beneficial role 

ecologically, fungi contribute economically to mankind in several ways. For instance, fungi 

are widely used in agricultural and industrial fermentations for generation of several food 

products and medicinal formulations (Moore, Robson and Trinci, 2011). However, fungi can 

also be detrimental to life, causing infections with high levels of morbidity and mortality in 

animals, plants and even in humans, termed as Mycoses; with around 400 fungal species 

reported to cause human disease (Romani, 2014). 

Human mycoses can be clinically classified into various types based on the level of tissue 

invasion and inflammation, 1) Superficial infections restricted to the outermost epidermal 

layer of the skin are mostly cosmetic and rarely cause inflammation. For example, 

pigmentation caused by Malassezia spp. (Schwartz, 2004), 2) Cutaneous infections 

involving the epidermis, hair and nails generally elicit some form of inflammatory response, 

as seen with dermatophytes such as Trichophyton rubrum causing athletes foot infection 
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(Ilkit and Durdu, 2015), 3) Subcutaneous infections are associated with the dermis and 

subcutaneous tissue as a consequence of implantation of the fungus through the skin. For 

example, fungal keratitis caused by several fungi including Fusarium sp., Aspergillus sp., and 

Candida sp., lead to ocular morbidity and blindness affecting around 1 million people per 

annum (Ansari, Miller and Galor, 2013),  4) Allergic infections, caused by fungi spanning 

over 80 fungal genera (including Aspergillus spp.) are associated predominantly with 

respiratory allergies (Gravesen, 1979; Crameri et al., 2006), 5) Systemic infections are when 

fungi, mostly dimorphic or polymorphic, traverse from one infection site via the 

bloodstream to establish infection in several body locations, which can eventually lead to 

fatality. For example, disseminated histoplasmosis caused by  Histoplasma capsulatum

(Rautemaa-Richardson and Richardson, 2017), 6) Invasive infections, mostly by 

opportunistic fungi, cause tissue invasion in patients with altered immune systems ( such 

as HIV, cancer and tissue trauma) or patients undergoing immunosuppressive clinical 

procedures (such as stem cell, bone and organ transplants), sometimes turning systemic in 

severe cases, consequently causing fatality and are called invasive mycoses (Gullo, 2009). 

1.1 Invasive mycoses  
Human fungal infections kill ~1.6 million people every year, similar to deaths from 

tuberculosis, and 3 times more than malaria (Bongomin et al., 2017; Almeida et al, 2019). 

A latest review of mycoses occurring in India, the most populated country in the world, 

estimated 57,251,328 of the 1,393,400 000 people in India (4.1%) suffer from a serious 

fungal disease (Ray et al., 2022). More than 90% of all reported fungal-related deaths result 

from species that belong to one of four genera: Candida, Aspergillus, Cryptococcus, and 

Pneumocystis (Brown et al., 2012), that cause invasive diseases termed candidiasis, 

aspergillosis, cryptococossis and pneumocystis, respectively (Schmiedel and Zimmerli, 

2016). Astonishingly, the four genera cause an estimated 200,000 to 1,000,000 cases 

annually, thereby contributing to significant yearly morbidity and exhibit high mortality 

rates ranging from 50-95% in reported cases (Brown et al., 2012; Bongomin et al., 2017) 

(Figure 1.1).  Another invasive fungal infection is mucormycosis caused by species of Mucor, 

although responsible for lesser morbidity with >10,000 cases per year, mortality rates reach 

90% in infected cases (Prakash and Chakrabarti, 2019) (Figure 1.1). Presence of probable 

invasive fungal infection is established based on host-specific clinical features for disease; 

however, this may not be applicable universally to all patient groups. Invasion of the host 
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can be proven by the presence of moulds or yeasts in biopsies or via a culture obtained 

from the infection site (Ascioglu et al., 2002; de Pauw et al., 2008). Ignored until the 

beginning of this century, research on fungal diseases is currently at its peak due to the 

reported rises in human infection (Almeida et al., 2019). This incidence in fungal infection 

rates is attributed to the rise in the number of immune-compromised individuals owing to 

increased modern medical procedures of immunosuppression as a remedy after 

transplantation or cancer (Pegorie, Denning and Welfare, 2017). The compromised 

immunity enables saprophytic or commensal fungi into opportunistic human pathogens, 

exposing the patients to invasive mycoses during infection. More recently, the COVID-19 

pandemic has seen a sharp rise in invasive infections with fungi, with emergence of COVID 

Associated Candidiasis (CAC), COVID Associated Pulmonary Aspergillosis (CAPA) and COVID 

Associated Mucormycosis (CAM), whereby COVID infected personnel, especially ICU 

patients succumb to secondary invasive fungal infections (Casalini et al., 2021). 

Figure 1.1: Estimations of life-threatening infections/year and mortality rates of the five 
predominant invasive mycoses. Candidiasis, mucormycosis, cryptococcosis, pneumocystis and 
aspergillosis contribute to several thousand infections annually with mortality rates reaching up to 
100% in some infected cases. Adapted from Brown et al., 2012; Bongomin et al., 2017; Prakash and 
Chakrabarti, 2019. 

1.1.1 Candidiasis 

Candidiasis, the most common invasive fungal disease of the developed world (Pfaller and 

Diekema, 2007) is caused by Candida spp., polymorphic Ascomycetes that live as harmless 

commensals on mammalian mucous membranes, particularly of the gastrointestinal tract 
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and female genital tracts (Makanjuola, Bongomin and Fayemiwo, 2018). Candida spp. can 

also easily disseminate into the host by catheters during neonatal intensive care, gut 

surgery and liver transplantation or via growth on oral dentures (Lim et al., 2012). Of the 

150 Candida spp., only 15 are human pathogens; with only a limited number of species (C. 

albicans, C. glabrata, C. parapsilosis, C. tropicalis, C. lusitaniae, and C. krusei) commonly 

associated with humans as opportunistic pathogens causing invasive and systemic 

infections (Sobel, 2006; McCarty and Pappas, 2016), under specific conditions, such as long-

term antibiotic treatment, immunocompromise or critical illness (Pfaller and Diekema, 

2007; McCarty and Pappas, 2016). Of these, the most clinically prevalent is C. albicans, 

being the most isolated commensal colonizing the mucus membranes of 30–60% of 

humans. Moreover, C. albicans is claimed to be the fourth most common cause of hospital-

acquired systemic infections in the U.S (Wisplinghoff et al., 2004; Quindós et al., 2018). 

However, in Thailand, C. parapsilosis had a slightly higher incidence than C. albicans

(Foongladda et al., 2004), while in Malaysia, C. parapsilosis and C. tropicalis are the major 

etiological agents (Ng et al., 2001). Also, the frequency of colonisation with non-albicans 

Candida species depends on the age of the host with C. parapsilosis being more prevalent 

among children, and C. glabrata predominant among older adults (McCarty and Pappas, 

2016). Invasive candidiasis has a range of clinical manifestations including the most 

common form called candidemia, when Candida spp. are isolated in one or more blood 

cultures, along with an acute septic syndrome or fever of unknown origin (Antinori et al., 

2016), and in cases on uncontrolled growth, the fungus eventually invades host tissue and 

disseminates in the host, leading to mortality in 46-75% of infected cases (Figure 1.1). 

1.1.2 Mucormycosis 

Mucormycosis is caused by fungi in the subphylum Mucormycotina of the phylum 

Zygomycota, present ubiquitously in the environment. The fungal spores are easily 

aerosolized and may enter the human host either through inhalation reaching the lungs, 

local inoculation (such as via skin lesions), or ingestion reaching the gastrointestinal tract 

(Thomson et al., 1991; Ribes, Vanover-Sams and Baker, 2000). Historically, mucormycosis 

occurred in soldiers after traumas, or after disasters (such as hurricanes, tsunamis, floods) 

which would enable easy inoculation onto the host site.  Of the Mucorales, only 11 genera 

and ~27 species are associated with human infections, with the most common etiological 

agents of mucormycosis being the Rhizopus species including R. delemar and R. oryzae, as 
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well Mucor spp., Lichtheimia spp. and Cunninghamella spp. (Eucker et al., 2001). Of them,

R. delemar and R. oryzae account for around 70% of all mucormycosis cases. The invasive 

form of mucormycosis occurs in severely immunocompromised hosts (such as those with 

haematological malignancies, organ transplantation, neutropenia, autoimmune disorders, 

or other impairments in immunity) (Gleissner et al., 2004). Moreover, invasive disease 

predominantly manifests in diabetic patients, especially at times of uncontrolled blood 

glucose particularly in the presence of diabetic ketoacidosis, or with elevated serum iron 

(Ibrahim et al., 2012). Mortality associated with invasive mucormycosis is high (>30–50%), 

with up to 90% mortality associated with disseminated disease (Ribes, Vanover-Sams and 

Baker, 2000; Brown et al., 2012; Prakash and Chakrabarti, 2019) (Figure 1.1). More 

recently, increased cases of rhino-orbital mucormycosis were reported in COVID-19 

affected patients, especially from India reporting 47,500 CAM cases between May-July 

2021, leading to significant increases in human deaths during the pandemic (Singh et al., 

2021). Clinical forms of mucormycosis can be classified according to anatomical site of 

infection resulting in rhino-cerebral or rhino-orbital, pulmonary, cutaneous, 

gastrointestinal, disseminated, and renal infections (Eucker et al., 2001). Clinical 

presentation of invasive mucromycosis is rapid and causes aggressive invasion of blood 

vessels, resulting in vessel thrombosis, tissue necrosis, and hematogenous dissemination 

of the fungus in the host (Ibrahim et al., 2012). 

1.1.3 Cryptococcosis  

Cryptococcosis is caused by encapsulated fungi of the genus Cryptococcus belonging to 

phylum Basidiomycetes, present ubiquitously in the environment especially in soil 

contaminated with pigeon droppings and decaying wood (Perfect and Casadevall, 2002). 

Cryptococcus neofomans and C. gattii are the main etiological species causing over 1 million 

annual infections globally, with a mortality rate of 20-70% (Brown et al., 2012; Srikanta, 

Santiago-Tirado and Doering, 2014) (Figure 1.1). AIDS, decompensated liver cirrhosis, 

immune-suppressive regimens and autoimmune diseases are independent risk factors for 

invasive cryptococcosis (Lin et al., 2015). Although rare in Europe, mortality rates caused 

by Cryptococcus in AIDS sufferers are estimated to be around 20% in the U.S and 55- 70% 

in Latin America and sub-Saharan Africa (Park et al., 2009). Following inhalation, 

cryptococcal yeasts are deposited in the lung where they may exist as life-long latent 

infection (Velagapudi et al., 2009); and in the risk populations can cause severe pulmonary 
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pneumonia with symptoms of cough, difficulty breathing, chest pain, fever and presence 

of skin lesions (Chayakulkeeree and Perfect, 2006; Baer et al., 2009); or may proceed to 

manifest as systemic infection disseminating from the lungs, evade the immune system and 

invade the central nervous system presenting as meningoencephalitis (Eisenman et al., 

2008). 

1.1.4 Pneumocystis 

Another invasive fungal infection is Pneumocystis pneumonia caused by fungi of genera 

Pneumocystis of the phylum Ascomycetes, specifically by Pneumocystis jirovecii, that 

infects humans (Gigliotti, Limper and Wright, 2014). This ubiquitous fungus with no specific 

environmental niche could exist as a reservoir in humans, most of whom are infected early 

in life and may transmit from person to person via the airborne route (Icenh et al., 2002). 

Invasive infection occurs predominantly in people with T-cell immunodeficiency (such as 

HIV and AIDs patients and patients on prolonged immunosuppressive therapy) or severely 

immunocompromised because of haematological malignancy, transplantation or

rheumatological disease (Castro and Morrison-Bryant, 2010; Gigliotti, Limper and Wright, 

2014). The global incidence of Pneumocystis pneumonia is estimated to be over 400,000 

cases per annum with possible mortality rates of 20- 80% (Morris et al., 2008; Brown et al., 

2012) (Figure 1.1). On infection, symptoms are non-specific including low-grade fever, dry 

cough and progressive dyspnoea, however Pneumocystis has substantial tropism for lung 

epithelial cells, rarely disseminating to other organs under severe immunocompromise, 

where infections are invariably fatal (Carmona and Limper, 2011; Gigliotti, Limper and 

Wright, 2014).

1.1.5 Aspergillosis 

Aspergillosis refers to the wide spectrum of diseases caused by species of the Aspergillus

genus of the phylum Ascomycetes encompassing nearly 300 species filamentous moulds. 

Aspergilli are ubiquitous but primarily occupy soil and decaying vegetation (Samson et al., 

2014). Since the primary route of infection is by inhalation of the Aspergillus spores, the 

disease occurs predominantly in the lungs termed pulmonary aspergillosis but may 

manifest in other parts of the body if the infection becomes systemic (Hope, Walsh, and 

Denning, 2005). In humans, pulmonary aspergillosis can be broadly grouped into three 

major categories: chronic aspergillosis, allergic aspergillosis and invasive aspergillosis. The 
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clinical manifestation of disease and the resulting pathobiology depends largely on the host 

immune status or the presence of underlying disease in the host during exposure to the 

Aspergillus spores. Genetic predisposition to aspergillosis due to host polymorphisms has 

also been reported (Harrison et al., 2012; Overton et al., 2016). The different disease forms 

also have a tendency to develop from one type into another depending on the host immune 

status and hence aspergillosis is also considered a continuous spectrum of Aspergillus-

related diseases (Kosmidis and Denning, 2015) (Figure 1.2). 

Chronic Pulmonary Aspergillosis (CPA) is a slow progressive infection usually affecting 

patients with one or more underlying pulmonary diseases such as TB, mycobacterial 

infection, chronic obstructive pulmonary disease (COPD), sarcoidosis, or lung cancer; that 

would have resulted in the formation of a lung cavity (Smith and Denning, 2011). These 

cavities may be colonised by dense balls of fungal mycelium (known as aspergilloma) that 

are non-invasive (Hayes and Novak-Frazer, 2016).  Patients with some loss of immune 

function (such as AIDS, diabetes or corticosteroid treatment) have also been noted to have 

a rapid development of chronic infection (Harrison et al., 2012). One report documents the 

evidence of CPA even in immunocompetent patients with a history of recurrent chest 

infections (Chrdle et al., 2012). Depending on the clinical presentation and histopathology, 

various forms of CPA ranging from simple aspergilloma to progressive cavitary aspergillosis 

have been described, with persistent Aspergillus presence resulting in extension of lung 

cavities, gradually damaging lung tissue (Kosmidis and Denning, 2015). CPA has a significant 

global presence, with an estimated 372 000 CPA cases reported after TB and a global 

burden of 71,907 (3–12%) CPA cases complicating sarcoidosis (Denning, Pleuvry and Cole, 

2011, 2013). 

Allergic aspergillosis (AA) affects individuals with hyperactive immunity resulting in an 

allergic response to inhaled Aspergillus spores, believed to occur due to recurrent exposure 

or excessive exposure to spores. It has been reported predominantly in asthma and cystic 

fibrosis (CF patients) with an estimated 14% of corticosteroid-dependent asthmatics and 

9% of individuals with CF developing AA (Kosmidis and Denning, 2015). Reports suggest 

persistent AA can also lead to development of CPA (Denning, Pleuvry and Cole, 2013). 

Further, increased Aspergillus spores were reported in the homes of patients with worse 

symptoms (Zubairi et al., 2014). The most common form is allergic broncho pulmonary 

aspergillosis (ABPA), but other pathological forms are observed such as allergic sinusitis, 

Aspergillus-induced asthma and less commonly, hypersensitive pneumonitis. Global 
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prevalence of ABPA has been reported to be greater than 4.8 million individuals per annum 

(Denning, Pleuvry and Cole, 2013). 

Figure 1.2: Aspergillosis is a continuous spectrum of diseases caused by Aspergillus spp., with a 
correlation between the host immune status and the severity of disease manifested. The clinical 
outcome of aspergillosis largely depends on the host immune state. Allergic aspergillosis is 
predominant in individuals with a hyperactive immune system. Invasive aspergillosis is reported 
mainly in immunocompromised patients. Chronic aspergillosis is predominant in patients with an 
underlying lung disease, with invasive forms of chronic aspergillosis also reported in individuals with 
a mildly compromised immunity. Reproduced from Kosmidis and Denning, 2015. 

Invasive Aspergillosis (IA) is the most severe form of aspergillosis and is the focus of aims 

reported in this study. Not only does IA involve the invasion of the lung tissue, but may also 

cause systemic dissemination of the fungus to other organs such as brain, eyes, skin, gut 

and kidney in the most severe cases, finally leading to death (Hope, Walsh, and Denning, 

2005). IA is the leading cause of mortality in patients with chronic granulomatous disease 

(CGD) and is often the first manifestation of CGD. Further, at risk populations are individuals 

with a compromised immune system (such as those on steroids, after solid organ 

transplants, haematological malignancy, and post stem cell transplants) (Figure 1.3). IA can 

involve angioinvasion in neutropenic patients after human stem cell transplant (HSCT) or 

chemotherapy (Nucci and Anaissie, 2009). IA without angioinvasion can also occur mainly 
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in non-neutropenic patients (such as solid organ transplant recipients, AIDS, COPD, ICU 

patients with CMV or H1N1 infection), or on high-dose corticosteroids (Wauters et al., 

2012; Baddley et al., 2013; Singh and Husain, 2013). Other common forms of IA (Figure 2) 

are acute pulmonary aspergillosis, acute invasive rhinosinusitis and cerebral aspergillosis 

(Goldman and Osmani, 2008). Estimates show that IA causes over 300,000 infections 

worldwide per year, a mortality rate of 40-95% (Brown et al., 2012; Bongomin et al., 2017). 

Disease rarely occurs in immunocompetent individuals, since the spores are eliminated 

efficiently by host immunity, however exposure to large number of spores caused IA even 

in immunocompetent individuals (Arendrup et al., 2006; Ratermann et al., 2014). 

Figure 1.3: Predisposing host risk factors to invasive aspergillosis. Hierarchy in primary host risk 
factors of IA showing low, intermediate, and high-risk cohorts in immunocompromised populations. 
Reproduced from Herbrecht et al., 2012. 

The recent fungal priority pathogen list by the World Health Organisation ranked 

pathogens on several criteria including burden of invasive infection and listed A. fumigatus, 

C. neoformans, C. albicans in the critical priority group and Mucorales in the high priority 

group (Parums., 2022).  It is likely that invasive cases of mucormycosis, candidiasis and 

aspergillosis infections will continue to increase linked to the rising number of organ 

transplantations, cancer patients and diabetic patients (Baldin and Ibrahim, 2017). Owing 

to the high morbidity rates, mortality rates and accompanying in-patient medical costs 

reaching an estimated $4.6 billion per year in the U.S alone (Benedict et al., 2019; 

Bongomin et al., 2017; Wan Ismail et al., 2020), invasive mycoses have attracted greater 

attention to investigate successful and sustainable antifungal treatments. 
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1.1.5.1 Current treatment options for aspergillosis 

Four common classes of antifungals are currently FDA approved for the treatment of 

invasive mycoses; 1) polyenes (amphotericin B deoxycholate and amphotericin B liposomal 

and lipid formulations), 2) azoles (fluconazole, itraconazole, posaconazole, voriconazole, 

isavuconazole), 3) echinocandins (caspofungin, micafungin and anidulafungin), and 4)

pyrimidine analogues (5-flucytosine (5-FC)) (Allen et al., 2010; Pound et al., 2011) (Table 

1.1). Of them, amphotericin B, posaconazole, and isavuconazole are considered the most 

potent antifungals for treatment of invasive mycoses in leukaemia and hematopoietic stem 

cell transplant patients (Tissot et al., 2017); with amphotericin B, azoles and echinocandins 

being the main active compounds against Aspergillus spp. (Zakaria et al., 2020).The mode 

of action of currently available antifungal agents is to either inhibit the fungus (being 

fungistatic), or kill the fungus (being fungicidal), mainly by targeting the components or the 

synthesis of the fungal cell wall or membrane (Figure 1.4).  

Polyenes bind to ergosterol, a major component of fungal cell membranes and can trigger 

formation of pores which alter cell permeability. Polyenes can also induce an oxidative 

burst via lipoperoxidation of the cell membrane causing reactive oxygen species (ROS) 

generation, leading to cellular dysfunction and subsequently fungal cell death (Klepser, 

2011). The azoles prevent synthesis of ergosterol by inhibiting enzymes involved in sterol 

biosynthesis, the main target being the lanosterol 14 α-demethylase enzyme, encoded by 

cyp51A gene, consequently leading to fungal growth arrest (Allen et al., 2015). 

The newer class of antifungals, echinocandins, inhibit the enzyme UDP-glucose β-(1,3)-D-

glucan-β- (3)-D-glucosyltransferase, which synthesises 1,3-β-D glucan, a critical component 

of fungal cell walls, resulting in eventual cell death (Morris and Villmann, 2006; Zakaria et 

al., 2020) (Figure 1.4). Since 1,3-β-D glucan is not a component of select fungal cell walls, 

echinocandins have fungicidal effects against Candida spp. and fungistatic effects against 

Aspergillus spp. Further, echinocandins have potential to be either additive or synergistic 

with polyenes and azoles during treatment of invasive mycoses (Morris and Villmann, 

2006).  

The drugs of choice for IA treatment are voriconazole, amphotericin B, caspofungin or 

micafungin (Walsh et al., 2008), however, treatment options and duration of treatment 

depend on the degree and duration of immunosuppression, site of disease, drug-drug 
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interaction, and evidence of disease improvement (Table 1.1); with combination therapy 

recommended in the treatment of severe cases (Patterson et al., 2016). 

Figure 1.4: Mode of action of the most commonly used antifungal agents against Aspergillosis. 
The main compounds used against Aspergillus spp are polyenes (amphotericin B) targeting 
ergosterol resulting loss of the cell wall membrane integrity by formation of pores or by ROS 
generation; azoles inhibit enzymes in ergosterol biosynthesis and cause fungal death by 
accumulation of toxic sterols; and echinocandins target fungal cell wall formation by inhibiting β-
1,3-β-D glucan synthase complex. Reproduced from Zakaria et al., 2020.

The final class of antifungals used as part of combination with other drugs to treat 

candidiasis and cryptococcosis are pyrimidine analogues, consisting of 5-flucytosine (5-FC) 

(Table 1.1). Once taken up by fungal cells, 5-FC is converted into 5-fluorouracil (5-FU), 

which is further converted to metabolites that inhibit fungal RNA and DNA synthesis, 

thereby being fungistatic (Vermes, Guchelaar and Dankert, 2000). Although 5-FC promotes 

improved outcomes in murine IA models (te Dorsthorst et al., 2005), poor activity against 

Aspergillus spp. is observed during in vitro studies (te Dorsthorst et al., 2004). Hence 5-FC 

has not been recommended for IA treatment (Patterson et al., 2016).  

A promising novel antifungal under review is Olorofim, the first member of the orotomide 

class of antifungals inhibiting dihydroorotate dehydrogenase, a key enzyme in the 

biosynthesis of pyrimidines. Olorofim is active against many invasive moulds and dimorphic 

fungi including species that are resistant to azoles and amphotericin B but lacks activity 

against yeasts and the Mucorales (Wiederhold et al. 2020). 
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Table 1.1: Currently available antifungals to treat invasive mycoses and adverse effects. 
Reproduced from Allen et al., 2010 and Pound et al., 2011. 

CLASS MODE OF 
ACTION DRUG TREATMENT FOR 

MYCOSES ADVERSE EVENTS 

Polyenes 

Interferes 
with fungal 

cell 
membrane 

Amphotericin B 
(Amphotericin B 

deoxycholate, 
AmBisome, 

Abelcet) 

All invasive and 
systemic mycoses 

Infusion-related toxicity, 
nephrotoxicity, including 

hypokalaemia 

Azoles 
Inhibits 

ergosterol 
biosynthesis

Fluconazole 

Mucosal and 
systemic candidiasis Rare, serious 

hepatotoxicity 
Cryptococcal 
meningititis 

Itraconazole 

Invasive aspergillosis Elevated liver enzymes, 
gastrointestinal 

intolerance: abdominal 
pain, vomiting, diarrhoea 

Oropharyngeal and 
esophageal 
candidiasis 

Isavuconazole 

Mucormycosis 
Gastrointestinal symptoms, 

elevated liver enzymes 
Invasive aspergillosis 

Posaconazole 
Invasive aspergillosis Gastrointestinal symptoms, 

headache, elevated liver 
enzymes 

Invasive candidiasis 

Voriconazole 
Invasive aspergillosis Liver function 

abnormalities, skin rash, 
visual disturbances Invasive candidiasis 

Echinocandins
Disrupts cell 

wall 
synthesis 

Caspofungin 

Invasive candidiasis 
Liver function 

abnormalities, fever, 
headache, rash, 

gastrointestinal symptoms, 
anaemia 

Invasive aspergillosis 

Micafungin Invasive candidiasis 
Liver function 

abnormalities, nausea, 
vomiting 

Anidulafungin Invasive candidiasis 
Phlebitis/thrombophlebitis, 

fever, headache, nausea, 
vomiting, rash 

Pyrimidine 
analogues 

Inhibits 
nucleic acid 

synthesis 

Flucytosine (5-
FC) 

Invasive candidiasis 
Gastrointestinal 

intolerance, hepatotoxicity, 
and bone marrow 

suppression Cryptococcosis 
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The effectiveness of the currently available antifungal options is affected by adverse events 

during treatment, such as poor responses, multiple side-effects, drug toxicity and drug-

drug interactions (Table 1.1). Moreover, despite the available treatment options, mortality 

rates of invasive mycoses range between 70%–100% (Figure 1.1). Additionally, increasing 

resistance has been widely reported to the currently advocated antifungals (Verweij et al., 

2016; Garcia-Rubio, Cuenca-Estrella and Mellado, 2017), resulting in a serious public health 

crisis worldwide. This urgency has not only prompted several studies to identify 

mechanisms of drug resistance and novel antifungal targets, but has also garnered interest 

in unravelling the host invasion mechanisms and associated virulence factors of the 

etiological agents of invasive fungal diseases.  

Previously, Aspergillus infections in humans were once defined as “so rare as to be of a 

little practical importance” (Henrici, 1939), but dramatic increases in incidence have been 

observed as noted by annual estimates (Figure 1.1). Among the 20 reported human 

pathogenic Aspergillus spp., A. fumigatus, A. flavus, A. terreus, A. niger, and A. nidulans are 

the primary causative agents of aspergillosis, with A. fumigatus being the predominant 

responsible agent for invasive Aspergillus related infections (Perfect et al., 2001; Paulussen 

et al., 2017).

1.2. Aspergillus fumigatus
Aspergillus fumigatus is the most ubiquitous of all Aspergillus spp. (Kwon-Chung and Sugui, 

2013), with the ability to survive and grow in varied outdoor environments, and is also 

abundant indoors (inside buildings, including hospitals), with a study estimating a 

concentration of 1-100 conidia/m3 present in the air (Kasprzyk, 2008; Araujo, Amorim and 

Gusmão, 2010).

A. fumigatus grows on most laboratory media, growing more rapidly on nutritious media 

(such as malt extract agar), to visually form a grey-green colony with a white fringe border 

within a week (Figure 1.5 A).  However, the growth, colour and colony morphology of 

different A. fumigatus strains can vary based on the genetic components, temperature and 

the media contents, with some strains even producing white colonies (Rinyu, Varga and 

Ferenczy, 1995; Latgé, 2001). Nevertheless, all strains of A.  fumigatus can be identified 

microscopically based on morphological features such as structures of conidiophores and 

hyphae (Latgé, 1999, 2019). Hyphae are elongated cells with parallel septation and 
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abundant dichotomous branching, one of the characteristic features of filamentous fungi 

and terminate in columnar conidiophores (Samson and Varga, 2009). The conidiophores 

measure up to 300 µm in length and 5-8 µm in diameter and contain densely packed dome-

shaped vesicles at the apex. The vesicles support phialides which are usually 6-8 µm in 

length, producing unbranched chains of up to 50,000 spores (also called conidia). The 

conidia of A. fumigatus are noted as spherical, enchinulate small asexual particles usually 

between 2-3 µm in diameter  (Samson et al., 2014) (Figure 1.5 B).  

Figure 1.5: Morphology of Aspergillus fumigatus. A) Macroscopic visual view of A. fumigatus. 4-
day growth reaching 4 cm on malt-extract agar producing grey-green colony with a white fringe. B) 
Microscopic view of A. fumigatus. Morphological structures of A. fumigatus seen under the 
microscope (1000x) using a wet preparation stained with lactophenol cotton blue. Sourced from 
www.aspergillus.org.uk. 

A. fumigatus produces millions of conidia and mostly reproduces asexually, with the conidia 

dividing mitotically (Figure 1.6 A). The fungus exists in different morphological forms 

progressing from a uninucleate haploid spore to multicellular mycelium (Dyer and Paoletti, 

2005; Krijgsheld et al., 2013) (Figure 1.6 B). Interestingly, studies following the 

morphotypes using electron and live cell microscopy have shown that the A. fumigatus cell 

wall structure is composed of a unique molecular organisation at each of the different 

growth stages (Bernard and Latgé, 2001; Dague et al., 2008) (Figure 1.6 C). The composition 

of the A. fumigatus cell wall includes proteins, lipids, pigments, and polysaccharides, with 

the polysaccharides being the most abundant component (>90%), interacting through 

covalent and non-covalent bonds forming rigid as well as amorphous structures (Gastebois 

et al., 2009). In the resting conidia, the outer layer of the A. fumigatus cell wall is composed 

of tightly organised proteins known as hydrophobins, RodA being the most well 
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characterised of them and is hydrophobic, rough, and immunologically inert (Paris et al., 

2003). In addition to the rodlets, the conidial surface contains melanin-rich pigment 

protrusions that give the spores their characteristic green colour (Pihet et al., 2009).  A cell 

wall proteome profiling revealed a total of 148 proteins in resting conidia including another 

abundantly expressed protein, conidial cell wall protein A (CcpA) (Voltersen et al., 2018). In 

the presence of suitable conditions that include but are not limited to, nutrient availability 

(such as the presence of moisture/water, carbon, phosphate and nitrate sources), 

favourable temperature, and sufficient oxygen, the dormant conidia rehydrate causing 

swelling, thereby increasing the diameter of the conidium to 3-4.5 µm (Baltussen et al., 

2019), during which the outer hydrophobic later is shed to reveal a smooth inner layer 

exposing the polysaccharides (Dague et al., 2008). The main core of A. fumigatus

germinating cell wall consists of a polymer of β-1,3-glucan and chitin which is responsible 

for the rigidity of this structure, with chitin constituting a higher fraction of the cell wall in 

filamentous fungi than in yeast (Latgé, 2010). The metabolically active swollen conidia 

undergo mitosis resulting in germination of polar growth of a germ-tube with outer 

filamentous appendages (germlings), followed by septation of the elongated structures 

(hypha), subsequently generating branched hyphae (Rohde et al., 2002). The hyphal 

surface comprises of an amorphous extracellular matrix (ECM), as well as polysaccharides 

within this matrix forming two cell wall layers: an alkali-insoluble inner cell wall containing 

β-1,3-glucans, chitin/chitosan, galactomannan, galactosaminogalactan, and β-1,3;1,4-

glucans and an alkali-soluble outer cell wall containing α-1,3-glucans, 

galactosaminogalactan, and galactomannan (Lee and Sheppard, 2016). This dynamic 

nature of the A. fumigatus cell wall during the morphological transitions of the asexual life 

cycle (Figure 1.6), contributes critically in terms of antigenic stimulus to the host immune 

responses elicited during infection (Latgé, Beauvais and Chamilos, 2017). Hence, studies 

analysing A. fumigatus cell wall alterations enable an understanding of the determinants 

of pathogenicity during infection.  

Besides the asexual life cycle, sexual and para-sexual stages of reproduction have also been 

described in A. fumigatus (Ene and Bennett, 2014). O’Gorman et al. discovered a sexual 

reproduction cycle (telomorph- Neosartorya fumigata), that uses a heterothallic breeding 

system. Complimentary mating types of Mat-1 and Mat-2 have been seen to sexually 

reproduce under limited laboratory conditions leading to the formation of cleistothecia and 

ascospores (O ’gorman, Fuller and Dyer, 2009) (Figure 1.6 A) The sexual life cycle has been 
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suggested to increase genotypic variation and resistance to antifungal drugs, with the Mat-

1 mating type associated to more virulent strains (Alvarez-Perez et al., 2010).  

Figure 1.6: Life cycle stages of A. fumigatus and the dynamic cell wall during asexual growth of 
the fungus. A) Schematic showing the asexual and sexual life cycle of Aspergillus spp. B) Different 
morphotypes in the asexual life cycle of A. fumigatus. Reproduced from Taubitz et al., 2007. B)
Cell wall composition of A. fumigatus conidial and hyphal stages of growth. Reproduced from 
Latgé and Chamilos, 2019. 
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Within the moist, warm environment of the human immunosuppressed lung, germinating 

spores grow into invasive hyphae enabling penetration through the pulmonary epithelium, 

eventually leading to angioinvasion. Such hyphal growth leads to invasive pathologies, such 

as that observed in clinical presentation of IPA (Denning, 1996). 

1.2.1 Aspergillus fumigatus genome  

The published genome sequence of the A. fumigatus clinical isolate Af293 in 2005 (Nierman 

et al., 2005), followed by the sequence of the A. fumigatus A1163 clinical isolate in 2008 

(Fedorova et al., 2008), was a milestone in fungal research as it opened avenues for 

research at the genetic level. The Af293 strain was sequenced by the whole genome 

shotgun sequencing method augmented by optical mapping and revealed a haploid set of 

eight chromosomes, ranging in size from 1.8 to 4.9 Mb for a total of 29.4 Mb of genomic 

sequence (Nierman et al., 2005). A comparative study of the A. fumigatus Af293 strain with 

the A. nidulans strain FGSC A4 and the A. oryzae RIB40 showed that the core proteome 

among the Aspergillus species remained remarkably conserved, with about 500 genes 

unique to A. fumigatus (Galagan et al., 2005). Another comparative genomic analysis of the 

A. fumigatus A1163 with Af293 isolate identified a core set of genes (99.8% identical at the 

nucleotide level), and up to 2% of unique genes in each genome with low identity (40%) for 

variable genes (Fedorova et al., 2008). Further, a comparative analysis of A. fumigatus with 

the orthologs A. clavatus NRRL1 and Neosatorya fischeri NRRL181 revealed the genomes 

comprised of only 10-20% of species-specific genes (8.5%, 13.5% and 12.6%, for A. 

fumigatus, N. fischeri and A. clavatus genes respectively) (Fedorova et al., 2008). The 

species-specific genes were located predominantly in sub-telomeric regions of the 13 

chromosomal islands, enriched for pseudogenes, transposons, and other repetitive 

elements (Fedorova et al., 2008). At least 20% of A. fumigatus-specific functional genes 

were linked to general niche adaptation processes such as carbohydrate metabolism, 

transport and detoxification, transcriptional regulation, and secondary metabolism 

(Fedorova et al., 2008), as seen with species-specific genes of A. nidulans and A. oryzae 

(Galagan et al., 2005; Machida et al., 2005). More recently, several genes involved in 

adaption have been implicated in virulence with deletion of the gene leading to loss in 

virulence in vivo (Abad et al., 2010), indicating the importance of analysing genetic profiles 

to identify pathogenic determinants, and highlighting the redundancy of genes involved in 

a process. In addition, a physical clustering of genes (whose expression is upregulated in 



37 

early stages of A. fumigatus murine infection) was observed, with a preferential localisation 

near the chromosomal termini, in the telomeres (McDonagh et al., 2008). Initially 22 bio-

synthetic gene clusters (BGCs) encoding secondary metabolites driving production of 16 

different metabolites (Gibbons and Rokas, 2013) was predicted. Currently, 26 BGCs have 

been identified in the A. fumigatus genome, with 15 of the clusters containing 22 

transcriptional regulators (Bignell et al., 2016). More recently, a comprehensive telomere-

to-telomere coverage for A. fumigatus laboratory isolates, CEA10 (parental isolate of 

A1163) and its descendant A1160 was generated, identifying ribosomal repeats and 

sequences of centromere composed of long transposon elements (Bowyer et al., 2022).  

The number of genes in A. fumigatus was initially predicted to be 9,926 and one third of 

these, 3,288, had an unknown function and about 49% of the genome is protein coding 

(Ronning et al., 2005; Fedorova et al., 2008). Currently, there are 9,981 annotated genes in 

the A. fumigatus genome with approximately 618 (6.19%) specific for DNA binding 

(Bultman, Kowalski and Cramer, 2017), which are critical regions for regulating gene 

expression via binding of transcription factors.  

1.2.1.1 Transcription factors  

Transcription factors (TFs) are proteins that initiate and regulate the transcription of a 

gene, (i.e. the process by which the information in a strand of DNA is copied into the 

messenger RNA (mRNA)), forming a sequence complementary to the DNA template. 

Transcription is a tightly regulated process and plays a critical role in almost every biological 

process, including expression of house-keeping genes, developmental control and 

differentiation, tissue specific gene expression, cell cycle and metabolic regulation, and 

apoptosis (Phillips and Hoopes, 2008). The failure of transcription to occur will render 

redundant the steps that follow in the expression of that specific gene and hence the 

subsequent cellular/biological process. Although other factors such as histone acetylation, 

specific receptor proteins and post-transcriptional regulators play roles in gene expression, 

the major control lies at the level of transcription (Latchman, 2008). TFs are therefore the 

initial determinants of whether a specific gene will be turned on or off for a process; and 

thus, act as ‘gate-keepers’ of cell processes. 

TFs bind with their specific DNA binding domains to specific sequences/regions of the DNA 

called promoter sequences stimulating/repressing transcription of the gene, as well as to 
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enhancer regions modulating the rate of gene transcription. These regulatory regions can 

be thousands of base pairs upstream or downstream from the gene being transcribed but 

are usually located at the 5' end of the transcription start site in the upstream region of 

target genes (Phillips and Hoopes, 2008). Binding of the TFs to the regulatory regions 

recruits RNA polymerase to form the transcription initiation complex, initiating mRNA 

synthesis and terminates once the strand is completely synthesized. TFs can work alone or 

in combination with other TFs, co-activators or adaptor proteins forming a regulatory 

network for a cell process or a phenotype and can also regulate multiple cell processes 

(Latchman, 2008). The newly formed mRNA copies of the gene serve as blueprints for the 

process of translation leading to protein synthesis (Figure 1.7). 

Figure 1.7: The process of transcription. Transcription factors can bind to promoter, enhancer, or 
silencer elements to regulate transcription. They can work independently or along with other 
transcription factors or co-activators to initiate the process of transcription by RNA polymerase.  

The typical structure of a TF may comprise of, 1) a DNA binding domain to recognise the 

gene regulatory elements, 2) a trans-activation or a trans-repression domain, domain 

interacting with the transcription initiation complex, raising the efficiency of the assembly 

and ultimately activating/repressing transcription of the gene, 3) a dimerization domain 

that is closely linked to the DNA binding domain and controls DNA specificity, 4) a 

regulatory domain that may provide interaction with other factors to enable activation or 

inactivation of the TF (Warren, 2002). In addition to the above typical domains of a TF, there 

may be other domains that provide protein-protein interactions with other components of 

the enhancer zone or with other TFs (Warren, 2002). Several families of TFs exist and are 
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classified systematically based on the features of the DNA binding domain. Members of 

each TF family may share structural characteristics and may also share a unique DNA 

recognition code, called the consensus motif/sequence. In fungi, 37 classes of TFs have 

been identified, assigned to 12 superfamilies (Shelest, 2017). The Zn2Cys6 zinc binuclear 

cluster is the largest class of fungi-specific domains, consisting of six cysteine residues that 

bind two zinc atoms and can interact with the DNA as monomers or as homo- or 

heterodimers. The other common families are the fungal-specific TF domain, C2H2, basic-

leucine zipper (Bzip), histone-like TFs, Helix-Loop-Helix (HLH), Heat shock factor (HSF), Myb 

DNA-binding, and GATA zinc finger (Shelest, 2008).

TFs coordinate many cellular processes of fungi controlling growth, reproduction, 

secondary metabolism as well as adaptation to environmental stress (Todd et al., 2014). 

Consequently, TFs have been recognised as critical proteins for the establishment of 

growth and pathogenesis in a host (by the activation or repression of different pathways), 

thereby regulating virulence in the host (Bultman, Kowalski and Cramer, 2017). Research 

using TFs allows us to understand the genome-wide maps of regulatory signals and 

transcription regulatory regions, to predict DNA binding specificity of new TFs, to construct 

system wide transcription networks and unravel transcriptional regulation during disease 

phenotype to decipher host pathogenesis (Bahn, 2015). This research spans several fields 

of biology including wet-lab biology, bioinformatics, functional genomics, and systems 

biology. However, only a fraction of the A. fumigatus TFs has been characterised and fewer 

studied during host-pathogen interactions (Table 1.2).   

Recently, 495 putative TF genes were identified in A. fumigatus after a systematic and 

extensive review of genes annotated as TFs in the databases at Ensembl fungi and ASPGD 

and DBD search (Furukawa et al., 2020). Most of the identified TFs possessed either one 

(n = 245) or two (n = 158) functional DNA binding domains associated with transcriptional 

regulation, with the most common domains being the binuclear zinc cluster (n = 192) and 

fungal-specific transcription domains (n = 195). Using a fusion PCR approach for generating 

single gene mutants (Szewczyk et al., 2007; Zhao et al.,2019), the gene of interest was 

replaced with a hygromycin resistance gene in the A. fumigatus A1160p+ strain (also known 

as MFIG001 or A1160+), a Δku80, pyrG+ strain derived from FGSC strain A1163 (Bertuzzi et 

al., 2021). Validation using custom primers to confirm gene deletion and replacement with 

hygromycin gene led to the creation of a library of 484 A. fumigatus transcription factor 

null mutant strains (TFKOs) (Furukawa et al., 2020). Knock-out strains of TFs analysed in 
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vivo and in vitro throw light on whether a gene product is essential in the development of 

pathogenicity (Bultman, Kowalski and Cramer, 2017). Therefore TFs offer tremendous 

potential in understanding pathogenesis mediated by A. fumigatus during infection. 

1.3 Pathogenesis of A. fumigatus-mediated disease 
Resolution or progression of disease during a host-pathogen interaction is a battle of the 

pathogenic mechanisms of the microorganism versus the host immune response. 

Pathogenicity has been defined as the capacity of a microorganism to cause damage in a 

susceptible host; where the micro-organism capable of causing host damage/disease is 

historically referred to as a pathogen (Pirofski and Casadevall, 2012). Some micro-

organisms are pathogens only under certain environment or host mediated conditions and 

are suggested to be opportunistic pathogens, such as A. fumigatus. In this case, disease and 

probability of host damage or no infection is a fine balance of host and microorganism 

factors (Casadevall and Pirofski, 2000). Hence, the factors that determine host 

pathogenicity could be due to pathogen as well as host activity. In A. fumigatus, such 

determinants have been defined as the virulence factors (Casadevall and Pirofski, 1999). 

Although pathogenicity and virulence are used synonymously and both are emergent traits 

applicable in a susceptible host, they have different meanings. Pathogenicity is an absolute 

and dis-continuous factor, either there can be pathogenicity or no pathogenicity in the 

host. However, virulence is the relative capacity of the microorganism to cause damage in 

a susceptible host. Virulence is defined as a continuous and relative factor because it is the 

degree of damage caused in comparison to a standard, such as a control or mutant strain 

or a different species (Casadevall, 2007; Casadevall et al., 2011). As a measure of virulence, 

Casadevall proposed the concept of pathogenic potential, which is “proportional to the 

fraction of individuals who become symptomatic after infection with a defined inoculum”. 

The pathogenic potential considers factors such as mortality, communicability, and the 

time from infection to disease (Casadevall, 2017). 

However, A. fumigatus is not a conventional pathogen. It is primarily a herbivorous 

saprophyte, whose genes largely encode for enzymes necessary to degrade plant cell 

polymers (Tekaia and Latgé, 2005). Despite this, A. fumigatus surprisingly transforms into 

a successful pathogen causing lethal pulmonary infections in a susceptible host (Lamoth, 

2016). The transition of A. fumigatus from being a naïve saprophyte to an invasive 
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pathogen involves defensive and offence virulence traits (Osherov, 2007), as well as 

immune evasion and immune-modulatory strategies deployed by A. fumigatus to establish 

invasive disease (Bignell, 2014), explained below as 3-sections, with a highlight on the role 

of characterised TFs (Table 1.2), regulating these processes.  

1.3.1 Initiation 

A. fumigatus initiates pathogenesis via dormant conidia (spores) that are environmentally 

ubiquitous both outdoors and indoors, including in woodchips, fields, bedding, garden soil 

and water supplies; all of which are in close proximity to human activities (Latgé, 1999). 

Hence, even daily activities such as gardening, farming, building works and household 

cleaning, instantly aerosolise A. fumigatus conidia (McCormick, Loeffler and Ebel, 2010; 

O’Gorman, 2011). Some locations such as the vicinity of combine harvesters, landfill and 

compost sites contain incredibly large concentrations of A. fumigatus spores, exceeding the 

acceptable UK Environment Agency guidelines of 103 CFU/m3 (Robertson et al., 2019; 

Cartwright et al., 2009). Not only would such exposures generate an allergic response, 

cases of IA after colonisation have also been reported (Kosmidis and Denning, 2015). 

Correlating to this, a study using Bayesian modelling and in vivo experimentation report 

approximately 104 spores influence the probability for the development of IA in mice, 

however this is only speculative for human infections (Leleu et al., 2013). Thus, practically 

all humans are exposed to A. fumigatus daily with estimates predicting that a person 

inhales over 200 spores per day, with spores having been isolated even from the sputum 

of normal individuals (Latgé, 1999). This ubiquitous and abundant nature of A. fumigatus is 

suggested to be one of the reasons for the increased prevalance in causing infection. 

However, other airborne fungi are more prevalant than A. fumigatus (Nielsen et al., 2014), 

implying A. fumigatus posseses additional virulence features that enable it to be a 

successful pathogen in the host. 

A. fumigatus spore dispersal is influenced by several factors including air movement, 

turbulence, and thermal convection. A study indicated emission rate of A. fumigatus

conidia from an undisturbed compost pile was 8-11x103 CFU/m2/s, at the mean wind speed 

of 1 m/s (Taha et al., 2005). Such a high spore dispersal rate is credited to the unique 

morphological and structural features of A. fumigatus conidia, such as the aerial location 

of the spores on hyphae, as well as the size, shape, density, and cell wall composition of 

the spores (Latgé, 2020). Further, 1,8-dihydroxynaphthalene (DHN) melanin in the conidial 
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cell wall not only offers protection from UV but is also suggested to assist high dispersal 

(Thywißen et al., 2011). Moreover, the negatively charged terminal components of cell wall 

glycoproteins (called sialic acid residues) on A. fumigatus cell wall contributed to dispersal 

and pulmonary deposition; since the removal of sialic acid residues of conidia by a sialidase 

treatment led to greater agglutination of the spores (Warwas et al., 2007). A. fumigatus

conidia are also considerably more hydrophobic than other species such as A. nidulans, 

likely causing them to disperse more easily in air currents (Bayry et al., 2012).  Kwon-Chung 

and Sugui compared spore dispersal of A. fumigatus and A. nidulans in a simple laboratory 

experiment by exposing sterile agar plates to A. fumigatus and A. nidulans cultures, 

discovering A. fumigatus conidia dispersed to the surrounding agar plates while no 

dispersal was noted for A. nidulans (Kwon-Chung and Sugui, 2013). 

Another suggested initiating virulence factor of A. fumigatus conidia is the small spore size 

(2-3 µm in diameter) in comparison to conidia from A. niger and A. flavus (4-6 µm), that 

might favour swift passage through the lung bronchus into the bronchioles, to reach the 

lower alveolar nodules of the lung (McCormick, Loeffler and Ebel, 2010). Nevertheless, 

conidia of A. terreus have a similar size as that of A. fumigatus, but do not cause infections 

as frequently (Deak et al., 2009), implying spore size of A. fumigatus alone is not critical for 

infection in the host.

A hallmark of all human pathogens is their ability to grow at mammalian body temperature 

of 37oC (Kohler, Casadevall and Perfect, 2015). A. fumigatus satisfies this criterion growing 

rapidly at 37oC as well as tolerating up to 75oC, being relatively thermophilic in comparison 

to other Aspergilli species (Kwon-Chung and Sugui, 2013).  Deletion of A. fumigatus crgA 

gene, encoding a protein involved in ribosome biogenesis, resulted in impaired growth 

relative to the wild-type (WT) progenitor at 37oC and not at room temperature (Bhabhra 

et al., 2004). Moreover, the ΔcgrA strain demonstrated attenuated virulence in a murine 

IA model (Bhabhra and Askew, 2005), indicating genes related to thermotolerance 

contributed to virulence.  However, CgrA has homologs in non-pathogenic and non-

thermophilic fungi (Abad et al., 2010), implying that growth at host body temperature 

alone cannot drive pathogenicity. Moreover, a sufficiently immunocompromised host can 

be infected by hundreds of environmental fungal species that grow at human core 

temperatures. However, to cause tissue invasion, invasive fungi must possess unique 

characteristics that enable it to assault the host cells to cause aggressive disease. 
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As discussed above, although attributes such as the spore size, composition, dispersal and 

thermotolerance offer a positive advantage to A. fumigatus in reaching and surviving in the 

innermost regions of the human respiratory tract, additional factors likely enable the 

saprophyte A. fumigatus to be a successful pathogen inside the human host facilitating lung 

cell damage, each of the pathogenic traits will be discussed in the sections below. 

1.3.2 Invasion

In an immunocompromised host scenario (as seen in cases of IA), A. fumigatus spores 

swiftly pass from the nasal cavity and upper airways into the lung bronchioles and finally 

deposit into the innermost alveolar spaces of the lung. Here, the alveolar epithelial cells 

are believed to be the first host cell type to encounter A. fumigatus spores (Dagenais and 

Keller, 2009; Earle et al., 2023). Although research efforts on airway epithelial cells have 

initiated in the last decade (Osherov, 2012; Croft et al., 2016), an in-depth understanding 

of A. fumigatus genes and attributes contributing to lung cell invasion during interaction 

with the alveolar epithelium is still lacking. 

The mammalian airway epithelium is a tightly packed cellular barrier conferring physical 

protection against inhaled particles, including fungal spores. The lower airways resemble 

branches of a tree, with the main trachea conducting inhaled air from the upper airways 

into two primary bronchi. The bronchi branch into bronchioles which branch into alveolar 

ducts terminating in several alveoli. A bronchiole is composed of three layers: an outer 

layer of smooth muscle and ECM, a middle layer of connective tissue (basal lamina) and 

inner layer of epithelial cells. The inner bronchial epithelium is pseudostratified and 

comprises mainly of three cell types: ciliated cells, mucus secreting goblet cells, and basal 

cells (Knight and Holgate, 2003). The alveolar epithelium covers a much larger surface area 

of approximately 100 m2 involving over 700 million individual alveoli and is composed of 

three layers: an outer layer of capillary endothelial cells lining the blood vessels, middle 

layer of a thin interstitial basal membrane (composed of laminin, collagen, and fibronectin), 

and an inner layer comprising of two types of epithelial cells (also called pneumocytes), 

namely type I and type II cells (Herzog et al., 2008). The squamous type I cells cover >95% 

of the inner alveolar surface mainly facilitate rapid exchange of gas and possibly fluid and 

ion transport. The type II cuboid cells account for only 5% of alveolar surface but are more 

numerous than type 1 cells and have important functionalities such as differentiating into 

type I cells during alveolar repair, secretion of surfactants and proteins, as well as 
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phagocytosis and effector immune response (Herzog et al., 2008; Wong and Johnson, 

2013). The respiratory epithelium provides a sealed barrier limiting the paracellular 

passage of particles, molecules and ions, as well as restricting the movement of integral 

proteins between the apical and basolateral surfaces (Knight and Holgate, 2003). This 

barrier function is dependent on heteromeric protein complexes connecting neighbouring 

epithelial cells tightly with each other, known as tight junction proteins or claudins. Claudin-

4 and claudin-7 are ubiquitously expressed throughout the respiratory epithelium, whereas 

claudin-5 is expressed by both lung epithelial and endothelial cells, while claudin-18 is 

uniquely expressed by the alveolar epithelial cells (Schlingmann, Molina and Koval, 2015).

Initially airway epithelial cells (AECs) were considered to simply function as a passive 

physical barrier to foreign particles, but several studies have shown that AECs actively 

participate during A. fumigatus infection, serving not only as the first host cellular response 

but also as an interface between the innate and adaptive immune responses (Osherov, 

2012; Croft et al., 2016). As reviewed above, studies have explored the critical nature of 

epithelial cell responses during A. fumigatus infection, most commonly using in vitro

immortalised lung cell models such as the A549 lung carcinoma cell line which simulate the 

human type II alveolar epithelial cells, and the BEAS-2B and HBE cell lines for modelling the 

human bronchiolar epithelial cells. From current available literature, it can be deciphered 

that A. fumigatus mediated pathogenesis in the lung is dynamic, dependent on the fungal 

morphotype growth, as well as several virulence attributes that may work sequentially 

(Figure 1.8), initiating with adhesion of A. fumigatus with host cell constituents. 

1.3.2.1 Adhesion and internalisation 

Adhesion to the host cell prevents easy removal of a microorganism from host surfaces and 

provides a close contact for invasion of host cells. Further, adhesion could assist growth of 

the microorganism in the host, with an opportunity to possibly modulate and evade the 

host immune responses (Brunke et al., 2016). Adhesion of A. fumigatus spores to AECs has 

been reported to be rapid, with in vitro studies suggesting adherence to A549 cells in <2 

hours (h), and as early as 30 min post-infection (DeHart et al., 1997).   The cell wall of A. 

fumigatus serves as the primary portal of contact between the host and the pathogen 

during invasion and the dynamic nature of each fungal morphotype (Figure 1.6), indicates 

different adhesins and recognition receptors at each developmental stage of A. fumigatus

infection.  
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A. fumigatus spores bind to ECM components of the host lung epithelial cells, specifically 

to fibrinogen, fibronectin, laminin, type I collagen, and type IV collagen via several cell wall 

constituents, including the outermost rodlet layer (Sheppard, 2011). The hydrophobin 

rodlet layer of the spores is coded by 6 genes, from which rodA and rodB have been studied 

for virulence using gene knock-out strains, the latter showing no role in pathogenicity (Paris 

et al., 2003). Early in vitro observations report the ΔrodA strain to be defective in adherence 

to bovine collagen and albumin (Thau et al., 1994). Aimanianda et al. demonstrated that 

removal of RodA either chemically (using hydrofluoric acid), genetically (ΔrodA mutant), or 

biologically (after spore germination), resulted in activation of both innate and adaptive 

immune responses including a cytokines cascade (Aimanianda et al., 2009). Moreover, the 

ΔrodA strain exhibited an enhanced killing by alveolar macrophages, aligning with a 

previous study reporting the ΔrodA strain caused lesser host pulmonary lesions in a murine 

IA model (Shibuya et al., 1999). Another discovered cell wall protein CcpA, also acts as an 

adhesin, with ΔccpA conidia causing enhanced activation of the neutrophils and dendritic 

cells and significantly less damage to epithelial cells in vitro. Additionally, the ΔccpA conidia 

attenuated virulence in immunosuppressed murine models of IA (Voltersen et al., 2018). 

Another adhesin identified by its GPI anchor and N-terminal signal peptide is CspA, wherein 

deletion of the cspA gene resulted in reduced adherence of conidia to epithelial cells, 

however, no reduction in virulence was observed in vivo model of IA (Levdansky et al., 

2010). Three transcription factors central to asexual development (BrlA, WetA, and AbaA) 

regulate CcpA (Han and Adams, 2001; Lindt et al., 2018), however the transcriptional 

regulation pathway enabling adhesion of A. fumigatus to the host cells has not been 

explored. A very recent study reported HscA present on the conidial surface of A. fumigatus

as an adhesin, interacting with P11 receptor on the surface of A549 cells. Further, the ΔhscA

strain caused significantly less damage to host cells relative to WT conidia. This loss in 

invasion capacity could be compensated by the addition of N-terminal twin-strep-tagged 

recombinant HscA (Jia et al., 2023).  Another A. fumigatus cell wall component associated 

with adhesion is the melanin pigment (present underneath the rodlet layer). A. fumigatus 

produces two types of melanin: pyomelanin via L-tyrosine degradation (Schmaler-Ripcke 

et al., 2009), and DHN-melanin via a polyketide synthase pathway (pkS) (Jahn et al., 2002; 

Tsai et al., 1998), with the latter being crucial for virulence in vivo (Pihet et al., 2009). DHN 

melanin synthesis is controlled by a six gene cluster (pksP/alb1, ayg1, arp1, arp2, abr1 and 

abr2 (Abad et al., 2010).  Recently, two TFs DevR and RlmA were reported to bind to the 
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intergenic region of pksP-arp1 and independent deletion of genes coding for DevR and 

RlmA reduced the expression of the DHN-melanin gene cluster. Further, DevR and RlmA 

co-operatively regulate pksP expression acting both as repressors and activators depending 

on the DNA motifs recognized in the pksP promoter region (Valiante et al., 2016). The 

conidial surface sialic acid residues have also been reported to contribute to adherence 

mediating binding of A. fumigatus to fibrinogen and other basal lamina proteins, that 

usually exposed during epithelial injury or lung damage (Wasylnka and Moore, 2000). Since, 

A. fumigatus has more sialic acid residues on the conidia compared to other non-

pathogenic Aspergilli species, it could enable better adherence to host tissues and hence 

contribute to pathogenicity (Wasylnka., Simmer., & Moore., 2001). 

In addition to binding adhesins, secreted host adhesins have been identified. H-ficolin, an 

opsonin secreted by type II alveolar epithelial cells and found in human bronchiolar lavage 

fluid could bind to A. fumigatus conidia (Bidula et al., 2015). Moreover, A549 cells secrete 

a soluble receptor, Pentraxin3, upon exposure to A. fumigatus conidia that functions like 

an opsonin binding to conidia enabling phagocytosis by macrophages (Garlanda et al., 

2002).  Furthermore, studies have shown that the surfactant proteins A and D produced by 

the type II epithelial cells bind to A. fumigatus conidia, thereby enhancing phagocytosis and 

killing by neutrophils and alveolar macrophages (Pandit et al., 2012).  

In addition to adhesins, recognition of A. fumigatus conidia by AECs occurs via the 

expression of pathogen recognition receptors (PRRs) such as the toll like receptors (TLRs) 

and C-type lectin receptors (CLRs) on host cells. Studies report increased expression of PRRs 

on exposure to A. fumigatus conidia in human primary lung epithelial cells, relative to 

unexposed cells (Ritter et al., 2005; Sun et al., 2012).  Recognition of A. fumigatus via PRRs 

enables internalisation of A. fumigatus conidia, as well as the production of reactive oxygen 

species (ROS) and pro-inflammatory cytokines by the AECs (Osherov, 2012). The CLR 

(Dectin-1) on host cells binding to β-glucan on the A. fumigatus cell wall has been reported 

to be critical several host immune responses.  TLR-2 has also been shown to have a vital 

role in the expression of Dectin-1 on AECs in response to A. fumigatus with silencing of TLR-

2 resulting in reduced Dectin-1 expression (Sun et al., 2012). E-cadherin, a glycoprotein 

mediating cell-cell adhesion is also involved with adhesion to unidentified putative ligands 

of A. fumigatus since deletion of E-cadherin in A549 cells not only led to decreased conidial 

adhesion to the cells but also decreased internalisation by the AECs (Xu et al., 2012; Yan, 

Han, and Yu, 2016).  A proteomic analysis of A. fumigatus cell wall proteins led to 
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identification of a thaumatin-like protein, CalA, that binds to laminin and murine lung and 

spleen cells in vitro (Upadhyay et al., 2009). CalA also binds to integrin α5β1 of human 

endothelial and epithelial cells to induce endocytosis, thereby facilitating invasion of host 

tissue (Liu et al., 2016). The ΔcalA strain exhibited significantly attenuated virulence relative 

to the WT strain in a corticosteroid model of murine infection, manifested by prolonged 

survival, reduced pulmonary fungal burden, and decreased pulmonary invasion. To date, 

CalA is the only identified invasin of A. fumigatus that mediates invasion of host cells along 

with enhancing virulence (Liu et al., 2016). 

Figure 1.8: Aspergillus fumigatus interaction with the alveolar epithelial cells. A. fumigatus assault 
on the epithelial cells occurs via a series of pathogenic attributes, initiating with adhesion of the 
fungus to the host cells, the spores can be swiftly internalised by the epithelium and the germinated 
spores can produce extensive hyphae. Early contact mediated epithelial damage and a later phase 
of damage by secreted factors has also been reported. 
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Even though AECs are not conventionally phagocytic cells, studies on bronchial and 

epithelial lung cell models have shown that AECs internalise approximately 30% of adhered 

A. fumigatus conidia (Gomez et al., 2010). Internalisation of A. fumigatus spores is 

dependent on both actin polymerisation and microtubules, with inhibition of actin 

polymerisation shown to decrease conidial uptake (Wasylnka and Moore, 2003). In general, 

microbial uptake by AECs can occur either by a 1) zipper mechanism wherein a receptor 

mediated uptake leads to activation of host cellular pathways and remodelling of the host 

cytoskeleton or 2) trigger mechanism wherein pathogen-derived soluble effectors such as 

gliotoxin induce actin formation enabling uptake of the pathogen (Bertuzzi, Hayes and 

Bignell, 2019). Dectin-1 is also suggested to play a contributing role in spore uptake, with 

studies showing Dectin-1 blockade on A549 cells decreased the internalisation of A. 

fumigatus conidia (Han et al., 2011; Bertuzzi et al., 2014). Once internalised, A. fumigatus

conidia are trafficked into an acidic phagolysosome of the AECs, passing through a series of 

intracellular compartments leading to phagolysosome-mediated killing (Figure 1.9). Recent 

studies using a murine in vivo model reported most of the A. fumigatus spores are 

internalised and killed by AECs and only ~3% of internalised spores remained viable after 8 

h of incubation with murine AECs. Further in vitro analysis revealed significant alterations 

in the uptake of spores by AECs from healthy and COPD derived AECs, suggesting epithelial 

uptake of A. fumigatus spores is essential to drive efficient fungal clearance which is 

aberrant in COPD individuals (Bertuzzi et al., 2022). Thereby, A. fumigatus spore uptake can 

serve as a host defence mechanism.  Although the recently identified A. fumigatus conidial 

adhesin HscA bound to P11 on the A549 cells, it did not affect the internalization of conidia 

in A549 cells, rather HscA prevented maturation of conidia-containing phagosomes 

enabling evasion by phagosome killing and contributed to the exocytosis of A. fumigatus

conidia (Jia et al., 2023).  

A small number (3%) of the internalised spores survive inside the AECs without germination 

for up to 20 h in in vitro observations, while the rest of the externally adherent spores 

germinate (Wasylnka and Moore, 2003). The ability of spores to inhabit the AECs indicate 

that epithelial cells may serve as a reservoir for dormant A. fumigatus spores to escape 

recognition by innate immune cells and germinate when conditions are suitable thereby 

causing cell damage. Using alveolar and bronchial epithelial cell models, Seidel et al. 

reported germination, morphology and growth of A. fumigatus were significantly impaired 

upon internalisation compared to the fungus growing on the host cell surface. Once 
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internalised, the spores and germlings were surrounded by the host phagolysosome 

membrane however, sixty per cent of the phagosomes containing germlings were not 

acidified at 24 h post infection allowing hyphal development (Seidel et al., 2020). Further, 

the study reported the phagolysosomal membrane was not ruptured during hyphal escape 

but likely fused to host plasma membrane allowing elongated hyphae to escape the host 

cell without lysis or penetration and hence without directly damaging the host. This may 

likely be preventing the activation of host immune responses to the invading fungal hypha 

(Seidel et al., 2020). The latent residency of A. fumigatus in the intracellular niche of AECs 

might also enable host damage by intracellular germination and may trigger inflammatory 

responses, ultimately leading to disseminated infection (Bertuzzi, Hayes and Bignell, 2019). 

The A. fumigatus ΔpacC strain lacking the PacC TF gene have shown decreased spore 

uptake (less than 10%) by A549 cells relative to the WT strain. The ΔpacC strain was unable 

to cause damage to the epithelial cells and was also attenuated for virulence in murine 

model of IA (Bertuzzi et al., 2014), suggesting spore internalisation by AECs as a virulence 

factor during interaction with epithelial cells (Figure 1.8). 

Figure 1.9: Mechanisms of Aspergillus fumigatus spore internalisation by alveolar epithelial cells.
A. fumigatus spore uptake can be mediated by receptors such as E-cadherin and Dectin-1 binding 
to the fungal cell wall components as well as α5β1 integrin of AECs binding to A. fumigatus CalA. 
Fungal secreted products such as gliotoxin can induce spore internalisation by AECs. Following 
spore uptake, most of the internalised A. fumigatus spores are killed, while a minority germinate 
intracellularly leading to host damage. Reproduced from Bertuzzi, Hayes and Bignell, 2019.
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One of the A. fumigatus hyphal cell wall components suggested not only in immune evasion 

by masking β-glucans from immune recognition, but also playing a key role in adherence is 

the polysaccharide galactosaminogalactan (GAG), found in the ECM both in vivo and in vitro

(Fontaine et al., 2011; Gravelat et al., 2013). Mutants deficient in enzymes that mediate 

GAG synthesis exhibited a significant decrease in adherence to epithelial cells in vitro and 

decreased virulence in vivo (Lee et al., 2014). The critical role of GAG in adherence was 

further confirmed with the identification of the TF MedA, that governs the expression of 

GAG, to regulate biofilm formation, adherence to fibronectin, pulmonary epithelial cells, 

and endothelial cells. Moreover, the A. fumigatus ΔmedA strain was hypo-virulent in a 

murine model of IA (Gravelat et al., 2010; Sheppard, 2011). Another putative TF, DvrA has 

been reported to mediate host epithelial cell damage as the ΔdvrA strain showed normal 

adherence to host cells and normal germination in vitro but caused higher damage to both 

endothelial and epithelial cell lines compared to the WT strain at 24 h (as confirmed using 

a 51Cr release assay). Interestingly, the higher epithelial cell damage by the ΔdvrA strain 

was observed not due to the release of soluble factors but was instead mediated by contact 

between the strain and the host cells (Ejzykowicz et al., 2010). The ΔdvrA strain 

demonstrated increased virulence in Galleria melonella, however, attenuated virulence in 

non-neutropenic mice (Ejzykowicz et al., 2010). The above studies suggest hyphal adhesion 

as a critical virulence factor during interaction with epithelial cells (Figure 1.8). 

1.3.2.2 Germination and hyphal growth 

Germination of A. fumigatus conidia in the host is critical for development of IA, as the 

hyphal stage is the hallmark of invasive disease. A study comparing conidial germination in 

the pathogenic Aspergillus spp., A. flavus, A. niger and A. fumigatus reported conidial 

germination of A. fumigatus was specifically enhanced during growth on human albumin 

(Araujo and Rodrigues, 2004), suggesting A. fumigatus was best equipped to develop an 

invasive infection in humans. A. fumigatus growth and morphogenesis is controlled by 

several genes, and gene deletion studies have identified specific genes enhancing 

pathogenicity. For example: deletion of the cyclic AMP-dependent protein kinase-signalling 

(PKA) genes (ΔgpaB, ΔpkaC1, ΔpkaR), involved in conidial germination, resulted in reduced 

spore germination and growth in vitro as well as decreased virulence in murine models of 

IA (Yan, Han, and Yu, 2016). Further, deletion of the calcineurin catalytic subunit (ΔcnaA) 



51 

of the calcineurin pathway, involved in cellular stress responses and morphogenesis led to 

significantly impaired growth at 37oC in vitro and resulted in hypovirulence in in vivo models 

of IA.  The calcineurin pathway in A. fumigatus is regulated by the TF, CrzA, and a ΔcrzA

strain is attenuated for growth in a murine IA model (Cramer et al., 2008). In another study, 

the ΔcrzA strain exhibited not only decreased conidiation but also avirulence relative to WT 

strain (Soriani et al., 2008; de Castro et al., 2014). The above examples suggest germination 

of A. fumigatus conidia as a critical attribute to establish infection (Figure 1.8). The 

germination of conidia is coupled with cell wall assembly whereby each developmental 

stage requires synthesis of specific cell wall constituents (Figure 1.6). This developmental 

process is intricately controlled by several genes, some implicated in virulence. For 

example, the ags1, 2, 3 genes ( coding enzymes in the synthesis of β-1,3 glucan) and ecm33

(coding a GPI-anchored cell wall protein) are implicated in virulence (Romano et al., 2006; 

Fontaine et al., 2010; Mouyna, Hartl and Latgé, 2013). The Δecm33 strain also exhibited 

greater sensitivity to immune cells mediated killing (Levdansky et al., 2010). Several A. 

fumigatus TFs (BrlA, AbaA, SomA, StuA, MftA, RlmA and Ace2), have been implicated in 

conidial germination regulating gene expression at different stages of fungal 

morphogenesis, governing asexual reproduction, as well as cell wall integrity; with deletion 

of most of the TFs altering virulence in in vivo infection models (Bultman, Kowalski and 

Cramer, 2017) (Table 1.2). On germination, A. fumigatus progresses to form extensive 

elongated hypahe that can enable A. fumigatus to invade the epithelial cells by contact 

mediated mechanims, or via tugor pressure of the growing hyphal cells on the surrounding 

AECs or via the secretion of hypal secretions during growth (Figure 1.8), as discussed in the 

next section of this Chapter. Hyphae are critical markers of invasion with studies in other 

invasive fungi such as C. albicans and Mucorales reporting the formation of hypha as a 

critical factor for host cell damage (Mayer, Wilson, & Hube, 2013; Ibrahim et al., 2012).  

A. fumigatus biofilms characterised by filamentous inter-twined hyphae during invasive 

infection, also seen in the 3D structure of A. fumigatus mycelial colony have also been 

described as an important virulence factor (Beauvais et al., 2007). Biofilm formation is 

assisted by different fungal constituents, such as cell wall components, secondary 

metabolites, drug transporters (Kaur and Singh, 2013), and extracellular DNA proposed to 

improve the overall structural integrity of the biofilm (Rajendran et al., 2013). Biofilm 

formation by A. fumigatus is suggested to be involved in resistance to antimicrobials and 

antifungals (Mowat et al., 2008; Rajendran et al., 2013; Latgé and Beauvais, 2015).
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Table 1.2: Characterized transcription factors (TF)s in A. fumigatus, their functions, mutant studies, strain background and impact on growth and virulence. 

TF AFUB GENE ID AFUA GENE ID MAIN FUNCTIONS MUTANT IMPACTS
VIRULENCE IN ANIMAL MODEL 

GROWTH OF THE MUTANT STRAIN 
BACKGROUND 
IN THE STUDY 

REFERENCES

Neutropenic Corticosteroid
AbaA AFUB_005170 AFUA_1G04830 Asexual 

development, 
gliotoxin 

biosynthesis 

No study done No study done Aberrant conidiophores 
lacking spores 

Af293 Shin, Kim, and Yu, 
2015 

Ace2 AFUB_037920 AFUA_3G11250 Conidial formation, 
cell wall architecture 

NO YES Abnormal pigmentation,
conidiation, and 

accelerated germination 

Af293 Ejzykowicz et al., 
2009 

AcuK AFUB_022860 AFUA_2G05830 Gluconeogenesis, 
iron acquisition 

No study done YES Unable to grow on 
gluconeogenic carbon 

sources, impaired growth 
under iron-limited 

conditions 

Af293 Pongpom et al., 2015

AcuM AFUB_027990 AFUA_2G12330 Gluconeogenesis, 
iron acquisition 

No study done YES Unable to grow on 
gluconeogenic carbon 

sources, impaired growth 
under iron-limited 

conditions 

Af293 Liu et al., 2010; 
Pongpom et al., 2015 

Ads4 AFUB_015800 AFUA_1G16460 resistance to 
antifungal azoles 

No study done No study done Growth rate similar to WT CEA17 Wang et al., 2015

Afyap1 AFUB_075990 AFUA_6G09930 Oxidative stress NO No study done Slightly reduced growth on 
malt agar 

Af293 Lessing et al., 2007; 
Qiao et al., 2008 

AreA AFUB_096370 AFUA_6G01970 Nitrogen utilization YES No study done Growth rate identical to 
WT but unable to grow on 

select nitrogen sources 

H237 Krappmann and
Braus, 2005 
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TF AFUB GENE ID AFUA GENE ID MAIN FUNCTIONS MUTANT IMPACTS
VIRULENCE IN ANIMAL MODEL

GROWTH OF THE MUTANT STRAIN 
BACKGROUND 
IN THE STUDY

REFERENCES

Neutropenic Corticosteroid
AtfA AFUB_037850 AFUA_3G11330 Stress response to 

conidia 
No study done No study done - AfS35 Hagiwara et al., 2014

AtrR AFUB_019790 AFUA_2G02690 Ergosterol 
biosynthesis, azole 

resistance 

YES No study done Growth inhibition under 
hypoxic conditions 

Af293, AfS35 Hagiwara et al., 2017

BrlA AFUB_015960 AFUA_1G16590 Asexual 
development, 

gliotoxin 
biosynthesis 

No study done No study done Inhibited by exogenous 
gliotoxin 

Af293 Han and Adams, 
2001; Shin, Kim, and 

Yu, 2015 

CpcA AFUB_069420 AFUA_4G12470 Cross-pathway 
control system of 

amino acid 
biosynthesis 

YES No study done Growth similar to WT D141 Krappmann et al., 
2004 

CreA AFUB_027530 AFUA_2G11780 Hypoxic adaptation, 
carbon catabolite 

repression 

No study done YES Growth reduction in 
hypoxic environment 

CEA17 Beattie et al., 2017

CrzA AFUB_007280 AFUA_1G06900 Calcium homeostasis YES No study done Delay and defect in 
germination and severe 

defect in polarized hyphal 
growth 

CEA17 Cramer et al., 2008

DvrA AFUB_039350 AFUA_3G09820 Host cell damage NO YES Growth as WT Af293 Ejzykowicz et al., 
2010 

FumR AFUB_086150 AFUA_8G00420 Fumagillin 
production 

No study done No study done Growth as WT A1160 Dhingra et al., 2013

GliZ AFUB_075680 AFUA_6G09630 Gliotoxin production NO YES Growth rate and conidial 
production similar to WT 

Af293 Bok et al., 2006; 
Sugui et al., 2007 



54 

TF AFUB GENE ID AFUA GENE ID MAIN FUNCTIONS MUTANT IMPACTS
VIRULENCE IN ANIMAL MODEL

GROWTH OF THE MUTANT STRAIN 
BACKGROUND 
IN THE STUDY

REFERENCES

Neutropenic Corticosteroid
GipA AFUB_096430 AFUA_6G01910 Gliotoxin production No study done No study done Growth rate and conidial 

production similar to WT 
Af293 Schoberle et al., 

2014 

HacA AFUB_043860 AFUA_3G04070 Unfolded protein 
response 

YES No study done Reduced growth compared 
to WT 

AfS28 Feng et al., 2011

HapX AFUB_052420 AFUA_5G03920 Iron homeostasis 
(deplete conditions) 

YES YES Normal conidiation and 
growth rate, mildly 

reduced radial growth in 
the presence of iron 

chelator 

ATCC Schrettl et al., 2010; 
Gsaller et al., 2014 

HasA AFUB_036300 AFUA_3G12890 Small molecules, 
hexadehydro-
astechrome 
production 

YES No study done Unknown Af293 Yin et al., 2013

LaeA AFUB_014200 AFUA_1G14660 secondary 
metabolites 
production 

No study done YES Growth as WT Af293/ B-5233 Bok and Keller, 2004; 
Sugui et al., 2007 

MedA AFUB_028890 AFUA_2G13260 Biofilm formation, 
adherence 

No study done YES Hyphal growth rates similar 
to WT but increased 

germination, conidiophores 
with impaired phialide 

Af293 Gravelat et al., 2010

MetR AFUB_063610 AFUA_4G06530 Acquisition of 
inorganic sulphur 

YES No study done Unable to grow on 
inorganic sulphur sources 

ATCC Amich et al., 2013
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TF AFUB GENE ID AFUA GENE ID MAIN FUNCTIONS MUTANT IMPACTS
VIRULENCE IN ANIMAL MODEL

GROWTH OF THE MUTANT STRAIN 
BACKGROUND 
IN THE STUDY

REFERENCES

Neutropenic Corticosteroid
MtfA AFUB_095620 AFUA_6G02690 Conidiation, 

protease and 
gliotoxin production 

No study done No study done Deletion led to reduced 
colony growth and 

conidiation 

CEA17 Smith and Calvo, 
2014 

MybA AFUB_041980 AFUA_3G07070 Conidiogenesis, 
conidial maturation 

and viability 

YES No study done Defects in sporulation, 
reduced conidiation 
capacity and conidial 

viability 

A1160 Valsecchi et al., 2017

NctA AFUB_029870 Azole sensitivity, 
drug resistance 

NO NO Reduction in growth rate 
relative to the WT strain 

A1160 Furukawa et al., 
2020 

NosA AFUB_066820 AFUA_4G09710 sexual development, 
stress and 

developmental 
response 

No study done No study done Increased vegetative 
growth and germination 

rates 

A1160 Soukup et al., 2012

NsdC AFUB_089440 AFUA_7G03910 early stage of 
mating; resistance 

toward cell wall 
stress 

YES No study done 10-30% reduction in solid 
media and 20% reduction 

in growth in liquid media at 
24 h relative to WT 

A1160 Alves de Castro et 
al., 2021 

NsdD AFUB_035330 AFUA_3G13870 early stage of 
mating; resistance 

toward cell wall 
stress 

No study done No study done Reduced hyphal extension 
relative to WT 

D141 Szewczyk and 
Krappmann, 2010 

PacC AFUB_037210 AFUA_3G11970 pH response, 
epithelial entry and 
invasion, protease 

production 

YES No study done Hyphal growth rates to WT, 
growth impairment at pH 8 

ATCC, CEA10 Bignell et al., 2005; 
Bertuzzi et al., 2014 
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TF AFUB GENE ID AFUA GENE ID MAIN FUNCTIONS MUTANT IMPACTS
VIRULENCE IN ANIMAL MODEL

GROWTH OF THE MUTANT STRAIN 
BACKGROUND 
IN THE STUDY

REFERENCES

Neutropenic Corticosteroid
PrtT AFUB_067240 AFUA_4G10120 Protease secretion NO NO Poor conidiation on 

minimal medium with a 
sole nitrogen source 

A1160 Sharon, Hagag and 
Osherov, 2009 

RglT AFUB_008610 AFUA_1G09190 oxidative stress 
resistance, gliotoxin 

biosynthesis 

No study done YES Sensitivity to oxidative 
stress-inducing compounds 

RlmA AFUB_040580 AFUA_3G08520 Cell wall integrity, 
oxidative stress 

adaptation 

YES No study done Sensitivity to cell wall
perturbing agents, reduced 
radial growth and delayed 

hyphal elongation 

A1160 Rocha et al., 2016; 
Valiante et al., 2016 

RsmA AFUB_019640 AFUA_2G02540 Gliotoxin production NO No study done Decreased al growth at 
25oC 

Af293 Sekonyela et al., 
2013 

SebA AFUB_066180 AFUA_4G09080 Heat shock, nutrient 
and oxidative stress 

YES No study done Reduced growth in the 
presence of hydrogen 

peroxide, CaCl2, reduced 
growth at 25oC 

CEA17 Dinamarco et al., 
2012 

SomA AFUB_088810 AFUA_7G02260 Asexual develop-
ment, conidiation, 

adhesion 

YES No study done Incapable of forming 
conidiophores 

AfS35 Lin et al., 2015

SrbA AFUB_018340 AFUA_2G01260 Hypoxia response, 
ergosterol and 

siderophore 
biosynthesis 

No study done YES Reduced in vivo fungal 
growth, no growth in 

hypoxic conditions 

CEA17 Willger et al., 2008; 
Blatzer et al., 2011; 
Chung et al., 2014 

SrbB AFUB_016450 AFUA_1G17060 Hypoxia response, 
carbohydrate 

metabolism, heme 
biosynthesis 

YES YES Reduced in vivo fungal 
growth, reduction in radial 
growth, reduced growth in 

hypoxia 

CEA17 Chung et al., 2014
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TF AFUB GENE ID AFUA GENE ID MAIN FUNCTIONS MUTANT IMPACTS
VIRULENCE IN ANIMAL MODEL

GROWTH OF THE MUTANT STRAIN 
BACKGROUND 
IN THE STUDY

REFERENCES

Neutropenic Corticosteroid
SreA AFUB_058830 AFUA_5G11260 Iron homeostasis 

(replete conditions) 
NO No study done Reduced growth rate at 

low iron 
ATCC Schrettl et al., 2008

StuA AFUB_023920 AFUA_2G07900 Asexual 
reproduction, 

secondary 
metabolite 

pathways, catalase 
production 

NO No study done Not pigmented and 
produced no structures 

beyond the stalk stage of 
differentiation, accelerated 

germination 

Af293 Sheppard et al., 
2005; Twumasi-

Boateng et al., 2009 

XprG AFUB_083510 AFUA_8G04050 Protease production NO NO Abnormal and fragile 
conidiophores 

A1160 Shemesh et al., 2017

ZipD AFUB_020350 AFUA_2G03280 calcium-calcineurin 
pathway and 

regulation of cell 
wall biosynthesis 

genes 

No study done No study done CEA17 Ries et al., 2017

ZafA AFUB_009490 AFUA_1G10080 Zinc homeostasis YES No study done Impaired germination and 
growth capacity in zinc-

limiting media 

AF14 Moreno et al., 2007; 
Amich and Calera, 

2014 
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1.3.2.3 Contact mediated and secreted factor mediated damage 

In vitro studies have reported the initial contact of A. fumigatus with A549 cells to cause 

disaggregation of the A549 monolayers and cytoskeletal depolymerisation (Kogan et al., 

2004). Bertuzzi et al. examined epithelial invasion in vitro by challenging A549 cells with 

A. fumigatus employing two in vitro assays, one analyzing detachment of the A549 

monolayers visually and quantitatively, and the other, by measuring A549 cell lysis using 

a 51Cr release assay (Bertuzzi et al., 2014). Using a ΔpacC strain, Bertuzzi et al. revealed 

A. fumigatus mediated epithelial damage via two distinct modes (Figure 1.8), one of 

which is contact mediated causing detachment of the epithelial A549 monolayers, and 

a subsequent mode of epithelial damage was noted via the action of secreted factors 

released by A. fumigatus during hyphal growth at a later stage of the infection (Bertuzzi 

et al., 2014). More recently, epithelial damage by A. fumigatus was studied in vitro over 

a series of time-points revealing A. fumigatus spores detached around 20% of A549 

monolayers as early as 4 h of co-incubation compared to 5% with a PBS challenge (Okaa 

et al., 2023). Moreover, the percentage of detached A549 cells increased with time, 

reaching about 50% after 16 h. Okaa et al. also examined confluent A549 monolayers 

exposed to young (16 h) and mature (48 h) hyphal secretions and revealed a failure of 

culture filtrates from 16 h mycelial cultures to detach A549 cells from the monolayer, 

whereas 48 h mycelial cultures elicited detachment of over 50% of cells as early as 4 h 

co-incubation reaching over 80% of A549 monolayers after 12 h (Okaa et al., 2023). On 

examining if damage caused by epithelial cell detachment correlated with lytic cell death 

(by the estimating the release of lactate dehydrogenase (LDH) by the epithelial cells into 

the culture supernatant), demonstrated A. fumigatus elicited statistically significant cell 

lysis relative to the parental strain only after 12 h of infection, with cell lysis increasing 

over time (Okaa et al., 2023). Further, only mature hyphal secretions (48 h) and not 

young hyphal secretions (16 h) enabled cell lysis as early as 2 h post infection, both 

observations correlating with hyphal growth of A. fumigatus (Okaa et al., 2023).  

The above observations indicate epithelial damage mediated by A. fumigatus to occur 

via mechanistically distinct modes, a contact mediated damage to occur at early stage 

of infection (16 h) via detachment of A549 monolayers, whereas secreted factors 

mediated damage by inducing lytic cell death occurred at a later stage of A. fumigatus

infection (24 h) (Figure 1.8). Since deletion of the PacC TF in A. fumigatus resulted in 
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reduced detachment at 16 h and reduced cell lysis at 24 h post challenge with A549 cell 

monolayers (Bertuzzi et al., 2014), PacC regulated both the early and the late phases of 

epithelial damage. This implied a genetic component to epithelial damage and leads to 

the hypothesis that there could be other TFs exhibiting the same phenomenon. 

A. fumigatus secretions include multiple enzymes such as proteases, phospholipases, 

elastases, and catalases as well as lytic toxins in the form of secondary metabolites. 

These secreted factors directly interact with the host immune response and are hence 

crucial offensive virulence factors causing damage by degrading human tissue polymers 

and modulating the host immune system to facilitate pathogenesis (Osherov et 

al.,2007).  

The A. fumigatus genome encodes over 100 proteases, but at least three major classes 

of proteases have been studied in vivo: serine proteases, metalloproteases, and aspartic 

proteases (Rementeria et al., 2005), which can digest host proteins enhancing tissue 

penetration and lysis of respiratory epithelial cells (Arsic Arsenijevic et al., 2014). 

Proteases also induce pro-inflammatory cytokine release in infected macrophages and 

epithelial cells, thereby alerting the immune system (Oguma et al., 2011). Airway 

epithelial cells exposed to A. fumigatus conidia from a low or high protease-producing 

strain revealed differential pro-inflammatory cytokine response in a strain dependent 

manner and correlated with conidial germination and hyphal extension (Rowley et al., 

2021). Studies using A. fumigatus culture filtrates report proteases disrupt actin fibres 

and focal adhesions in AECs, leading to cell detachment and death (Kogan et al., 2004; 

Sharon et al., 2011). Addition of serine protease inhibitors countered these effects, 

suggesting that A. fumigatus secretes proteases to induce cell damage and hence 

decreasing the anatomic and immune ability of the host epithelium (Oguma et al., 2011). 

A. fumigatus proteases could even act by disrupting host cell proteases and modulating 

the immune response towards a protective T-helper (Th2) response (Homma et al., 

2016). Despite all these convincing studies, no single protease null mutant of A. 

fumigatus has to date been found to be avirulent in murine in vivo models of IA. The A. 

fumigatus TFs, PrtT and XprG were reported to modulate gene expression of several 

secreted proteases, but the ΔprtT and the ΔxprG strains as well as a double mutant of 

the genes surprisingly did not affect murine virulence (Sharon et al., 2011; Shemesh et 

al., 2017), indicating more unidentified TFs could be regulating protease production. 
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Alternately, it may be that protease production alone is not sufficient for host 

pathogenicity and invasion during A. fumigatus infection. 

Phospholipases are another key enzyme secreted by A. fumigatus, suggested to cleave 

host phospholipids causing membrane destabilization and host cell penetration (Han et 

al., 2011). Deletion of the pld gene (encoding a phospholipase D), decreased 

internalization of A. fumigatus conidia by A549 cells, without affecting adhesion to the 

cells (Han et al., 2011; Li et al., 2012). However, the Δpld conidia did not show reduced 

uptake by a macrophage cell line, exhibiting a tissue specific observation. Nevertheless, 

in vivo studies of the Δpld strain revealed attenuated virulence in hydrocortisone acetate 

immunosuppressed mice, suggesting that phospholipases could be an important 

virulence factor during infection (Li et al., 2012).

Another crucial secreted product of A. fumigatus are the mycotoxins. Mycotoxins are 

mostly secondary metabolites produced by filamentous fungi, formed at different stages 

of fungal growth, supposedly serving as protective mechanism from predators and 

competitors in the environmental niche (Osherov, 2007). In A. fumigatus, 26 secondary 

metabolite gene clusters have been curated, encoding genes for several toxins, with 

some that are species-specific among the Aspergillus spp. (Inglis et al., 2013; Bignell et 

al., 2016). A. fumigatus mycotoxins have been identified to exert direct cytotoxic and 

several immune-modulating effects (Table 1.3). Gliotoxin is the most potent toxin, 

produced by more than 95% of A. fumigatus isolates from both clinical and 

environmental origins, much more than other Aspergillus spp. (Kupfahl et al., 2008). This 

uniqueness could possibly contribute to the relative predominance of A. fumigatus in 

causing infection. Gliotoxin is synthesised via the activities of 12 physically clustered 

genes of which, the TF GliZ, controls expression for 11 of the genes and GliP controls 

expression of a peptide synthase catalysing the first step of the gliotoxin biosynthetic

pathway (Abad et al., 2010).  Despite extensive immunosuppressive effects of gliotoxin 

on the host (Table 1.3), the mutants of gliotoxin genes in A. fumigatus did not vary 

overall virulence of in murine neutropenic IA model (Bok et al., 2006). On the contrary, 

gliotoxin was essential for virulence in non-neutropenic mice immunosuppressed with 

hydrocortisone, implying that the type of immunosuppression in the IA model is 

important for the pathogenic potential of gliotoxin (Sugui et al., 2007). Gliotoxin also 

induced apoptosis of murine epithelial cells by directly activating Bak, a proapoptotic 
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Bcl-2 family member, to stimulate the generation of reactive oxygen species. This 

mitochondrial release of apoptogenic factors, and activation of caspase-3, enables 

gliotoxin to cause host cell death (Pardo et al., 2006). Further to this study, gliotoxin is 

shown to induce apoptosis by activating the c-Jun N-terminal kinase (JNK) pathway by 

phosphorylation of the pro-apoptotic BHC3 protein Bim at three sites (Geissler et al., 

2013). The above observations indicate gliotoxin as a critical virulence factor enabling 

host pathogenicity.  

The A. fumigatus nucleolar protein, Lae, is a global regulator of secondary metabolite 

synthesis, controlling the expression of nearly 10% of the fungal genome (Sugui et al., 

2007; Perrin et al., 2007). Deletion of the laeA gene in A. fumigatus blocked the 

production of almost all secondary metabolites, including gliotoxin. Moreover, the 

ΔlaeA strain was hypovirulent in a non-neutropenic murine model of aspergillosis (Sugui 

et al., 2007). This finding validates not only the critical nature of secreted factors, but 

also suggests toxins act in concert to modulate immune factors contributing to A. 

fumigatus virulence. Transcriptomic profiling of A. fumigatus ΔpacC strain in a murine 

model of IA exhibited downregulation of several protease and gliotoxin gene cluster 

genes relative to WT infection, indicating transcriptional regulation of secreted factors 

by the TF PacC (Bertuzzi et al., 2014). Since, the ΔpacC strain is non-invasive to epithelial 

cells highlights the importance of secreted factors for host cell invasion. Given the 

technical non-feasibility of deleting multiple genes coding for the many secondary 

metabolites and proteases and owing to the multi-factorial nature of A. fumigatus

pathogenicity, TFs offer the most efficient route to determining the genomic repertoire 

of pathogenic factors mediating lung cell invasion.   
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Table 1.3: Important toxins produced by A. fumigatus and their role in pathogenesis. 

TOXIN FUNGAL 
STAGE 

PATHOGENIC FUNCTION REFERENCES

Gliotoxin Hyphae  Inhibits macrophage and neutrophil  
phagocytosis 

 Inhibits mitogen-activated T cell  
proliferation 

 Inhibits mast cell activation 
 Inhibits TF NF-κB thereby cytokine 

 production 
 Inhibits cytotoxic T-cell response 
 Induces monocyte apoptosis 
 Inhibits the NADPH and ROS of  

neutrophils 
 Reduces the ciliary movement of 

 epithelial cells 
 Epithelial cells damage 
 Induces ROS-facilitated apoptotic  

cell death 
 Inhibits angiogenesis 
 Induces internalization into A549 cells 

Pahl et al., 1996; 
Yoshida, Yoshida, 

Abe and Tsunawaki, 
2000; Suen et al., 

2001; Tsunawaki et 
al., 2004; Stanzani et 
al., 2005; Coméra et 
al., 2007; Ben-Ami et 
al., 2009; Amitani et 
al., 1995; Orciuolo et 

al., 2007; Kwon-
Chung and Sugui, 

2009; Scharf et al., 
2012; Jia et al., 2014 

Verruculogen Conidia, 
hyphae 

 Affects transepithelial resistance 
 Induces hyperpolarization and 

cytoplasmic vacuolization of 
epithelial cells 

Amitani, Taylor, et 
al., 1995; Botterel et 
al., 2002; Khoufache 

et al., 2007 

Fumagillin Hyphae  Epithelial cell damage and slowed 
ciliary beating 

 Inhibits angiogenesis 
 Inhibits endothelial cell 

proliferation 

Amitani, Murayama, 
et al., 1995; Amitani, 

Taylor, et al., 1995 

Helvolic acid Hyphae  Epithelial cell damage and slowed 
ciliary beating 

 Affects oxidative burst of 
macrophages 

 Induces ciliostasis 
 Rupture of epithelial cells 

Amitani, Taylor, et 
al., 1995 

Ergot alkaloids
(festuclavine, 

fumigaclavines 
A–C, 

Conidia, 
hyphae 

 Affects nervous and reproductive 
systems via monoamine receptors 

Panaccione and 
Coyle, 2005 

Fumitremorgin) Unknown  Causes tremors, seizures, and 
abnormal behaviour in mice 

Maiya et al., 2006

Ribotoxins 
(Restrictocin, 

Mitogillin) 

Conidia, 
hyphae 

 Activity against 28S ribosomal RNA, 
inhibiting protein biosynthesis 

 Inhibition of neutrophil-mediated 
hyphal damage 

 Induces cell death 

Smith, Davies, and 
Holden, 1993; 

Ikegami et al., 1998 
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1.3.2.4 Host effector response  

Pathogenicity during A. fumigatus infection could also be mediated by host effector 

mechanisms attempting to clear the infection in the host. Since AECs are believed to be 

the first host cell type to encounter A. fumigatus, they produce the earliest cascade of 

cytokines, which in turn triggers other local inflammatory responses (Evans et al., 2010).  

AECs also release a broad range of antimicrobial peptides, such as lactoferrin, chitinase, 

and β-defensins (Alekseeva et al., 2009; Balloy and Chignard, 2009; Tecle, Tripathi and 

Hartshorn, 2010). Studies on human bronchiolar epithelial cells (HBECs) show that 

germinating, but not resting conidia activate two independent signalling pathways; one 

via Dectin-1 and TLR-2 MyD88/NF-κB-dependent signalling, inducing expression of ROS, 

TNF-α, chemo-attractants and defensins (Sun et al., 2012); and another via 

PI3K/p38/ERK1/2-dependent signalling involved in IL-8 synthesis (Balloy et al., 2008). 

Resting conidia are also recognised by HBECs in an internalisation-dependent manner, 

resulting in activation of the interferon IFN-β signalling pathway (Beisswenger, Hess and 

Bals, 2012). Studies on A549 cells also report release of cytokines (IL-6, IL-8, TNF-α, GM-

CSF, and MCP1) in response to live conidia and mycelial fragments (Bellanger et al., 

2009; Croft et al., 2016), primarily by recognition of fungal cell wall components by the 

PRRs. Binding of the A. fumigatus β-glucan to Dectin-1 on AECs, facilitates the activation 

of two distinct signalling pathways: the spleen tyrosine kinase (Syk) dependent-caspase 

recruitment domain containing protein 9 (CARD9) pathway and the Syk independent 

RAS pathway, both activating NFκB leading to the production of pro- and anti- 

inflammatory cytokines and chemokines, ROS, and phagocytosis, depending on the cell 

type involved (Geijtenbeek and Gringhuis, 2009). Dectin-1−/− mice challenged with A. 

fumigatus showed impaired production of IL-1α, IL-1β, TNF-α and chemokines-CCL-3, 

CCL-4, and CXCL1/KC, insufficient lung neutrophil recruitment and ROS production, 

resulting in uncontrolled A. fumigatus growth in mice lungs (Werner et al., 2009). Dectin 

-1 blockade on AECs impaired their production of pro-inflammatory cytokines and 

antimicrobial factors (Sun et al., 2012). Further, antibody mediated Dectin-1 blockade 

protected epithelial integrity (Bertuzzi et al., 2014), possibly by reducing uptake capacity 

that may impact epithelial cell damage. Several studies indicate important roles for TLR 

1, TLR 2, TLR 3, TLR4 and TLR9 in A. fumigatus immunity (Calich et al., 2008; Espinosa 

and Rivera, 2016., Carvalho et al., 2012; Rubino et al., 2012), with polymorphisms in the 

TLR 4, TLR 9 and the TLR pathway genes as an increased risk of aspergillosis (Bochud et 
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al., 2008; Carvalho et al., 2008). Dectin-1 and TLR 2 also work in coordination to mount 

a strong phagocytic and inflammatory cytokine response to germinating A. fumigatus

conidia (Gersuk et al., 2006). 

Collectively, the above studies indicate pathogenicity during A. fumigatus interaction 

with epithelial cells is systematic, temporal, and specific, believed to initiate by 

adhesion/ recognition and internalisation of spores by epithelial cells, and in the 

absence of an efficient host response, is followed by germination of A. fumigatus spores. 

These attributes may lead to contact mediated damage; further hyphal development 

and secretion of cytolytic factors (Table 1.3), could lead to a further assault on epithelial 

cells (Figure 1.8).   

1.3.3 Inhabitation (settlement and adaptation in the host environment) 

A prerequisite of a human pathogen is the ability to survive in the antagonistic host 

environment in order to successfully establish infection in the host (Kohler, Casadevall 

and Perfect, 2015).  A. fumigatus grows in its environmental niche at times under varied 

stresses and environmental conditions, ranging from nutritionally poor or alkaline/acidic 

soils, in competition with other microbes, in low oxygen levels of compost heaps and 

under exposure to UV photo-oxidation molecules. Despite these factors, A. fumigatus 

manages to successfully utilise nutrients by degrading available organic matter. The 

mammalian host nutrient limiting conditions demand the same saprophytic mechanisms 

to enable invasive growth. Although environmental adaptation is not a direct 

mechanism of pathogenesis, the challenges and stresses posed during host adaptation 

could have an impact on pathogenicity. Transcriptional analysis of A. fumigatus (in the 

early stages of infection) in a murine model of IA identified differentially expressed 

genes involved in adaptation to the mammalian host niche (such as genes associated 

with iron limitation, nitrogen limitation and alkaline stress), denoting adaptation to 

prominent stresses imposed by the host is critical in the early stages of infection 

(McDonagh et al., 2008). Thus, the genes employed in inhabitation of A. fumigatus in 

the host could serve a dual purpose as virulence factors for infection.  

In the mammalian host, A. fumigatus efficiently assimilates nutrients such as calcium, 

nitrogen, iron, zinc, magnesium, sulphur from secondary sources, such as the acquisition 

of nitrogen from the proteinaceous composition of the lung. A. fumigatus employs 
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specific mechanisms for nutrient uptake. For example: iron acquisition in the low-free 

iron conditions of the mammalian host is processed via two different mechanisms: 

reductive iron assimilation and siderophore-mediated iron uptake (Schrettl et al., 2004). 

Siderophores are small ferric-iron-specific chelators. Four A. fumigatus siderophores 

have been identified: Fusaricine C and triacetylfusaricine C are secreted and responsible 

for chelation of extracellular iron, while ferricrocin and hydroxyferricrocin permit the 

intracellular storage of iron in hyphae and conidia (Haas, 2014). Several genes involved 

in A. fumigatus siderophore biosynthesis are involved in both extracellular and 

intracellular iron acquisition and storage during infection and interaction with the host 

cells (Schrettl et al., 2007). The main TFs involved in iron acquisition are HapX and SreA, 

SreA represses HapX when intracellular iron levels are high and HapX represses SreA 

when intracellular iron levels are low (Schrettl et al., 2010). Hence, both regulate each 

other in a co-ordinated effort to maintain sufficient non-toxic levels of iron for A. 

fumigatus growth (Gsaller et al., 2014). Deletion of hapX gene attenuated virulence in a 

murine IA model (Schrettl et al., 2010), and the deletion of the genes involved in iron 

uptake such as the gene coding the enzyme SidA catalysing the first step in siderophore 

synthesis displayed reduced virulence in a murine IA model (Schrettl et al., 2007). 

Similarly, several other genes involved in nutrient uptake pathways have also been seen 

to impact virulence (Askew, 2008; Abad et al., 2010). For example, the deletion of the 

GTPase gene, rhbA, that is normally upregulated under nitrogen limiting conditions led 

to attenuated virulence in a murine IA model (Panepinto et al., 2003).  

In addition to the iron uptake TFs, other TFs have been identified to regulate genes and 

proteins involved in nutrient uptake (Table 1.2), with gene deletion studies 

demonstrating their impact on virulence. For example: deletion of ZafA, a TF regulating 

zinc transporters showed impaired zinc homeostasis, reduced killing by macrophages 

and resulted in avirulence of the strain in a murine model of IA (Moreno et al., 2007). 

Similarly, lack of the TF, AreA, regulating proteins involved in nitrate transport and 

assimilation presented reduced growth under some nitrate sources in vitro and slower 

IA development in vivo (Hensel et al., 1998). Similarly, a null mutant of the TF CpcA, 

involved in nitrogen uptake in the amino acid form, resulted in decreased virulence 

(Krappmann and Braus, 2005). Further, the TF mediating sulphur intake, MetR, has also 

seen to affect iron homeostasis and virulence in murine models (Amich et al., 2013). 
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Hence, nutrient assimilation is critical for growth of A. fumigatus and influences the 

pathogenic profile during infection.

Several host-related stresses are encountered by A. fumigatus, one being low oxygen 

levels of the lung. Hypoxic conditions are constant during IA since less than 14% of 

oxygen is available in alveoli and 4% in human tissues, compared to 21% in the 

atmosphere (Jain and Sznajder, 2005). A. fumigatus-host interaction during IA have 

shown that hypoxia modulates fungal metabolism as well as host immune responses, 

leading to increases in cytokine production by host cells (Wezensky and Cramer., 2011). 

The putative TFs, SrbA and SrbB (belonging to the sterol regulatory element binding 

protein family (SREBP)) regulate hypoxia adaptation, ergosterol biosynthesis, iron 

acquisition, resistance to triazole antifungals and cell polarity in A. fumigatus. The ΔsrbA

strain was not only unable to grow in hypoxic conditions but was also avirulent in murine 

IA models (Blatzer et al., 2011). 

Another stress that A. fumigatus encounters in the human host is reactive oxygen 

species (ROS), (such as superoxide radicals and hydrogen peroxide) formed during 

immune response by host immune cells. ROS may have a crucial role in invasive infection 

since patients with IA usually have deficiencies in ROS production due to decreased 

neutrophils (Dagenais and Keller, 2009). Among the genes contributing to resistance to 

oxidative stress is the A. fumigatus non-ribosomal peptide synthetase gene, pes1; 

deletion of which resulted in increased susceptibility to ROS by neutrophils and reduced 

virulence in a moth model (Reeves et al., 2006). On the contrary, another study reported 

pes3 disruption increased virulence of A. fumigatus in a corticosteroid model of murine 

IA (O’Hanlon et al., 2011). Pes1 has also been shown to be essential for fumigaclavine C 

biosynthesis, the end-product of the ergot alkaloid pathway in A. fumigatus (O’Hanlon 

et al., 2012). A. fumigatus scavenges ROS via the glutathione redox system, synthesising 

enzymes that catalyse the decomposition of ROS, including superoxide dismutases, 

catalases and peroxidases (Tekaia and Latgé, 2005). Five catalase genes (catA, 

cat1/catB, catC, catE, and cat2) and four superoxide dismutase (SODs) genes have been 

identified in A. fumigatus (Abad et al., 2010). A double mutant of Δcat1/Δcat2 exhibited 

reduced virulence in a murine IA model and a triple sod1/sod2/sod3 mutant was 

characterized by a delay in conidial germination and increased sensitivity to killing by 

alveolar macrophages of immunocompetent mice (Calera et al., 1997; Lambou et al., 
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2010). The ROS detoxifying system in A. fumigatus is regulated by the TF Afyap1. 

Interestingly, deletion of the Afyap1 gene led to drastically increased sensitivity to H2O2

but did not show attenuated virulence in a murine IA model (Lessing et al., 2007). 

A. fumigatus also combats fluctuations of pH environments inside the human host, 

encountering an alkaline physiological pH of the mammalian lung and an acidic pH inside 

a phagolysosome of a host phagocytic cell. Fluctuations in ambient pH can influence 

enzyme activities, proton gradients across membranes, cell wall remodelling, 

extracellular nutrient availability, protein synthesis and several other life-cycle 

parameters of fungi (Selvig and Alspaugh, 2011). Environmental adaptation has been 

reported to modulate the cell wall structure and composition, and subsequently the 

innate immune recognition of C. albicans (Hall, 2015). Consequently, an indispensable 

requirement for a microorganism aiming to survive and invade the host is the ability to 

sense and adapt to the host environmental pH. Moreover, previous studies in other 

fungi have highlighted host pH modulation and adaptation as a key virulence factor 

(Vylkova, 2017). Thereby, invasive fungi have developed multiple mechanisms to adapt 

to pH variations, as detailed below. 

1.3.3.1 Modulation of environmental pH to drive pathogenicity   

Fungal pathogens can sense and actively modulate environmental pH to survive in the 

host, escape host immune responses and facilitate pathogenicity in the host. One 

mechanism of modulating the environmental pH is by the secretion of acids or alkali, as 

seen in several phytopathogens. For example: Sclerotinia sclerotiorum and Botrytis spp.

secrete significant amounts of oxalic acid during plant tissue invasion (Manteau et al., 

2003), and Pennicilium spp. not only acidify the tissues by secretion of gluconic and citric 

acids but also lower the activity of ROS produced by the host cells (Prusky and Yakoby, 

2003). Fusaric acid produced by Fusarium oxysporum acidifies plant surfaces and 

activates the membrane H+-ATPase, a pH-regulated process, that leads to the expression 

of proteases and subsequently tissue invasion (Brandão et al., 1992). Similar to the 

phytopathogens, human invasive fungi also modify the host pH environment into acidic 

or alkalinity to enable inhabitation. For example: C. albicans acidifies the host 

environment via a carbohydrate dependent manner, allowing production of aspartyl 

proteases thereby driving virulence during host invasion (Naglik, Challacombe and Hube, 
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2003). Moreover, growth of C. albicans in acidic environments involves cell wall 

remodelling reported to enhance chitin and β-glucan exposure in the cell wall thereby 

increasing innate immune recognition by immune cells and inducing a pro-inflammatory 

cytokine response, via Dectin-1 (Sherrington et al., 2017). However, no studies have 

been performed analysing the effect of acidic pH on virulence determinants in A. 

fumigatus.  

Environmental alkalinization by a microbe could also be utilised to promote 

pathogenicity, as reported in previous studies (Fernandes et al., 2017). For example: C. 

albicans increases the normally acidic macrophage-phagolysosome pH enabling evasion 

from the host immune response (Davis, 2003). Moreover, an alkaline pH also promotes 

the morphogenetic shift of C. albicans germinating from the unicellular yeast form 

(dominant at acidic pH) to the filamentous invasive hyphal form, critical in host adhesion 

and invasion (Davis, 2003; Vylkova et al., 2011). The C. albicans pH-responsive gene 1 

(phr1) gene (encoding a cell wall remodelling β (1,3)-glucanosyltransferase fundamental 

for host tissue adhesion and invasion), is up-regulated at alkaline pH (Calderon et al., 

2010). Alkalinity of the host environment has also been reported to enable melanin 

formation and capsule production in C. neoformans (Vecchiarelli et al., 2013). Thereby, 

a shift to alkaline pH is associated with promoting tissue invasive genes and mechanisms 

by invasive fungi.  

One of the fungal mechanisms to increase the environmental pH is by generation of 

ammonia, which acts as a weak alkali. Ammonia generation during fungal infection has 

been reported in S. cerevisiae, C. albicans, and C. gloeosporioides via metabolism of 

amino acids (Davis, 2009). Early reports suggest fungi can also regulate the production 

of ammonia depending on environmental nutrients such as ammonia generation by 

Neurospora crassa and A. fumigatus triggered by nutrient deprivation (Wiame, Grenson 

and Arst, 1985). Environmental pH change also influences the ability of fungi to acquire 

nutrients from the host environment. For example: the solubility of iron is dependent 

on pH, where the transition from insoluble to soluble states requires an increase in pH 

(Davis, 2009). Remarkably, deletion of C. albicans genes involved in any step of the 

alkalisation homeostasis pathway leads to impaired generation of ammonia as well as 

an attenuation in virulence during infection (Vylkova et al.,2011). C. glabrata mutants 

with alkalinization defect in vitro fail to effectively modify phagosomal pH and cause 
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damage to macrophages (Kasper et al.,2014), suggesting importance of alkalinity for 

host cell damage. Collectively, the modulation of pH in the colonised host environmental 

by either an acidic or an alkaline pH shift facilitated by fungi promoted pathogen survival 

and disease progression. Thereby, pH signalling and regulation by fungi is critical for 

driving host pathogenicity. 

1.3.3.2 Regulation of environmental pH in Aspergilli 

Fungi adapt to the varying pH environments in the host by sensing and responding to 

fluctuations in the ambient pH via dedicated signal transduction pathways, that are 

mostly conserved across the ascomycetes and basidiomycetes (Peñalva et al., 2008; 

Cornet and Gaillardin, 2014).  In S. cerevisiae and C. albicans, the pH sensing pathway is 

termed the Rim101 signalling pathway and in Aspergilli, the pathway is commonly 

referred to as the PacC pathway, named after the pH responsive transcription factor, 

PacC, that regulates the pH pathway genes (Peñalvaand Arst 2004; Bignell, 2012). 

In A. nidulans, the PacC pathway and has been studied extensively as genetic 

manipulations are more easily achievable in this model organism. Efforts in exploration 

of the PacC pathway in Aspergilli commenced when some A. nidulans mutants were 

observed to be defective in the production of phosphatases and designated as pal and 

pacC genes (Dorn, 1965). Mutations in the pal and pacC genes attributed to pH defective 

regulation (Caddickf and Arst, 1986). The A. nidulans pH signalling pathway comprises 

of the PacC transcriptional regulator and the six pal genes, three for pH sensing (palH, 

palI, and palF) and three for PacC processing (palA, palB, and palC) (Orejas et al., 1995; 

Mingot et al., 2001) (Figure 1.10).  This pathway is mostly conserved in fungi, with 

orthologues for these genes identified in S. cerevisiae and C. albicans (Peñalva et al., 

2008). The pacC gene encodes a protein of approximately 72 kDa (PacC72) and contains 

674 amino acids, with a DNA binding domain and nuclear localization signal at the N-

terminus (Mingot et al., 2001). This is the predominant unprocessed inactive form of the 

protein located in cytoplasm, comprising of three interacting regions that retain PacC72

in an apparently inert “closed” form, preventing proteolytic processing (Mingot et al., 

2001; Peñalva et al., 2008). PacC72 activation occurs via a 2-step proteolytic process (Díez 

et al., 2002; Hervás-Aguilar et al., 2007), initiating at the plasma membrane. The 

extracellular pH is sensed by a 7-transmembrane domain protein receptor, PalH, a 3-
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transmembrane domain protein, PalI, and an arrestin-related protein, PalF (Arst and 

Peñalva, 2003; Bignell, 2012). pH sensing requires plasma membrane localisation of 

PalH, in a PalI dependent manner, while the cognate arrestin PalF interacts and binds to 

the cytoplasmic tail of PalH, via the N terminus of PalF (Herranz et al., 2005).   

Figure 1.10: The pH regulation pathway in Aspergillus nidulans. Under alkaline conditions, pH 
signal is transmitted via PalH and/or PalIF and PalC, to the endosomal membrane complex, 
where the inactive from of PacC, bound by PalA undergoes pH-dependent proteolysis mediated 
by PalB chelating the negatively acting C terminus from PacC72 to form PacC53. PacC53 undergoes 
pH-independent proteolysis to form the active PacC27 protein, an activator of alkaline-expressed 
genes and repressor of acid-expressed genes. PacC is present in a closed conformation at acidic 
pH, however trace amounts of open confirmation are present to generate PacC27 protein, 
bypassing the requirement for pH signal. Reproduced from Peñalva et al., 2008. 

In an alkaline pH environment such as the mammalian lung, the ambient pH is sensed 

by the products of the pal genes, initiating with PalH that senses and mediates 
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ubiquitination and phosphorylation of PalF. Following this, endocytosis of the receptor 

complex and recruitment of the endosomal sorting complexes required for transport 

(ESCRT) scaffold to the plasma membrane is suggested to occur, wherein PalA binds to 

the PacC72 isoform, via two YPXL/I motifs (Herrador et al., 2010). With assistance from 

the PalB signaling protease and PalA, a cleavage of 180 amino acids ensues from the 

cytosolic terminus of PacC to form a 53 kDa product (PacC53 isoform).  In the second step 

of processing, PacC53 is cleaved again removing a further 245 C-terminal residues in a pH 

independent manner, leading to the generation of an active 27 KDa product (PacC27

isoform) (Díez et al., 2002; Calcagno-Pizarelli et al., 2007). Hervas-Aguilar et al. reported 

a direct involvement of proteasome in this pH independent proteolytic PacC processing, 

by mutating the PreB β-subunit of the proteasome (Hervás-Aguilar et al., 2007). Both 

PacC27 and PacC53, but not PacC72, are preferentially nuclear localized (Calcagno-Pizarelli 

et al., 2007).  Under acidic pH conditions, the full length unprocessed PacC72 isoform 

shows a protease inaccessible conformation and is unable to undergo nuclear 

localization, however, trace amounts of the PacC protein in the open conformation are 

available for a pH independent proteolytic cleavage leading to the processed from of 

PacC (Peñalva et al., 2008). Therefore, PacC is suggested to be in an active form at low 

levels under acid conditions, while increased functional protein is present under neutral 

to alkaline conditions (Figure 1.10). Loss-of-function mutations in the pacC gene and the 

pH-signaling pal genes have an acidity-mimicking phenotype, with impaired fungal 

growth at neutral/alkaline pH, accompanied by reduced sporulation and conidial 

germination compared to the WT strain; whereas gain-of-function mutations have an 

alkalinity-mimicking phenotype (Arst, Bignell and Tilburn, 1994; Tilburn et al., 1995; Li et 

al., 2019). 

1.3.3.2.1 The PacC transcription factor  

PacC is the gene expression regulator of the pH signaling pathway in Aspergilli spp. and 

has been well studied in the model organism A. nidulans.  Homologues of A. nidulans

PacC have been identified in other filamentous ascomycetes including A. niger, A. 

oryzae, A. fumigatus, Penicillum chrysogenum and Sclerotinia sclerotiorum (Yan et al., 

2019). The processed active isoform of A. nidulans PacC protein PacC27 is a 27 KDa 

protein containing three Cys2His2 zinc finger structures for DNA binding. The core 
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consensus binding sequence for PacC27 has been identified in A. nidulans as 5’-GCCARG-

3 with the Zinc fingers 2 and 3 responsible for binding this consensus sequence, while 

zinc finger 1 interacts with zinc finger 2 (Espeso et al., 1997). The processed PacC 

functions both as an activator of alkaline expressed genes and a repressor of acidic-

expressed genes, thereby orchestrating the cellular response to alkaline pH (Tilburn et 

al., 1995). Consequently, on encountering an acidic extracellular pH, PacC mediates the 

expression of acidic expressed genes, whilst repressing the alkaline expressed genes; 

and on encountering an alkaline extracellular pH, PacC upregulates expression of the 

alkaline essential genes, whilst inhibiting acid essential gene expression (Tilburn et al., 

1995; Espeso and Peñalva, 1996, Li, Chen, and Tian, 2022). PacC itself is an alkali 

expressed gene, being preferentially expressed at alkaline pH by a mechanism of 

positive feedback that amplifies the response to alkaline conditions (Tilburn et al., 1995; 

Orejas et al., 1995). Recent examination of the PacC regulatory pathway suggests 

preferential pacC alkaline-expression was a consequence of de-repression via depletion 

of PacC72 and not via activation by PacC27 upon alkalinisation. Further, the PacC72

isoform performs as a repressor of PacC27 in acidic media with the participation of pacX, 

a new gene of the pH regulatory pathway (Bussink et al., 2015).  

A representation of the gene expression profile of PacC was confirmed with increased 

expression of the alkali-expressed ipnA gene, encoding isopenicillin N synthase, and 

repression of the acid-expressed gabA gene, encoding GABA permease in A. nidulans, 

by direct binding of the pacC gene to the promoter regions of the respective genes 

(Espeso and Peñalva, 1996; Espeso and Arst, 2000). Similar to observations reported in 

A. nidulans, A. fumigatus PacC is an activator of acid-expressed gene zrfB in alkaline zinc-

limiting media and a repressor of the alkaline-expressed gene zrfC in acidic zinc-limiting 

media (Amich, Leal and Calera, 2009; Toledo et al., 2022). An intriguing aspect is that 

PacC consensus sites tend to be less frequent in promoters of acid-expressed genes than 

in those of alkali-expressed genes (Espeso and Arst, 2000). A recent transcriptomic study 

in the plant pathogen Magnaporthe oryzae identified a total of 2747 differentially 

expressed genes between the WT strain and ΔpacC strain, and only 1485 (54%) of these 

genes possessed one or more PacC motifs (GCCARG) in the promoter region (Li, Chen, 

and Tian, 2022). Hence, this observation may imply that in addition to the direct 

regulation of target genes by binding to the consensus sequence, PacC can indirectly 
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regulate gene expression through other TFs. Further, it highlights the probability of 

additional not yet discovered PacC binding motifs. 

PacC and genes of the Pal/Rim pathway and alkaline pH have been reported to be 

essential for infection in C. albicans (Davis, 2003). However, in phytopathogens, PacC 

shows contrasting virulence status, with PacC contributing to virulence in necrotrophic 

or postharvest pathogens but is dispensable in hemibiotrophic root-infecting fungus F. 

oxysporum (Li, Chen, and Tian, 2022). The opposing reports could most likely be 

associated with distinct modes of host infection of the different phytopathogens. Bignell 

et al., first described, PacC’s importance for virulence in Aspergillus spp. in a murine 

model of aspergillosis, whereby elimination of A. nidulans PacC strongly attenuated 

virulence in neutropenic mice (Bignell et al., 2005).  In contrast, constitutive activation 

of PacC resulted in extensive tissue invasion by the fungal mycelia leading to an 

increased murine mortality. Moreover, loss of function pal mutants or blocking of PacC 

proteolytic processing reduced infection in neutropenic mice characterized by reduced 

growth in vivo and reduction of inflammatory infiltrates (Bignell et al., 2005).

Subsequent investigations in A. fumigatus using ΔpacC strains revealed an attenuation 

in virulence in a murine model of IA. Observations revealed that 100% of mice infected 

with A. fumigatus ΔpacC strains survived, compared to only 2% and 22% of mice infected 

with two different WT strain isolates respectively (Bertuzzi et al., 2014). The above 

observations established that PacC processing is a crucial factor for pathogenicity. 

PacC has been previously shown to regulate genes associated with virulence factors such 

as biosynthesis and secretion of secondary metabolites in several fungal species, 

particularly in phytopathogens (Li, Chen, and Tian, 2022). PacC regulation of mycotoxin 

biosynthesis was first reported for Aflatoxin, when a PacC consensus motif was found in 

the promoter region of AFLR, the specific transcription factor in the AF biosynthetic 

pathway (Ehrlich, Montalbanoand Cotty., 2003). In A. carbonarius, PacC regulated 

ochratoxin biosynthesis and transcription of genes important for fungal secondary 

metabolism and infection of grapes and nectarine fruits (Barda et al.,2020). PacC 

positively regulates biosynthesis of patulin, a critical mycotoxin contaminating fruit and 

fruit-derived foods by Penicillium spp. (Chen et al., 2018). Gene expression analysis in a 

murine model of IA using A. fumigatus ΔpacC strain identified differential regulation of 

a wide range of genes (1116 in the lack of pacC) between ΔpacC and WT isolates. Of 
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these, 539 genes were down regulated and 577 upregulated in ΔpacC relative to WT, 

and included enzymes crucial to cell wall biosynthesis, secreted proteases, and toxins 

(Bertuzzi et al., 2014). Thereby, the attenuated virulence in a murine IA model during 

the ΔpacC strain infection could be attributed to the reduction in PacC regulated 

virulence factors. Another transcriptomic study by McDonagh et al. during early A. 

fumigatus murine IA infection not only reported differential expression of alkaline 

related genes but also observe similarity of differential gene expression in laboratory 

culture (following in vitro alkaline exposure) and growth in the mammalian host 

(McDonagh et al., 2008). This finding implies genome-wide approaches using alkaline 

mimicking conditions under in vitro conditions can provide information on gene 

regulation under mammalian host environments. 

1.4 Genome-wide approaches to understanding host pathogenicity  
Historically, genome-wide expression studies were done mostly using hybridization-

based microarrays. However, microarrays pose several drawbacks, such as cross-

hybridization, artifacts, and poor quantification of differentially expressed genes 

(Muszkieta et al., 2013). With the recent developments in technology such as 

computational biology, high throughput (HTP) methods and next generation sequencing 

(NGS), two techniques- RNAseq (RNA sequencing) and the ChIPseq (chromatin 

immunoprecipitation before sequencing) are promising to study transcriptional 

networks on a genome-wide scale. 

RNAseq is the study of the transcriptome (the complete set of RNA transcripts produced 

by the genome), expressed under specific conditions by the cell. It is used to successfully 

map and quantify gene expression, providing the transcriptional structure and mode of 

regulation for specific genes in a single sequence run (Wang, Gerstein and Snyder., 

2009). To perform this technique, a cDNA library is made from a population of extracted 

mRNA, the cDNA is fragmented and ligated with adapters and primers to be sequenced 

by an NGS platform, to generate millions of short reads representing the whole 

transcriptome. These reads are then aligned to the reference genome and assembled 

for quantification. From the mapped reads, the expression level for individual genes is 

achieved, specifically differential expression analysis is determined by measurement of 

gene expression changes in two or more group conditions to determine the magnitude 
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of a change in gene expression (Rokas et al., 2012). Although, this technique shows the 

mode of regulation by TFs, it does not validate direct physical binding of a TF to the 

differentially expressed gene, which can be provided by performing ChIPseq (Rhee and 

Pugh, 2011). 

ChIPseq allows the generation of a genome-wide map of a protein cognate binding sites 

in a single experiment and hence identifies binding sites of a specific TF to as close as 10 

base-pairs (bp) (Furey, 2012). To perform this technique, the protein is first crosslinked 

to the DNA under specific environmental conditions. The protein-DNA complex is then 

fragmented by sonication into 200-600 bp lengths and the protein of interest is 

immunoprecipitated along with the DNA, following which the DNA is purified and 

sequenced (Furey, 2012). For the identification of genome-wide enriched binding sites 

of a TF, an analytical workflow is employed using bioinformatic tools (Figure 6.2). The 

first step is quality control of the obtained sequenced reads from the sequencer to 

examine several read quality parameters. Following this, the reads are trimmed to 

remove low quality reads, specifically at the 3’ end of reads where the read quality 

decreases and for removal of adapter sequences from the chosen selection of sequencer 

(for example, Truseq3 for Illumina HiSeq). This trimming step improves the read quality 

and increases read alignment with the reference genome (Nakato and Sakata., 2021). 

Once satisfactory, the reads are mapped with a reference genome using an alignment 

software. The percentage of mapping is indicative of DNA contamination and 

sequencing accuracy. The alignments are then used to call the peaks relative to the input 

control (non-ChIPed), and information on the peak location is determined (Landt et al., 

2012). ChIPseq improves over the older ChIP-ChIP technique which used an array 

format. The major improvements are a higher resolution, lesser requirement of DNA, 

greater genome coverage and lesser non-specific noise (Ho et al., 2011). Despite these 

advantages, the use of ChIPseq alone will not indicate if the binding events are 

associated with differences in gene expression (Rhee and Pugh, 2011). 

Integrating gene expression data from RNAseq and binding site information from 

ChIPseq captures information of differential gene regulation (either activation or 

repression), provides annotation of unknown genes and identification of functional 

relevance of biological processes regulated by a TF (Angelini and Costa, 2014). Further, 
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a regulatory network indicating a co-ordinated profile of master TFs that might be 

regulating each other and/or other TFs could be generated (Nobile et al., 2012). 

In overall summary, HTP fungal TF mutant studies can lead to global understanding of 

the critical genes and processes driving host pathogenicity during infection. Further, 

genome-wide transcriptomic and binding analysis of a TF has the potential to predict a 

master regulatory network involving genes and TFs for any given cell process. For 

example: regulatory network of biofilm formation was examined in a C. albicans using 

165 TF mutant strains screened in HTP for biofilm formation in vitro using visual, 

microscopic, and dry weight bio-mass inspection and in two in vivo murine models 

(Nobile et al., 2012). This led to identification of 9 mutants significantly compromised in 

their biofilm production, 3 of them were ignored as they exhibited general growth 

defects and varied phenotypes. The binding sites of the remaining 6 TFS were analysed 

by ChIP-ChIP and 18 intergenic regions bound by all the transcription factors were 

discovered. By RNAseq 1061 target genes were identified to be differentially regulated 

including 23 genes that were differentially expressed in all the 6 TF mutants. Integrating 

the data into a modelled network resulted in prediction of a large interwoven regulatory 

network controlled by the 6 master TFs, that not only regulated their own syntheses but 

positively regulated each other and indicated a cluster of target genes that are regulated 

by all the master TFs (Nobile et al., 2012). This process established the interactome and 

regulatory profile of C. albicans during biofilm formation. The regulatory network of 

maintaining iron homeostasis in A. fumigatus was proposed solely by mathematical 

modelling using network inference, mostly from prior findings (Linde et al., 2012). 

Previous studies using transcriptomic and functional genomics approaches in the 

context of pathogenicity have shown differential upregulation of genes in host cells such 

as epithelial cells, neutrophils and monocytes involved in effector function, on exposure 

to A. fumigatus morphotypes (Cortez et al., 2006; Sugui et al., 2008; Loeffler et al., 2009; 

Oosthuizen et al., 2011; Gomez et al., 2010), reaffirming that A. fumigatus elicits a 

complex gene expression profile and validates the importance of genome-wide studies. 

Only four A. fumigatus studies have integrated genome-wide ChIPseq and 

transcriptomic analyses for the TFs- CrzA, SrbA, NctA and FhdA (Chung et al., 2014; de 

Castro et al., 2014; Colabardini et al., 2022; Furukawa et al., 2020), of which, only NctA 

has been studied with a direct context of host cells. However, no HTP screening studies 
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of TF mutants during host-pathogen interaction has been performed in Aspergillus spp. 

nor has a systems level approach identifying the target genes and regulatory profile of 

PacC has ever been performed to date in A. fumigatus.  

1.5. Hypothesis and aims 
TFs orchestrate and tightly govern the expression of distinct gene sets, therby 

influencing virulence attributes during fungal infection. However, only a handful of A. 

fumigatus TFs (Table 1.2) have been screened for host-pathogen interactions.  

The aims of this research were to screen 479 A. fumigatus TFKO strains (Furukawa et al., 

2020), infected against an alveolar epithelial cell line to identify the regulators of 

epithelial cell damage. A working hypothesis was the existence of common master 

regulators acting at early and late phases of epithelial damage, contributing to 

pathogenicity via early-stage regulation of virulence attributes such as adhesion, 

internalisation, and via late-stage regulators via hyphal virulence attributes such as 

secreted factors.  Since PacC and pH regulation are important determinants of 

pathogenicity, the transcriptional and binding profile of the TF, PacC, was also explored. 

The working hypothesis being that PacC not only regulates important determinants of 

pathogenicity but also directly binds with the identified regulators of epithelial damage 

to form a governing regulatory network.  

Therefore, the specific objectives of this study were allocated into chapters as below: 

1. Optimise and validate suitable high throughput format in vitro assays to measure 

epithelial cell detachment and cell cytotoxicity by A. fumigatus

2. Screen the A. fumigatus TFKO strains against alveolar epithelial cells, to identify 

novel regulators of cell detachment and cell cytotoxicity  

3. Mechanistically understand the factors driving cell detachment and cell 

cytotoxicity by the epithelial regulators 

4. Identify the gene expression and binding profile of A. fumigatus PacC using next 

generation sequencing approaches. 

Achieving these objectives will not only improve our understanding of pathogenicity 

mediated by A. fumigatus during early stages of interaction with the human host but 

will also lead to identification of potential novel antifungal targets. 
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CHAPTER 2 

2. General materials and methods 

2.1 Materials 

2.1.1 Fungal strains 

The strains used for this study are from the 484-transcription factor knock-out (TFKO) 

strains of A. fumigatus, previously generated at the Manchester Fungal Infection Group 

(Furukawa et al., 2020). To generate the A. fumigatus TFKO strains, Furukawa et al. 

conducted a systemic review of the genes annotated as A. fumigatus TFs in the 

databases of Ensembl fungi, ASPGD, as well as a DNA binding domain (DBD) search. 

Following this, single gene knock-out mutants were constructed in the A. fumigatus

strain MFIG001 (previously known as A1160 Δku80 pyrG+30) (Bertuzzi et al., 2021), by 

replacing the TF gene with a hygromycin deletion cassette, using a high throughput 

fusion PCR approach (Szewczyk et al., 2007; Zhao et al., 2019), employing custom 

primers (Figure 2.1).

Figure 2.1: Schematic of construction and validation of the A. fumigatus TFKO strains. The 
flanking regions of the target gene were amplified using the primers P1/P2 and P3/P4. Primers 
hph_F and hph_R was used to amplify hygromycin B cassette. Primers P2 and P3 to include a 20-
bp of 5’-tail (shown in green and orange) homologous to the ends of the hygromycin resistance 
(hph) marker cassette. Each amplified fragment was fused together by fusion PCR using nested 
primers P5 and P6 to generate a TFKO cassette. Homologous integration of the TFKO cassette 
into the parental strain was verified by PCR using primer pairs P1/hph-chk-57-Rv (for 5’-
junction), hph-chk 3’-Fw/P4 (for 3’- junction), and P1/P4 (for the TFKO cassette). Reproduced 
from Furukawa et al., 2020. 
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Using custom primers, the generated A. fumigatus TFKO strains were henceforth 

validated for homologous recombination and single integration of the deletion cassette, 

as well as being checked for the purity (Furukawa et al., 2020) (Figure 2.1). 

2.1.2 Epithelial cell model 

The commercially available carcinomic human alveolar basal epithelial cell line, namely 

the A549 cell line was used in this study (American type culture collection, CCL-185).  

Cells were monitored daily by microscopy for bacterial contamination by visually 

monitoring the purity of the media and the morphology of the cells. Cells over 30 

passages of cultures were discarded, and a new frozen stock of cells was revived for use. 

2.1.3 Supplemented RPMI 

To RPMI-1640 medium with L-glutamine and sodium bicarbonate (Sigma), 50ml of 10% 

foetal bovine serum (FBS) (Gibco), and 5 ml of 1% penicillin-streptomycin (containing 

10,000 units penicillin and 10 mg streptomycin/ml) (Sigma-Aldrich) was added. Also, 

2.5ml of the trace elements solution (Table 2.1) was added. The prepared supplemented 

media was stored at -4oC until use.  

Table 2.1: x1000 trace elements solution.

Final concentration
 in RPMI 

Final concentration
 in x1000 stock solution 

Components Molecular 
Weight 

Concentration 
(mg/L) mM Concentration 

(mg/L) 

Na2B4O7.10H2O 381 0.04 1.05E-03 40 
CuSO4. 5H2O 250 0.40 1.60E-03 400 
FeCl3.6H2O 270 1.16 4.28E-03 1157 

MnSO4. 2H2O 187 0.80 4.28E-03 800 
Na2MoO4. 2H2O 430 0.80 1.86E-03 800 

ZnSO4. 7H2O 288 8.00 2.78E-02 8000 

2.2 Methods 

2.2.1 Aspergillus fumigatus techniques 

All work involving live A. fumigatus was performed inside a class II microbiological safety 

cabinet (Envair Bio-2). The work surface of the cabinet was cleaned thoroughly before 
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and after each experiment using 2 % (v/v) chemgene (Medimark Scientific) followed by 

70 % (v/v) of industrial methylated spirit (Fischer Scientific). 

2.2.1.1 Preparation of A. fumigatus strains 

Purified glycerol stocks of the A. fumigatus TFKO strains (stored at -80oC) were streaked 

using a sterile 1 μl loop (Nunc) onto solid aspergillus complete media (ACM) composed 

of adenine 0.0075% (w/v), glucose 1% (w/v), yeast extract 0.1% (w/v), bacteriological 

peptone 0.2% (w/v), casamino acids 0.1% (w/v), Aspergillus salt solution 2% (v/v) 

(Appendix 1A and C), vitamin solution 1% (v/v) (Appendix 1B), ammonium tartrate 1% 

(v/v) (from 50 mM stock), and Agar 1% (w/v) (Pontecorvo et al., 1953), in 25 cm2 tissue 

culture flasks (Sarstedt). Hygromycin B (Alfa Aesar) at a concentration of 100 µg/ml was 

used to allow selective growth of the TFKO strains. The progenitor/parental strain 

termed in this thesis as A1160p+ (A1160+/MFIG001) (Bertuzzi et al., 2021), also called 

WT in this study, was streaked onto ACM agar without hygromycin. The strains were 

grown for 3-5 days at 37oC (Binder incubator, BD53) or until a sufficient lawn of spores 

could be seen on visual examination. 

2.2.1.2 Harvesting of A. fumigatus strains 

To harvest the spores, 10 ml of sterile distilled water was added to the 25 cm2 flasks 

(Sarstedt) with the cultivated A. fumigatus. The flasks were shaken vigorously to 

dislodge the spores from the solid ACM into the water. The spore suspension was 

collected into a 50 ml Falcon tube (Fischer) after being filtered through sterile Miracloth 

(Calbiochem) to remove mycelial fragments and transferred into a 15 ml Falcon tube 

(Fischer). Following this, the spores were washed 3 times with 5 ml of sterile distilled 

water and centrifuged (Thermo-scientific, Megafuge 8) at 3500 RPM for 10 min between 

the washes. The cleaned spore suspension was then resuspended in 1 ml of sterile water 

and the number of spores/ml were enumerated.   

2.2.1.3 High throughput counting of A. fumigatus spores  

High throughput method of counting the harvested A. fumigatus TFKO spores was 

performed using OD600 measurement (Furukawa et al., 2020), to estimate the spore 

counts of a maximum of 24 TFKO strains per 96 well plate. To achieve this, firstly, the 

harvested A. fumigatus WT spore suspension was diluted 200-fold in sterile water and 
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10 μl of this dilution was counted in a grid area of 1 mm2 of a haemocytometer 

(Neubauer Improved counting chamber), under a microscope (Nikon optiphot), at 40x 

magnification. The counts in the squares of the grid were averaged and used in the 

below formula to calculate the CFU/ml of the WT spores:   

CFU
ml = Average spore counts x dilution factor x (2.5x10�)

Secondly, the harvested WT spore suspension was added to the wells A1-A3 of a 96 well 

plate and serially diluted 1:2 in sterile water. Following this, the harvested TFKO mutant 

strains were added to a 96 well plate as triplicates at 1:5 dilution in sterile water and the 

OD600 was measured with a spectrophotometer (Synergy2, BioTek). A standard curve 

was generated from the OD measurement of the serial dilutions of the WT with the 

counts from the haemocytometer. From the polynomial equation of the standard curve, 

the spore concentration/ml of the remaining TFKO strains on the 96 well plate was 

estimated. 

2.2.1.4  A. fumigatus viable counts  

Viable counts were verified by plating 100 μl of 103spores/ml (equaling to approximately 

100 A. fumigatus spores) onto ACM agar in 10 cm Petriplates (Thermo-Fisher Scientific) 

as duplicates. The plates were incubated for 24-48 h at 37oC, after which the viable 

colonies were counted. A correction factor was generated from the viable counts to 

adjust for any spore inoculum errors during infection (as explained in Chapter 3). 

2.2.2 Epithelial cell culture 

All work involving A549 epithelial cell line was performed inside a class II microbiological 

safety cabinet (Envair Bio-2). The work surface of the cabinet was cleaned thoroughly 

before and after each experiment using 70 % (v/v) of industrial methylated spirit (Fischer 

Scientific). 

2.2.2.1 Preparation of A549 cells  

A549 cells were first grown from frozen stock by thawing a 1 ml vial of 106 cells by 

incubation at 37oC for 2 min. Thawed cells were added to 9 ml of RPMI-1640 (Sigma, 

8758) supplemented with 10% FBS (Gibco), and 5 ml of 1% penicillin-streptomycin 
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(Sigma-Aldrich), in a 15 ml Falcon tube. The cells were pelleted at 1200 RPM for 5 min 

and the pellet was re-suspended in 10 ml of the prepared RPMI-1640 medium and 

transferred to a 75 cm2 flask (Sarstedt). Additional 10 ml of prewarmed media was 

added and the cells were incubated at 37oC at 5% CO2. The cells were observed to ensure 

sufficient growth of cells and the culture medium was replaced with fresh medium every 

2 days or as necessary. 

Subsequently, the A549 cells were passaged in 75 cm2 flasks (Sarstedt) with prepared 

RPMI-1640 medium (as above) at 37oC with 5% CO2. When the monolayer was about 

90% confluent, the cells were rinsed gently with PBS (Sigma) to remove traces of serum 

and detached using 5 ml of Trypsin/EDTA for 5-10 min incubation at 37oC.  To stop the 

activity of trypsin, freshly prepared RPMI-1640 medium was added to the flask and the 

detached cells were collected in a 50 ml Falcon tube (Corning) and pelleted at 1200 RPM 

for 4 min in a centrifuge (Mistal 2000). The cell pellet was re-suspended in 15 ml of 

prepared RPMI-1640 media and counted.  

2.2.2.2 Counting and seeding of A549 cells  

10 μl of the harvested A549 cells were counted in the counting chamber of a 

haemocytometer (Neubauer) under a microscope (Nikon Optihot) at 10x magnification. 

Cells in 4 squares of the grid were counted and the average was calculated. The cell 

counts/ml was calculated using the formula specific to the haemocytometer grid: 

Cells
ml = Average count x 10000

The cells were diluted from the above cell counts in a 50 ml Falcon tube (Corning) and 

seeded at 0.5x105/ml for a 24 well plate (Greiner Bio-one) and at 0.75x105/ml for a 96 

well plate (Greiner Bio-one) and incubated for 48 h at 37oC with 5% CO2 for a 90-100% 

confluent A549 monolayer.  

2.2.3 Epithelial damage assays  

2.2.3.1 Detachment assay (See Sections 3.2 and 4.2 for detailed protocol) 

Fully confluent A549 monolayers in a 24 well/ 96 well (Greiner Bio-one) were challenged 
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with A. fumigatus spores. Following infection for 16 h, the A549 monolayers were 

washed once with pre-warmed PBS (Thermo-Fisher Scientific) to remove detached or 

non-adherent A549 cells. This was followed by fixing the adherent A549 cells in the wells 

with 4% formaldehyde in PBS for 10min (Alfa Aesar), and permeabilizing the cells with 

0.2% Triton-X100 (VWR) for 2 min to allow staining. Nuclei of the adherent A549 cells 

were then stained with 4',6-diamidino-2-phenylindole (DAPI) (Alfa Aesar) at 300 nM/ml 

concentration for 5 min at room temperature, protected from direct light. Following two 

washes with PBS, the plates were stored in PBS at -4oC to be imaged (Rahman, Thomson 

and Bertuzzi, 2021). The number of adherent cells were quantified, and the data was 

analysed statistically and graphically using GraphPad Prism 8.  

2.2.3.2 Cell lysis assay (See Sections 3.2 and 4.2 for detailed protocol) 

Lactate dehydrogenase (LDH) is a stable, non-secreted, cytosolic enzyme that is released 

upon cell lysis and/or cell membrane damage by a leaky human cell. The LDH released 

by A549 cells in the culture supernatants on 24 h infection with A. fumigatus was 

measured using the Cytox® 96 non-radioactive cytotoxicity assay kit (Promega). Each 

replicate of the infection supernatant was duplicated in the multi-well plate in a 1:10 

dilution with PBS (Sigma). A recombinant porcine LDH enzyme (Sigma-Aldrich) was used 

as standard in serial dilution with concentrations ranging from between 15 to 960 

mμ/ml. Substrate provided with the kit was de-frosted and added to all the wells to 

enable the conversion into a colored product (formazan) for detection by OD (Figure 

2.2). After 30 min of incubation at room temperature protected from light, stop solution 

from the kit was added to all the wells in the plate to stop the enzymatic reaction and 

OD490 was measured with a spectrophotometer (Synergy2, BioTek). 
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Figure 2.2: LDH enzymatic reaction. LDH in the culture supernatants is measured by a 30 min 
enzymatic assay involving the conversion of iodonitrotetrazolium violet salt (INT) into a red 
formazan product, the color intensity of which is proportional to the amount of LDH released by 
the lysed cells, measured using a spectrophotometer. 

A standard curve was generated for each multi-well plate from the concentration of LDH 

released by a serial dilution of recombinant porcine LDH. Following this, the LDH 

concentrations in the infection supernatants was quantified via extrapolation from the 

LDH concentrations of the standard curve (Figure 2.3). The data was analysed 

statistically and graphically using GraphPad Prism 8. 

Figure 2.3: Calculation of LDH release by A549 cells after infection with A. fumigatus. A 
standard curve was generated from the OD measurements of the serial dilutions of the standard. 
The polynomial equation from the curve was used to estimate the concentration of LDH in the 
infection supernatant from the OD output, after accounting for the dilution factor. 
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2.2.4 Growth analysis of Aspergillus fumigatus

2.2.4.1 Using OD measurement 

Harvested and counted A. fumigatus spores were diluted and grown in a 96 well plate 

at 2x104 spores/ml in supplemented RPMI (Section 2.1.3). At least 3 replicates of each 

strain were performed and A. fumigatus WT and ΔpacC strains was used in each 

experiment as internal controls. The outer walls of the 96 well plates were filled with 

water to prevent evaporation of media over time. Plates stored at 37oC for 24 h were 

measured for OD600 with a spectrophotometer (Synergy2, BioTek). 

2.2.4.2 Using microscopy (See Section 5.2 for detailed protocol) 

Harvested and counted spore suspensions of the A. fumigatus WT and TFKO strains were 

diluted to 1x105 spores/ml of supplemented RPMI (Section 2.1.3) in a 2 ml safe lock 

tube. 500 μl of this dilution (5x104 spores) was inoculated into a 24 well glass bottom 

plate (Greiner Bio-one). The time of inoculation was noted, and the spores were allowed 

to settle for about 45-60 min before imaging using a confocal microscope (Leica X, SP8). 

To analyse germination of A. fumigatus, a field of view to include approx. 100 spores 

was chosen in each image. Random regions within the center of the well were chosen 

as each technical replicate for each strain. Total number of spores and the number of 

germinated spores were enumerated every time-point using FIJI (Schindelin et al., 2012).  

Germination rate was calculated using the formula: 

% germinating spores for each replicate

= �
Number of germinating spores in field of view

Total number of spores in field of view � x 100

To analyse hyphal length, individual hyphae in a field of view were measured for length 

at each time-point from the time-point of the start of germination, using the segmented 

tool of FIJI (Schindelin et al., 2012). Measurements were taken until the hyphae grew 

out of focal view and the hyphal extension rate per hour for the hypha was calculated 

between 6 h and 16 h. 
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2.2.5 Molecular biology techniques  

2.2.5.1 DNA extraction  

A. fumigatus DNA was extracted using the chloroform-isoamyl-alcohol extraction 

method (Sambrook et al., 2001). Firstly, the harvested A. fumigatus spore suspension 

was centrifuged at 13,400 RPM for 1 min and re-suspended in 1 ml of DNA extraction 

buffer (10 mM EDTA, 100 mM tris HCl (pH 8), 2% cetyl trimethyl ammonium bromide 

(CTAB) and 1.4 M NaCl). The suspension was transferred into a 2 ml screw cap tube 

(Eppendorf), containing 0.3 mg acid washed glass beads and the cells were lysed by 

vigorous agitation for 20 sec at 4 s/m using a lyophiliser (MP Bio), then incubated at 

room temperature for 5 min. Cell debris was pelleted by centrifugation at 13400 RPM 

for 5 min at room temperature, and then 700 μl of the supernatant was transferred into 

a sterile 1.5 ml tube (Eppendorf). Equal amounts of chloroform:isoamyl alcohol (24:1) 

(Sigma) was added. The tube was vortexed for 10 s and the suspension was mixed by 

inversion several times, followed by centrifugation at 13400 RPM for 2 min. The upper 

aqueous phase was transferred to new 1.5 ml tubes (Eppendorf), and 0.6 volume of 

isopropanol (Sigma) was added to precipitate the DNA. The DNA was re-pelleted by 

centrifugation at 13400 RPM for 5 min. To remove excess salt from the DNA, the pellets 

were washed with 0.5 ml of 70% ethanol (v/v) and centrifuged at 13400 RPM for 5 min. 

The resulting pellet was air-dried and re-constituted in 50 µl of RNAse free water. To 

remove RNA, 4 μl RNAse (100 mg/ml) was added and incubated at 37oC for 30 min. The 

presence and integrity of DNA was checked in a 1% agarose gel, as detailed below. The 

purity and concentration of the DNA was determined using the nanodrop option of a 

microplate reader (Synergy 2, Biotek) and the extracted DNA was stored at -20oC. 

2.2.5.2 Gel electrophoresis  

To separate and identify DNA fragments according to the molecular weight, agarose gel 

electrophoresis was performed (Sambrook et al., 2006), using either 1% w/v or 2% w/v 

molecular biology grade agarose (Melford, UK) dissolved in 1 x Tris/Acetic acid/EDTA 

(TAE) buffer and stained with a DNA dye (Safe View, NBS) at 0.5 μg/ml. A loading dye (6 

ml of 30% bromophenol blue, 30 ml glycerol and 70 ml H2O) was mixed with the DNA 

(1:5) and the suspension loaded into each well of the gel. A DNA ladder of 1 kb DNA 

marker (Biolabs) or a 100 bp marker (Bioline) was used as a standard and 5ul of the DNA 
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ladder loaded on the gel in one of the wells to estimate the size of the DNA. The gel was 

run at 100-120 V (Bio-Rad) in 1x TAE buffer for 40 min in an electrophoresis chamber 

(Horizon 58, Gibco). Following electrophoresis, the gel was visualised and photographed 

under UV light using a transilluminator and imaging system (ChemiDoc, BioRad) to 

detect DNA amplicon and size. 

2.2.5.3 Designing of primers  

To amplify specific regions of A. fumigatus genome, firstly, the FASTA sequence of the 

genomic region of interest was exported from www.ensembl.uk and uploaded onto the 

primer designing software (Primer3, V.0.4). The GC content was kept to 50% and the 

amplicon size was chosen to be between 100-150 bp for quantitative PCR. The most 

suitable forward and reverse primer was chosen from the suggested options and 

ordered (either from Sigma, Life-Technologies or Abcam) and re-constituted to 100 μM 

according to supplier’s instruction. The primers were diluted in sterile water to a working 

concentration of 10 µM and 5 µM for standard PCR and quantitative PCR respectively 

and stored at -20oC. 

2.2.5.4 PCR reaction  

Polymerase chain reaction (PCR) was performed either with the high-fidelity phusion or 

the long-amplification Taq polymerases (New England Biolabs), according to the 

manufacturer’s protocols. A DNA template for plasmid (0.2-10 ng), genomic DNA (50-10 

ng) and a total reaction mixture of 25 ul were used. The PCR reactions were carried out 

in a thermocycler (Eppendorf). The polymerization duration and annealing 

temperatures varied dependent on primers melting temperature and amplicon size, but 

PCR programs were generally used with 30 cycles, at a denaturation temperature of 

95°C, and a polymerization temperature of 72°C. The extension time was adjusted based 

on the length of expected amplicon. PCR mixture without DNA template was included 

as a negative control. After PCR amplifications, 5 µl of the PCR product was analysed by 

gel electrophoresis to confirm amplification (Section 2.2.5.2). 

2.2.5.5 Transformation for generation of gene knock-out strains 

Harvested A. fumigatus spores at a concentration of 106 spores/ml were grown in 50 ml 

of sabouraud (SAB) liquid media at 37oC and 180 RPM for 16 h in a shaker incubator. The 
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mycelia were harvested by filtering through Miracloth (Calbiochem) and transferred into 

a 50 ml Falcon tube (Corning) containing freshly prepared 20 ml of the digestion solution 

(5% Glucanex (Novozymes) in KCl/CaCl2 solution (600mMKcl, 50mM CaCl2) and filtered 

through a 0.22 µm filter). The suspension was incubated at 30°C and 130 RPM in a shaker 

incubator (VWR) for 3 h to allow digestion of the mycelia. The protoplasts were 

harvested by filtering the suspension through a Miracloth (Calbiochem) and pelleted by 

centrifugation with 5000 RPM at 4°C for 20 min and re-suspended in 1 ml ice-cold 

KCl/CaCl2 solution. The protoplasts were enumerated using a haemocytometer 

(Neubauer) (as explained in Section 2.2.1.3) and 107 protoplasts in 2 ml KCl/CaCl2 

solution was prepared. To 50 µl of the protoplast solution, the fusion PCR product 

(detailed in Chapter 6.2) and 10 µl of PEG4000 (Sigma) was added. After incubation of 

the suspension on ice for 30 min, the mixture was plated onto aspergillus minimal media 

(AMM) (Bertuzzi et al., 2014), with 1 M sucrose containing 200 μg/ml pyrithiamine (ptrA) 

to identify transformants with the fusion product. A negative control containing no 

fusion product and another control with the transformation mixture plated onto AMM 

without ptrA was also used. Plates were incubated for 1 h at room temperature and 

then at 37oC for 3-5 days to isolate transformed colonies growing on selective media. 

2.2.5.6 Quantitative polymerase chain reaction (QPCR) 

QPCR was performed using the SYBR Green JumpStart Taq ReadyMix (Sigma) and 10 µl 

of the PCR master mix was prepared for each primer duplex following the 

manufacturer’s instructions. To generate standard curves for assessing primer 

efficiency, a series of five 5-fold dilutions of DNA were prepared ranging from 625 ng/µl 

to 1 ng/µl per reaction with each dilution prepared in triplicates. QPCR thermocycling 

was performed using a 7500 fast real-time PCR system (Applied Biosystems) with a 2 

min hot start/hold step at 94°C, followed by 40 cycles of 15 sec denaturation at 94°C, 1 

min annealing and extension at 60°C. Melt curve was performed with denaturation step 

at 95°C for 15 sec followed by annealing step at 60°C for 1 min. The mean Ct values for 

samples and controls were calculated (Applied Biosystems software version 2.0.1) using 

the 2-ΔΔCT method (Livak and Schmittgen, 2001) (detailed in Section 6.2). 

2.2.6 Protein electrophoresis (See Sections 6.2 for detailed protocol) 

Extracted protein or the immunoprecipitated protein of interest was reduced by adding 
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1 x Lamelli buffer with DTT (Bio-Rad) and incubated at 95oC for 10 min. 100 ml of (10x) 

tris glycine SDS running buffer (BioRad) was added to 900 ml of deionized water to 

prepare 1x running buffer. Prior to loading the protein sample, the AnyKda® mini protein 

gels (BioRad) were placed within the protein electrophoresis system and the inner 

chamber filled with 200 ml of the 1x running buffer. Samples were then loaded into 

individual wells of the protein gel and 5 μl of prestained protein ladder (Precision Plus, 

BioRad) was also added to a well to allow estimation of molecular weight of the protein. 

The outer chamber of the protein electrophoresis system was then filled with 800 ml of 

the 1x running buffer. Electrophoresis was performed at 120-150 V for 50 min, after 

which the gels were visualized by Commaisse blue staining or proceeded to perform 

western blotting (See Sections 6.2 for detailed protocol). 

2.2.7  Statistical analysis  

Data were analysed using GraphPad Prism 8 and the results expressed as mean ± SD.  

The difference between means was determined using one-way ANOVA or Kruksal-Wallis 

non-parametric test. In all cases, p<0.01 was taken as statistically significant in most 

cases. Descriptions of specific tests and bioinformatic analyses will be described in the 

respective chapters. 
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CHAPTER 3 

3. Optimization of lung epithelial damage assays for high 
throughput screening

3.1 Introduction  
The human lung is a major portal of entry for airborne particles and microbes, many of 

which are quickly eliminated. Included among the most frequently inhaled 

microorganisms are the spores of the environmental fungus A. fumigatus. Although a 

saprophyte in nature, A. fumigatus is an opportunistic pathogen of individuals lacking a 

robust immune response causing invasive aspergillosis (IA) with over 300,000 cases 

recorded annually (Brown et al., 2012). A hallmark feature of IA is damage to human 

lung tissue, seen extensively in CT scan images of immunocompromised patients (Lal et 

al., 2017). However, the regulatory control and underlying pathogenetic mechanisms 

mediated by A. fumigatus resulting in lung invasion are still poorly understood. The work 

described in this chapter focuses on developing and validating high throughput (HTP) 

format assays to quantify damage caused by A. fumigatus strains in a lung cell model.

Owing to the small spore (conidia) size of 2-3 μm, A. fumigatus effortlessly reaches the 

interior regions of the human lung. The first host cell believed to interact with the fungus 

are the AECs (Osherov, 2012). The tight junctions of the respiratory epithelium 

specifically claudin-4 and claudin-7 tight junction proteins are involved in maintaining 

sealed barrier function, connecting neighboring cells to each other, thereby limiting 

paracellular passage of particles (Lu et al., 2015; Schlingmann, Molina and Koval, 2015). 

On escaping immune responses of the bronchial epithelium, the fungal spores inevitably 

interact with the epithelial cells of the alveolar space. The alveolar epithelium comprises 

of type 1 and type 2 airway cells forming a tight physical barrier. The type 1 cells are 

mainly involved in gas ion exchange, while the more numerous type II cells are involved 

in secretion of pulmonary surfactants for immune defense as well as in cell proliferation 

(Yamamoto et al., 2012; Iosifidis et al., 2016) (as reviewed in Chapter 1). The most 

commonly used type 2 alveolar epithelial cell model is the commercially available type 

2-like A549 immortalised adenocarcinoma human alveolar epithelial cell line, developed 

in 1972 by extracting and culturing cancerous lung tissue (Giard et al., 1973). The A549 
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cell line can be easily sourced commercially, effortlessly cultured and can form cell 

monolayers on most surfaces, enabling the A549 cell line as an ideal alveolar epithelial 

cell model for in vitro studies.  

In the field of Aspergillus research, the A549 cell model has been used extensively in 

several studies to provide detail on the interaction of A. fumigatus with the lung 

epithelium (Osherov, 2012; Croft et al., 2016; Bertuzzi et al., 2018; Okaa et al., 2023). 

Early observations using the A549 cell model have revealed disaggregation of the A549 

monolayers by A. fumigatus infection, possibly by a breakdown of the intra-epithelial 

cell tight junctions (Kogan et al., 2004). Bertuzzi et al. examined lung epithelial invasion 

by challenging A549 cells with A. fumigatus and employed two in vitro assays, one 

analyzing detachment of the A549 monolayers visually and quantitatively, and the other, 

by measuring A549 cell lysis using a 51Cr release assay (Bertuzzi et al., 2014). Results from 

the study revealed A. fumigatus mediated epithelial damage via two distinct modes, one 

of which is contact mediated causing detachment of the epithelial monolayers during 

early infection. A subsequent mode of epithelial damage at a later stage of the infection 

was noted via the action of secreted factors released by A. fumigatus during hyphal 

growth (Bertuzzi et al., 2014). Recent studies in response to a time-series challenge with 

A. fumigatus spores detected detachment of 20% of A549 monolayers as early as 4 h of 

co-incubation compared to 5% with a PBS challenge. Moreover, detachment increased 

with time reaching about 50% by 16 h (Okaa et al., 2023). Further, time series 

experiments with A. fumigatus culture filtrates revealed confluent A549 monolayers 

exposed to young hyphal secretions failed to detach A549 cells from the monolayer, 

whereas mature secretions elicited detachment of over 50% of cells as early as 4 h co-

incubation, reaching over 80% detachment of A549 monolayers after 12 h (Okaa et al., 

2023). Okaa et al. estimated A549 cell lysis by measuring the release of lactate 

dehydrogenase (LDH) from lysed cells in the infection supernatant using a CytoTox 96® 

non-Radioactive Cytotoxicity Assay kit (Promega, UK). A. fumigatus spores elicited 

statistically significant cell lysis relative to the parental strain only after 12 h of infection 

with cell lysis increasing over time. However, mature hyphal secretions enabled cell lysis 

as early as 2 h post infection, both observations correlating with hyphal growth of A. 

fumigatus whereas, young hyphal secretions from 16 h were unable to induce lytic cell 

death (Okaa et al., 2023). Therefore, it is clear from the above two in vitro studies that 
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A. fumigatus mediated epithelial damage occurs via mechanistically distinct modes: a 

contact mediated mechanism that is relevant at an early stage of infection (16 h) via 

detachment of A549 cells from confluent monolayers and damage mediated by soluble 

factors that induce lytic cell death at a later stage of A. fumigatus infection (24 h). 

Remarkably, A. fumigatus mutants lacking the transcription factor PacC, responsible for 

alkaline homeostasis, were observed to be defective in both detachment and cell lysis 

via defects in contact-mediated epithelial entry and protease expression (Bertuzzi et al., 

2014, Okaa et al., 2023). The ΔpacC strain could not penetrate the lung epithelium in 

vivo, clearly demonstrating a non-invasive phenotype relative to the parental strain 

(Bertuzzi et al., 2014).  This discovery validated that epithelial invasion by A. fumigatus

is a genetically regulated trait and raises the question of ‘how many other A. fumigatus

TFs could be regulating epithelial damage during infection?’ 

In order to address this question by screening the null mutant TF strains (Furukawa et 

al., 2020), initial efforts focused on scale up of low throughput in vitro epithelial damage 

assays to a HTP format and optimization thereof. Two assays for assessment of epithelial 

damage were scaled up in a HTP format i) an epithelial cell detachment assay, to quantify 

contact-mediated damage via detachment of the A549 monolayers at 16 h of A. 

fumigatus infection and ii) epithelial cell lysis assay via measurement of LDH release on 

lysis of the A549 cells at 24 h of A. fumigatus infection. The detachment assay involves 

enumeration of the remaining adherent A549 cells after the A. fumigatus infection 

relative to the parental strain, as the output of the assay. The assay is not only 

quantitative but also allows a direct visualization of the initial host cell invasion 

(Rahman, Thomson and Bertuzzi, 2021). The epithelial cell detachment assay has been 

performed previously using a 24 well plate format employing manual imaging tools to 

study A. fumigatus mediated epithelial damage (Bertuzzi et al., 2014). Host cell lysis/cell 

cytotoxicity is usually measured via commercially available cell lysis assays kits such as 

the Promega CytoTox 96® Non-Radioactive Cytotoxicity Assay kit (Promega). LDH is a 

stable, non-secreted cytoplasmic enzyme released by cells upon lysis and/or cell 

membrane damage (Figure 2.2), and hence is a good measure of epithelial cell damage. 

The LDH assay has been previously employed for several studies in a low throughput 

fashion analyzing host damage by A. fumigatus (Ramirez-Ortiz et al., 2011; Gauthier et 

al., 2012; Gago et al., 2018; Morton et al., 2018; Furukawa et al., 2020) as well as to 
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examine the effect of drug treatments on host cell cytotoxicity in fungi (Samantaray et 

al., 2016). Recently, the LDH assay has been utilized in HTP format for screening over 

2000 C. albicans null mutant strains (Allert et al., 2018), exemplifying the LDH assay as a 

powerful tool in HTP screening to identify genes involved in epithelial cell lysis. 

Neither the epithelial cell detachment nor LDH release assay have previously been 

applied in a HTP format in A. fumigatus studies.  To this end, using the A549 cell model, 

both the assays were optimized for use in a multi-well microplate format with an 

emphasis on maintaining the efficiency and reproducibility of the assays, thereby 

providing a HTP option for screening of the A. fumigatus TFKO strains (Furukawa et al., 

2020). Since the A. fumigatus ΔpacC strain caused significantly reduced cell detachment 

as well as reduced cell lysis of A549 cells relative to the parental strain in a low 

throughput plate format (Bertuzzi et al., 2014), the ΔpacC strain was used along with 

parental strain A1160p+ (WT) as controls to optimize the two assays for HTP format.  

Henceforth, the specific objectives of the work described in this chapter were to: 

1. Identify a HTP multi-well plate format comprised of materials suitable for 

formation of confluent A549 monolayers. 

2. Determine optimal A. fumigatus spore inoculum for detachment assay in the HTP 

multi-well plate format. 

3. Confirm suitability of using the LDH assay as a marker for epithelial cell lysis 

during A. fumigatus infection. 

4. Validate performance of the cell detachment and cell lysis assays in HTP plate 

format, as observed previously in a low throughput plate format. 

5. Calibrate the detachment and cell lysis assays using serial dose response analyses 

and devise a mathematical correction to control for variance of A. fumigatus

spore inoculum in HTP assays. 



94 

3.2 Materials and Methods 

3.2.1 Seeding of A549 cells into multi-well plates 

The A549 cell line was revived from a frozen stock sourced from commercially available 

A549 cells (CCL-185, American type culture collection), passaged and prepared (as 

explained in Section 2.2.2), to form confluent A549 monolayers in 25 cm2 flasks 

(Sarstedt). Following this, the A549 cells were enumerated using the counting chamber 

of a haemocytometer (Neubauer) under a microscope (Nikon Optihot) at 10x 

magnification. The number of A549 cells in four grids of the haemocytometer were 

counted and the cells/ml was calculated from the average cell counts (as explained in 

Section 2.2.2).  

The A549 cell suspension was diluted as necessary to reach a concentration of 5x104

cells/ml in a 50 ml Falcon tube (Corning), following which 1 ml of the cell suspension was 

aspirated gently and added to each well of 24 well plastic or glass bottom tissue culture 

(TC) microplates (Greiner Bio-one). For the 96 well untreated glass bottom, Ibidi® 

treated and TC glass bottom plates, an A549 cell concentration of 7x104 cells/ml was 

prepared in a 50 ml Falcon tube (Corning), and 200 µl of the cell suspension was added 

to each well. The seeded plates (Table 3.1) were incubated in a 37oC incubator (Binder, 

UK) with 5% CO2 for 24 or 48 h. 

Table 3.1: List of the multi-well plate material types, plate format, product code, manufacturer 
and A549 cell numbers seeded. 

PLATE MATERIAL 
TYPE 

PLATE 
FORMAT 

MANUFACTURER PRODUCT 
CODE 

A549 
CELLS/WELL 

Plastic bottom 
TC treated 

24 well Greiner Bio-one 662160 50,000

Glass bottom 
TC treated 

24 well Greiner Bio-one 662892 50,000

Glass bottom 
untreated 

96 well Greiner Bio-one 655209 14,000

Glass bottom
 TC treated 

96 well Greiner Bio-one 655892 14,000

Ibidi® bottom 96 well Ibidi 89626 14,000
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3.2.2 Enumeration of A549 cell numbers in the monolayers of the microplate wells 

After 24 h and 48 h of incubation in a 37oC incubator (Binder) with 5% CO2, A549 cells in 

the wells of the 24 well and 96 well microplates were trypsinated for 5 min with 1 ml of 

trypsin (Sigma) for the 24 well plates and 200 µl of trypsin for the 96 well plates. An 

equal volume of RPMI-1640 medium with L-glutamine and sodium bicarbonate (Sigma) 

was added to each well and the entire trypsinated cell suspension of each well was 

transferred to one 15 ml Falcon tube (Corning). The A549 cell numbers were calculated 

using the counting chamber of a haemocytometer (Neubauer) under a microscope 

(Nikon Optihot) at 10x magnification from which the average number of A549 cells/well 

were calculated (as explained in Section 2.2.2). 

3.2.3 Imaging of the A549 monolayers 

Manual imaging of the A549 monolayers in the 24 well and 96 well microplates was 

performed using an inverted microscope (NikonTE 200E) and brightfield images were 

captured from the center of the well using the 10x objective to check for the confluency 

of the un-infected A549 monolayers. 

For DAPI-stained A549 cells in the 24 well plate, the DAPI wavelength filter (405 nm) was 

chosen, wherein the DAPI fluorescence was excited with a 405 nm LED, and its emission 

was captured on a HyD detector (405-600 nm). Multiple images of at least three fields 

of view at random regions were manually captured from the center of the well using a 

20x objective (NikonTE 200E).  

Automated imaging of the DAPI-stained A549 monolayers in the 96 well microplates was 

performed using a confocal microscope (Leica X, SP8) using a 20x objective.  Brightfield 

(533 nm) and DAPI (405 nm) wavelength filters were chosen and using an automated 

acquisition software (NIS Elements), the co-ordinates for the center of each well were 

set. Automated multi-well imaging using tile-scan images (approximately 1 mm x 1 mm) 

was enabled for each well to capture 9 images showing 9 fields of view in the center of 

each well. 

3.2.4 Preparation of A. fumigatus spore suspensions and infection for cell detachment 

and cell lysis dose response assays  

Spores from the A. fumigatus WT strain were harvested and enumerated (as explained 
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in Section 2.2.1), following which the spore concentrations were adjusted in sterile 

water to achieve 1x108, 1x107, 1x106 and 1x105 spores/ml in safe lock tubes (Eppendorf). 

20 µl of the prepared spore dilutions was added to the 96 well plates to achieve a spore 

inoculum of 2x106, 2x105,2x104 or 2x103 spores/well to challenge A549 monolayers for 

the detachment assay optimisation. 70 µl of the prepared spore dilutions was added to 

the 24 well plates to achieve a spore inoculum of with 7x106, 7x105,7x104 or 7x103

spores/well to challenge A549 monolayers for the LDH assay optimisation. 

3.2.5 Preparation of A. fumigatus spore suspensions and infection of A549 monolayers 

in low throughput and high throughput plate format 

Spores from the A. fumigatus WT and ΔpacC (AFUB_037210) strains were harvested and 

enumerated (as explained in Section 2.2.1). The spore concentrations were adjusted in 

sterile water to a concentration of 105 spores/ml and 1 ml of this dilution containing 

100,000 spores was used to challenge the A549 monolayer in a 24 well plate for 16 h to 

perform the detachment assay in a low throughput format.  For a HTP format 

detachment assay in a 96 well plate, a spore dilution of 107 spores/ml was prepared and 

20 µl of this dilution containing 200,000 spores (as optimized in Section 3.3) was used 

to challenge the A549 monolayers for 16 h. Infection for the LDH assay was performed, 

firstly by preparing a spore suspension of 107 spores/ml and 50 µl of this dilution 

containing 500,000 spores was used to challenge the A549 monolayer in each well of a 

24 well plate for 24 h. 

3.2.6 Quantification of A549 cell detachment by A. fumigatus 

Following co-incubation of A. fumigatus and A549 cells for 16 h in a 24 well or a 96 well 

plate format, the monolayers were washed 3 times with PBS to remove the detached 

A549 cells and fixed with 4% formaldehyde in PBS (Sigma). Nuclei of the remaining A549 

cells after infection were permeabilized with 0.2% Triton-X100 (Sigma) and stained with 

300 nM of DAPI (Alfa Aesar), (as explained in Section 2.2.3). DAPI stained epithelial 

monolayers were imaged (as described in Section 3.2.3) and the number of adherent 

A549 cells in each field of view were quantified using custom macros for FIJI (Schindelin 

et al., 2012), to suit a 24 or a 96 well plate image acquisition (Rahman, Thomson and 

Bertuzzi, 2021). 
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3.2.7 Measurement of A549 cell lysis by A. fumigatus 

Following co-incubation of the A. fumigatus and A549 cells for 24 h in a 24 well plate, 

A549 cell lysis was measured by performing an LDH assay in a 96 and 384 plate well 

format. 10 µl or 5 µl respectively, of the culture supernatant (to make a 1:10 dilution in 

sterile water) was transferred into a well of the 96 or a 384 well microplate, respectively. 

Recombinant porcine LDH enzyme (Sigma-Aldrich) was used to generate standard 

curves for the assay in a 1:2 serial dilution included in each assay plate. Lactate 

dehydrogenase (LDH) enzyme in the culture supernatant was assessed using the Cytox® 

96 non-radioactive Cytotoxicity Assay (Promega) by adding 50 µl of the substrate 

provided in the kit, enabling a colorimetric output measured by OD490 using a 

spectrophotometer (Synergy2, Biotek). Absolute LDH concentrations in culture 

supernatants were estimated via extrapolation from the standard curve (as explained 

in Section 2.2.3). 
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3.3 Results 

Any HTP screening invariably necessitates optimization firstly in a low throughput 

manner to validate the assays, methodologies, tools, and analyses used. To address this, 

the epithelial damage assays were optimized by examining several factors (Figure 3.1).  

Firstly, the A549 cell line was cultured in large multi-well format microplates to 

determine suitable plate bottom material type and optimum growth conditions to 

achieve confluent monolayers for the epithelial damage assays. Additionally, HTP format 

multi-well plate was examined for any discrepancies in A549 monolayer formation in 

the microplate wells (Section 3.3.1).   

Next, using the A. fumigatus parental strain (WT- A1160p+) and the non-invasive ΔpacC 

strain as controls for normal and defective detachment respectively, the ideal spore 

inoculum required for detachment assay in a large plate format was determined. 

Further, the performance of the controls in the HTP format detachment assay was 

examined (Section 3.3.2).  

Similarly, using the A. fumigatus parental strain (WT- A1160p+) and the non-invasive 

ΔpacC strain as controls for normal and defective cell lysis respectively, the suitability of 

the LDH assay for A. fumigatus mediated epithelial damage studies was investigated by 

examining for LDH release by A. fumigatus. Further, the effect of spore culture duration 

on LDH release by A59 cells was analysed (Section 3.3.3).   

Consequent to addressing the above basic properties of the assay, the performance of 

the assay in low and high throughput plate format were compared (Section 3.3.4).  

Finally, a mathematical approach was devised to retrospectively correct for A. fumigatus

spore inoculum errors to ensure an accurate and reproducible output from the assays 

reflecting the initial spore inoculum used for infection (Section 3.3.5). 
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Figure 3.1: Steps in the optimization of the high throughput format epithelial damage assays.
High throughput format epithelial damage assays were firstly optimized for formation of A549 
monolayers in the material and multi-well plate formats (Section 3.3.1). Following which, the 
basic properties of the cell lysis and cell detachment assay were optimized (Section 3.3.2 and 
Section 3.3.3). The performance of the assays in low throughput and high throughput format 
were compared (Section 3.3.4). The assays were calibrated using a dose response challenge and 
a mathematical correction factor was devised to account for any differences in A. fumigatus
spore inoculum challenge (Section 3.3.5). 
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3.3.1 Growing A549 confluent monolayers 

Due to their adherent nature, A549 cells form monolayers on most non-organic surfaces 

such as plastic and glass. However, for reproducible analysis of damage to the epithelial 

cells by A. fumigatus, the A549 monolayers must be fully confluent prior to infection. 

Further, the multi-well plate, particularly the material from which it is constructed, and 

the shape of the well must be optimally compatible with any imaging tools used for 

quantification. To determine these, the A549 cells were grown in different multi-well 

plates (Table 3.1) and assessed for their capacity to support the growth of confluent 

A549 cell monolayers while permitting image acquisition. Any discrepancies in A549 

monolayer formation were monitored by visual examination under a microscope and 

the average cell numbers per well were calculated. 

3.3.1.1 A549 confluency in different plate material types and plate well formats 

Different plate material types, plate well formats and well shapes are available 

commercially to grow cell lines. The surface of an untreated microplate is hydrophobic 

and does not offer adherent cell lines a surface conducive to growth. However, the 

tissue culture (TC) treated plate surface from the Greiner Bio-one range are specifically 

treated for growing adherent cell lines (www.gbo.com). The treatment includes polar 

groups, such as carboxy and hydroxy groups being incorporated into the surface making 

it hydrophilic. The company report the treatment to significantly improve the adhesion 

of several cell types and the binding of proteins to the surface (www.gbo.com). The 

Greiner Bio-one 96 well TC treated glass bottom plates with round well bottom 

possesses a uniform flatness with a precision of over 100 µm ensuring a flat surface 

suitable for high resolution imaging. The Ibidi® 96 well plates are plastic bottom plates 

with a No. 1.5 polymer square bottom well having a flat and transparent bottom with 

glass like properties for high throughput microscopy (www.ibidi.com).  

To determine the plate material type and plate well format for optimisation of the HTP 

epithelial damage assays, A549 cells were seeded depending on the well size (Table 3.1) 

and at 24 h and 48 h, the A549 monolayers were imaged and the A549 cell numbers/well 

in the plates were quantified (as explained Section 3.2).  

With an A549 cell seeding concentration of 50,000 cells/well, both the plastic and the 

glass well bottoms of the TC treated 24 well plate allowed formation of adherent A549 
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monolayers reaching approximately 30-40% well confluency at 24 h and full confluency 

by 48 h (Figure 3.2 A). No difference was observed in A549 monolayer formation of the 

24 well TC plastic and TC glass bottom plates (confirmed visually). At 24 h, A549 cell 

numbers reached an average of approximately 175,000 cells/well. After 48 h, A549 cells 

numbers multiplied further reaching an average of approximately 400,000 cells/well 

(Figure 3.2 B) at full confluency.  

A549 cells were grown at a seeding concentration of approximately 15,000 cells/well in 

the three different plate bottom material types of the 96 well plates (Table 3.2). A549 

cells cultured in the untreated glass bottom plate reached 20-30% confluency at 24 h 

and could not reach full confluency even by 48 h, with the cells remaining as clumps 

unable to form a uniform monolayer of cells (confirmed visually). In contrast, the Ibidi® 

plates and the TC glass plates achieved a 40-50% confluency at 24 h and enabled the 

culture of a fully confluent A549 cell monolayer by 48 h.  

No visual difference was observed in A549 monolayer formation of the 96 well TC glass 

compared to the Ibidi® treated plates after 48 h (Figure 3.2 C), implying the A549 cell 

numbers/well were similar between the plates. However, the Ibidi® 96 well plate had a 

skirting edge at the bottom which restricted automated imaging of the edge wells using 

the confocal microscope (Leica X, SP8).  At 24 h, A549 cell numbers doubled from the 

cell seeding numbers/well averaged at 30,660 cells/ well. After 48 h, A549 cells numbers 

reached an average of 66,080 cells per well (Figure 3.2 D) at full confluency. 

Hence, from the two plate well material types tested for the 24 well plate, the TC glass 

bottom and TC plastic bottom enabled the formation of fully confluent A549 

monolayers, therefore the TC glass bottom was chosen for low throughput detachment 

assay experimentation as it permitted imaging; and the TC plastic bottom plate was 

employed for cell lysis infection studies.  

From the three plate material types tested for the 96 well plates, the TC glass bottom 

plates formed confluent A549 cell monolayers without interference to automated image 

acquisition using the confocal microscope (Leica X, SP8) and therefore was selected for 

HTP format epithelial cell detachment screening.  
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Figure 3.2: Optimization of plate material type and plate format for formation of confluent 
A549 monolayers. A) A549 monolayer formation in a 24 well plate. Representative images of 
A549 monolayers in a TC glass bottom plate at 24 and 48 h. Images were taken at 10x 
magnification using NikonTE 200E. B) A549 cell counts in a 24 well plate. Number of A549 
cells/well of a 24 well TC glass bottom plate during seeding and after 24 and 48 h counted using 
a haemocytometer (n=5). C) A549 monolayer formation in a 96 well plate. Representative 
images of A549 monolayers in an Ibidi® bottom and a TC glass bottom 96 well plate at 24 and 
48 h. Images were taken at 10x magnification using NikonTE 200E. D) A549 cell counts in 96 well 
TC glass bottom plate. Number of A549 cells/ well of a 96 well TC glass bottom plate after 24 
and 48 h counted using a haemocytometer (n=5). TC=Tissue culture. Ibidi®= plastic plate with 
glass properties. 

3.3.1.2 Edge effect in 96 well plate format 

A commonly accepted and reported phenomenon in larger multi-well format 

microplates is the ‘Edge effect’. “Edge effect” is an issue attributed to the increased 

evaporation rate of circumferential wells close to the perimeter of the plate (edge wells) 

compared to the centrally located wells (Mansoury et al., 2021). This variation may yield 

inconsistency in A549 cell numbers between the wells when culturing A549 cells.  
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To obtain reproducible data in a HTP assay, maintaining consistency in A549 cell 

monolayers in the multi-well plates is essential. Any discrepancies in the A549 

monolayer formation and cell numbers/well prior to infection may confer discrepancies 

in the detachment assay output.   To examine for uniformity in A549 cell numbers/well 

in the wells of a 96 well microplate, A549 cells were cultured in the 96 well TC plate for 

48 h until full confluency was achieved. Following this, the confluent A549 monolayers 

were stained with DAPI, and images were captured using automated image capture in 9 

fields of view in the center of the well (as explained in Section 3.2). Automated 

enumeration of the number of A549 cells in each field of view was achieved using the 

FIJI macro (Rahman, Thomson and Bertuzzi, 2021). Multiple rows and columns of the 

plate were analysed (Figure 3.3).  

The edge wells of the 96 well TC plate did not reach full confluency in formation of the 

A549 monolayer in comparison to the rest of the wells in the plate (confirmed visually). 

This was confirmed when A549 cell counts in a field of view for the edge wells of rows 

(rows1 and row 8) of the 96 well plate (Figure 3.3 A) showed low A549 cell counts. 

Similarly, the edge wells of columns (column 1 and column 12) of the 96 well plate 

showed low A549 cell counts. The centre wells of the 96 well plate exhibited a similar 

range of A549 cell numbers (Figure 3.3 B). 

The above results revealed that the 96 well plate format exhibited edge effect, therein 

leading to a reduced growth of the A549 cell monolayers in the outer edge wells of the 

plate. To overcome the edge effect, although A549 cells were cultured in the outer edge 

wells of the 96 well plate to maintain moisture for the multi-well plate, the edge wells 

were excluded in the experimentation and analysis for the HTP format detachment 

assay screen. 
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Figure 3.3: A549 cell counts in 96 well TC plate. A) Number of A549 cells in a field of view in 
the rows of a 96 well TC plate. Un-infected A549 cells grown for 48 h were counted in a field of 
view of a well in each row by DAPI staining followed by automated imaging and quantification.
B) Number of A549 cells in a field of view in the columns of a 96 well TC plate. Un-infected 
A549 cells grown for 48 h were counted in a field of view of a well in each column by DAPI 
staining followed by automated imaging and quantification (n=9). TC=Tissue culture.

3.3.2 Epithelial cell detachment assay 

The detachment assay measures epithelial damage by quantification of epithelial 

disintegration following A. fumigatus infection relative to the parental strain or the un-

infected condition (Rahman, Thomson and Bertuzzi, 2021).  Epithelial disintegration is 
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probable during epithelial damage by A. fumigatus during invasive infection with 

previous in vitro studies reporting epithelial damage via contact mediated mechanisms 

at an early infection (Bertuzzi et al., 2014). Further, a time course analysis by Okaa et al., 

revealed A549 cell detachment as early as 4 h of infection and up to 16 h of infection, 

prior to release of soluble secretions from the mature A. fumigatus hyphae (Okaa et al., 

2023). Bertuzzi et al. also report the ΔpacC strain exhibiting significantly reduced 

detachment of A549 cells with rounding and detachment of up to 40% of cultured A549 

cells compared to the parental strain at 16 h using the detachment assay in a 24 well 

plate format (Bertuzzi et al., 2014), and therefore the ΔpacC strain was employed along 

with the parental strain for the development of the detachment assay in a larger muti-

well of a 96 well plate format. 

3.3.2.1 Optimisation of A. fumigatus spore inoculum for detachment assay in a 96 well 
plate 
In order to determine A. fumigatus spore inoculum size for a detachment assay in a HTP 

format, the deficient detachment phenotype was sought in a larger plate format by 

challenging fully confluent A549 monolayers cultured in a 96 well TC glass plate with 

2x106, 2x105,2x104 or 2x103 spores/well of the A. fumigatus WT and ΔpacC strains. After 

16 h of infection, the A549 monolayers were stained with DAPI, and analysed by 

automated imaging (as explained in Section 3.2) to visualise and enumerate the number 

of adherent cells remaining after detachment by the A. fumigatus strains. 

A spore challenge of 2x106 spores/well caused the most detachment with visually much 

of the A549 monolayer detached by WT and ΔpacC strains (Figure 3.4 A) and 

quantitatively resulting in fewer adherent cells compared to the other spore 

concentrations (Figure 3.4 B). Further, the spore inoculum of 2x106 spores/well also did 

not yield a significant difference in the detachment of A549 cells challenged with the WT 

in comparison to the ΔpacC strain. Decreasing the spore concentrations of the WT and 

ΔpacC strains correspondingly reduced detachment of the A549 monolayers (Figure 3.4 

A), showing increased number of adherent A549 cell numbers after detachment by 

infection (Figure 3.4 B). However, neither the 2x104 nor 2x103 spores/well inoculum size 

cause a significant difference in the number of adherent cells following WT versus ΔpacC

infections (Figure 3.4 A and B).  



106 

Figure 3.4: Spore inoculum for detachment assay in a 96 well plate. A) A549 monolayer after 
challenge with varying spore concentrations. Representative images of A549 monolayers after 
16 h of infection with varying spore concentrations of A. fumigatus WT and ΔpacC strains. 
Images were taken using a confocal microscope at 40x magnification. B) Spore inoculum dose 
response quantification of number of adherent cells in a 96 well plate. Number of adherent 
cells left after detachment of a fully confluent monolayer by A. fumigatus WT and ΔpacC strains 
of varying spore concentrations. Total number of adherent cells enumerated following staining 
cells with DAPI and automated imaging (n=6). Data was analysed by multiple t-tests. 
****p<0.0001. WT=A1160p+ strain.  

Remarkably, the spore inoculum of 2x105 spores/well equating to a multiplicity of 

infection (MOI) of 3 did however detect the detachment phenotype of the ΔpacC mutant
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(Bertuzzi et al., 2014), with the A549 monolayer being relatively less detached visually 

in comparison to the WT infection (Figure 3.4 A). Supporting the visual examination, 

quantification of the infected monolayers revealed a significantly greater number of 

adherent A549 cells after infection with the ΔpacC compared to the WT strain infection 

(Figure 3.4 B). Therefore, the A. fumigatus spore inoculum of 2x105  spores/well was 

optimal to visualise and quantify the detachment phenotype of the WT and ΔpacC

strains in a 96 well TC plate.  

3.3.2.2 Reproducibility of controls in the detachment assay output in a 96 well plate  

To ascertain discrepancies in the output from the controls used in the HTP detachment 

assay, spores from the A. fumigatus WT and ΔpacC strain were infected onto fully 

confluent A549 monolayers and the number of adherent cells were imaged and 

quantified in a HTP format (as established in Section 3.2). The outer edge wells of the 

96 well plate was excluded from analysis, owing to the edge effect (as observed in 

Section 3.3.1.2).  

Enumerating the number of adherent A549 cells remaining after detachment by the WT 

and ΔpacC strain in the wells revealed a slight variance in A549 cell numbers (Figure 3.5).  

Figure 3.5: Detachment assay output for the controls in the wells of a 96 well plate. Number 
of adherent A549 cells remaining after a 16 h infection with the A. fumigatus WT and ΔpacC
strains in the wells of a 96 well plate. Mean of the WT and ΔpacC strains were compared by two-
way ANOVA. ****p<0.0001. WT=A1160p+ strain. 

****
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Since no pattern or trend was observed in the output from the wells, the variance could 

be attributed to the differences in epithelial cell numbers/well in the wells prior to 

infection. Importantly, the mean number of adherent A549 cell numbers for all the 

analysed wells were significantly lower for the WT infection, in comparison to the mean 

number of adherent A549 cell numbers for the ΔpacC strain infection, emulating the 

detachment phenotype (as confirmed previously in Section 3.3.2.1). 

 To alleviate the variances in the detachment output from the controls, the HTP 

screening approach was proposed to include multiple replicates for the controls in each 

plate. Further, technical replicates were proposed to be included in separate plates as a 

feasible approach to achieve robust output from the detachment assay screening in HTP 

format (will be described in Chapter 4). 

3.3.3. Epithelial cell lysis assay 

The LDH release assay assesses epithelial damage by measuring amount of LDH enzyme 

released by A549 cells on cell lysis following A. fumigatus infection. This assay was set 

to a later infection time point of 24 h, since cell lysis was weakly observed at early A. 

fumigatus infection, suggesting late epithelial damage is mediated by soluble secreted 

factors generated by mature A. fumigatus hyphae (Bertuzzi et al., 2014; Okaa et al., 

2023).  Further, since the A. fumigatus ΔpacC strain has been reported to cause 

significantly reduced A549 cell lysis compared to the parental strain (Bertuzzi et al., 

2014), the ΔpacC strain was employed along with the parental strain (WT) for the 

optimisation of the LDH cell lysis assay. 

3.3.3.1 Suitability of LDH assay for A. fumigatus epithelial damage studies  

A. fumigatus secretes mul�ple hydroly�c enzymes including proteases, elastases, 

phospholipases and catalases during growth and nutrient metabolism (Latgé and 

Chamilos, 2020). To confirm if the LDH assay would be suitable for analysis of epithelial 

damage during A. fumigatus infec�on, it was necessary to validate that A. fumigatus

does not secrete endogenous LDH enzyme during hyphal growth. To this end, spores of 

the WT and the ΔpacC strains were grown in a 24 well plate with and without A549 cells. 

A�er 24 hours, the supernatant of the infec�on was measured for LDH release as a 

marker of A549 cell lysis (as explained in Sec�on 3.2). Co-incuba�on of the WT strain 
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with A549 cells had significantly more LDH in comparison to the WT strain with no A549 

cells (Figure 3.6 A). Further, the ΔpacC strain with A549 cells showed significantly lower 

levels of LDH in comparison to the WT strain challenged with A549 cells, concurring with 

previously reported results (Bertuzzi et al., 2014). In all the cases, measurement of the 

LDH at 24 hours showed that the LDH enzyme was observed to be released only when 

A549 cells were present (Figure 3.6 A). 

Further, the suitability of the LDH assay to screen A. fumigatus slow growing strains was 

assessed by analysing the effect of spore culture duration (prior to spore harvest) on the 

LDH release by the A549 cells. To this end, the spores of the WT and the ΔpacC strains 

were harvested either after 2 days or 5 days of culture on solid ACM agar and LDH levels 

were measured after infection of the 2 days and 5 days pre-cultured WT and ΔpacC 

spores (as explained in Section 3.2). No significant difference was observed in the LDH 

release on infection with 2 days and the 5 days spore preculture for both the WT and 

ΔpacC strains (Figure 3.6 B), negating an effect of duration of spore culture on LDH 

release by A549 cells. Further, infection with the ΔpacC strains caused significantly less 

LDH release compared to the WT strain (Figure 3.6 B), confirming the previously 

reported non-invasive phenotype of the A. fumigatus ΔpacC strain (Bertuzzi et al., 2014). 
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Figure 3.6: Suitability of LDH assay for epithelial cell lysis screening. A) A. fumigatus does not 
produce LDH enzyme at 24 h. Absolute LDH released by 500,000 spores of WT, ΔpacC and UI in 
a 24 well plate after 24 h challenge with and without A549 cells. B) LDH release by A549 cells is 
not influenced by duration of spore pre-culture on solid media. Absolute LDH release after a 
24 h infection of A549 cells with the WT and ΔpacC spores by growing them for 2 days or 5 days 
on solid ACM agar. Error bars show ±SD. Data was analysed by one-way ANOVA with Fishers’ 
multiple comparisons test. WT=A1160p+ strain, UI=Un-infected. ***p<0.001, ****p<0.0001, 
ns=not significant. Conc= concentration. 
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3.3.4 Performance of epithelial damage assays in high throughput format 

Using a low throughput format (24 well plates) for screening 479 A. fumigatus TFKO 

strains (Furukawa et al.,2020), for defects in epithelial cell detachment would require 

several numbers of plates, as one 24 well plate only allows screening of 4-5 strains (with 

5 technical replicates). Further, manual imaging would take longer time given the larger 

surface area to analyse and may also introduce bias on manual selection of regions to 

image. 

To assess the performance of a HTP screening approach using a larger plate format of a 

96 well plate, the detachment assay was performed comparing the WT, ΔpacC and the 

un-infected controls in both a smaller plate format (24 well plate and manual imaging) 

as described previously (Bertuzzi et al., 2014), and a larger plate format (96 well plate 

and automated imaging). Fully confluent A549 cell monolayers were challenged with 105

and 2x105 spores of WT and ΔpacC strains in a 24 well TC glass bottom plate and 96 well 

TC glass bottom plate, respectively. After 16 h of infection, the wells were washed to 

remove detached cells and the remaining adherent A549 cells were stained with DAPI, 

fixed, and prepared for imaging (as explained in Section 3.2). Random images were 

manually captured in at least five regions in the centre of the well of a 24 well plate using 

NikonTE 200E at 20x magnification. For the 96 well plate format, automated and un-

biased capture of 9 images per well accounting for 9 fields of view from the centre of 

each well was performed using automated confocal microscopy at 40x magnification (as 

explained in Section 3.2). Following imaging, a FIJI macro for the 24 well plate format 

and the 96 well plate format (Rahman, Thomson and Bertuzzi, 2021), enumerated 

adherent cells in each field of view.  

In both the 24 well plate format (Figure 3.7 A and B) and the 96 well plate format (Figure 

3.7 C and D), the A. fumigatus WT strain displayed more A549 monolayer detachment 

visually and revealed the least number of adherent cells in comparison to the ΔpacC

strains and the un-infected condition. Further, the ΔpacC strain had a significantly 

greater number of adherent cells than the WT strain thus confirming no change in the 

detachment assay phenotype of the ΔpacC strain (Bertuzzi et al., 2014), between the 

plate formats. These observations validated that the detachment assay can be up scaled 

to a HTP format in a 96 well plate and automated imaging and quantification protocols 

that have been produced could be applied successfully. 
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Figure 3.7: Performance of detachment assay in a low throughput and high throughput plate 
format. A) Representative images of A549 monolayers infected with A. fumigatus WT and 
ΔpacC strains after 16 h infection in a 24 well plate. Images captured manually at 20x 
magnification using Nikon TE 200E. B) Number of adherent cells per image enumerated in a 24 
well plate. The total number of adherent cells per field of view were enumerated using a FIJI 
macro after A. fumigatus WT and ΔpacC infection. C) Representative images of monolayers 
infected with WT and ΔpacC strains after 16 h infection of A549 monolayers in a 96 well plate. 
Images captured automatedly at 40x magnification using confocal microscope (Leica X, SP8). D)
Number of adherent cells per image enumerated in a 96 well plate. The total number of 
adherent cells per image were enumerated using a FIJI macro counting DAPI stained cells after 
A. fumigatus WT and ΔpacC strains infection. Data was analysed by one-way ANOVA with 
Fishers’ multiple comparisons test. ****P<0.0001. WT=A1160p+ strain, UI=Un-infected. 

Similar to that of the detachment assay, screening the A. fumigatus TFKO strains 

(Furukawa et al.,2023), to identify transcriptional regulators of epithelial cell lysis using 

the LDH assay when carried out in a smaller plate format would require several numbers 

of plates. A 96 well plate would allow screening of 11 strains (with 5 technical replicates) 
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whereas, a 384 well plate would allow 35 strains (with 5 technical replicates). Moreover, 

each plate of the LDH assay would also require independent standard curves for each 

infection (as explained in Section 3.2), making the entire LDH screen more prone to 

larger variability when performed over greater number of plates.  

To assess the performance of a HTP screening approach using a larger plate format of 

384 wells, the LDH assay was performed comparing the WT, ΔpacC and the un-infected 

controls in both a smaller plate format (96 well plate) and a larger plate format (384 well 

plate). Spore challenge was carried out with A549 cells in a 24 well plate, following which 

the infection supernatant after 24 h of infection was transferred into a 96 well plate or 

a 384 well plate (as explained in Section 3.2).  

Figure 3.8: Performance of cell lysis assay in a low throughput and high throughput plate 
format. LDH assay performed in a 96 well and a 384 well plate showing LDH fold change of the 
WT, ΔpacC and UI. Error bars show ±SEM. Data was analysed by two-way ANOVA with Fishers’ 
multiple comparisons test. WT=A1160p+ strain, UI=Un-infected. ***p<0.001, ****p<0.0001, 
ns= not significant. FC=fold change 

No significant difference was detected in LDH production by A549 cells challenged with 

the A. fumigatus WT strain between a 96 well or a 384 well plate format. Moreover, no 

significant difference was observed for the ΔpacC or un-infected control between the 

two plate formats. Additionally, LDH production following WT challenge was 

significantly higher than that following ΔpacC challenge in a 384 well plate format (as 

WT pa
cC UI

0.5438

0.0407

0.1268
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also observed in a 96 well plate) (Figure 3.8), confirming the non-invasive phenotype of 

the ΔpacC strain (Bertuzzi et al., 2014). These results validated that the LDH assay can 

be scaled up in a 384 well plate format for cell lysis screening in a higher throughput 

plate format. 

3.3.5 Correction factor calculation for epithelial damage assays 

Haemocytometer-mediated spore counting inevitably results in deviations from 

expected inoculum size and can be time-consuming when enumerating several hundred 

strains.  This is a particular problem in assays using a large number of spore samples. 

Any differences in A. fumigatus spore inoculum during infection can lead to differences 

in the amount of epithelial damage. In order to ensure that the measurement of 

epithelial damage post infection with the A. fumigatus inoculum reflects true value, it is 

essential to correct for viability of the spore inoculum. As epithelial cells are infected on 

the same day as spore harvest, and verification of viable spore counts takes 2 days, it 

was necessary to: a) assess whether deviations in spore counts significantly impact upon 

detachment and cell lysis phenotypes, and b) develop an appropriate correction 

methodology which could be retrospectively applied to assay outputs once verification 

of inoculum size had been secured.  

3.3.5.1 Dose response assay and correction factor for cell detachment assay 

A549 cells were challenged with a series of concentrations of WT spores (2x106, 2x105, 

2x104, 2x103) (as explained in Section 3.2) and the number of adherent cells remaining 

after 16 h infection was quantified.  Observations revealed the number of A549 cells 

that remained after detachment by A. fumigatus spores increased with decreasing 

inoculum size (Figure 3.9 A). An exploration of possible standardisation approaches 

revealed a confounding factor, namely the variance in epithelial cell counts between 

iterative assays. Based upon this observation, it would not be possible to derive a 

correction factor based upon adjustment of absolute A549 counts. Instead, a method 

was sought with which to calibrate the effect of inoculum variance upon fold change in 

epithelial detachment.  

Firstly, the A. fumigatus spore count data (Figure 3.9 A) were expressed as fold changes 

in inoculum size setting the highest A. fumigatus WT spore concentration (2x106) at 1.0, 
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the 2nd highest (2x105) at 0.1, the 3rd highest (2x104) at 0.01 and the lowest (2x103) at 

0.001. In addition, the number of adherent cells was transformed as fold change number 

of adherent cells (due to dilution factor) by dividing the average number of adherent 

cells corresponding to each concentration by the average number of adherent cells of 

the highest concentration (2x106). From the resulting dilution factor and fold change 

number of adherent cells (corresponding to the dilution factor), a logarithmic graph with 

an equation was generated (Figure 3.9 B).  

Figure 3.9: Correction factor calculation for detachment assay. A) Number of adherent cells 
after challenge with varying concentrations of A. fumigatus WT inoculum. The number of 
adherent A549 cells in the monolayer after a challenge of WT spores was enumerated after 
imaging 9 regions of a well in a 96 well plate. B) Logarithmic plot and equation generated from 
the fold change number of adherent cells corresponding to the spore concentration 
represented as dilution factors. Fold change number of adherent cells was calculated by 
normalizing number of adherent cells for each spore concentration with the number of adherent 
cells of the highest spore concentration.  
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Following on the above mathematical method, the viable counts of the A. fumigatus

TFKO strains (as explained in Section 2.2.1), were transformed to dilution factors. For 

this, the average viable counts of the WT strain were set at 1.0 and the dilution factors 

for the TFKO strains were calculated by dividing the average viable counts of the TFKO 

strains by the average viable counts of the WT. The fold change (FC) corresponding to 

the dilution factor for the TFKO mutant was then calculated using the equation 

generated (Figure 3.9 B). The calculated FC was then divided by 1 would give the 

correction factor for the TFKO strain. The correction factor was applied retrospectively 

during analysis of the detachment assay output. 

3.3.5.2 Dose response assay and correction factor for cell lysis LDH assay 

Similar to the approach used for the detachment assay, a retrospective correction factor 

methodology was devised for the LDH assay by challenging A549 cells with a serial 

dilution of A. fumigatus WT spore concentrations, from which the impact of variances 

in spore inoculum could be mitigated. A549 cells were first challenged with a series of 

concentrations of WT spores (7x106, 7x105, 7x104, 7x103) (as explained in Section 3.2).  

Challenge of A549 cells with a 10-fold serial dilution of A. fumigatus WT spores revealed 

a significant dose dependency of LDH release (Figure 3.10 A), with increasing spore 

inoculum resulting in increased LDH release. A natural logarithmic standard curve was 

generated from the dose response of the spore inoculum to the LDH release from which 

an equation was generated (Figure 3.10 B).  

To correct for the variability of the spore counts during A549 challenge, the viable counts 

of the TFKO mutants were measured (as explained in Section 2.2.1).  The difference 

between the observed and predicted counts was calculated for each infection. 

Employing the equation generated above (Figure 3.10 B), the magnitude of effect of 

small deviances from desired spore inoculum size was calculated by generating a 

correction factor for the TFKO strains and the correction factor was applied 

retrospectively during analysis of the LDH concentration released from each infection. 
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Figure 3.10: Correction factor calculation for LDH assay. A) Dose dependency of LDH release. 
Absolute LDH release by A549 cells after a challenge of serial dilution of WT spores. B)
Logarithmic plot and equation generated from the fold change LDH release corresponding to 
the varying spore concentration. Equation generated by logarithmic plotting of the spore 
challenge versus LDH released from which the correction factor was calculated. 
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3.4 Summary and Discussion  

Lung damage is a characteristic phenomenon of invasive aspergillosis and remarkably 

predominant number of invasive aspergilloses cases are attributed to A. fumigatus

infection. Analyzing for the integrity of the human airway epithelial barrier would enable 

us to define the outcome of airway epithelial cells (AECs) and A. fumigatus interactions 

at the human lung interface. Previous in vitro observations have reported A. fumigatus

to adopt a sequential biphasic approach to penetrate the epithelial barrier, involving: (i) 

early contact mediated damage, (ii) late soluble factors mediated damage (Bertuzzi et 

al., 2014; Okaa et al., 2023). In order to undertake the epithelial cell damage screens of 

the A. fumigatus TFKO strains (Furukawa et al., 2020), this chapter focused on 

optimization of two epithelial damage assays during A. fumigatus infection to suit a HTP 

screening approach (Figure 3.1). 

3.4.1 Suitability of A549 cells as a lung cell model 

The lung airway cells are believed to be the first host cell type to interact with the inhaled 

A. fumigatus conidia (Osherov, 2012), and understanding this initial infection stage is 

essential to understand the establishment of infection in an immune-defective host. 

Although type I alveolar epithelial cells cover ∼95% of the alveolar surface area, their 

roles are limited to gaseous exchange; whereas the type II alveolar epithelial cells are 

the most common alveolar cell type and are the progenitors of type I alveolar epithelial 

cells (Knight and Holgate, 2003).  Further, the A. fumigatus conidia are initially more 

likely to encounter a type II alveolar epithelial cell than an alveolar macrophage (AM), 

as the AMs only constitute only ∼5 % of total cell number in the alveoli (Heroz et 

al.,2008). Not many studies have taken place using type I alveolar epithelial cells due to 

the absence of a reliable sustainable model and the difficulty in sourcing primary cells. 

Recently, uptake of A. fumigatus spores was examined using cultured primary cells 

(Bertuzzi et al., 2022), however, they employed only a few strains. The primary cells 

model was not suitable for testing with several hundred strains. Hence, in this screening 

study, the type II epithelial cells were chosen to model for infection using a commercially 

available A549 cell line. The A549 cell line is an immortalised carcinomic human alveolar 

basal epithelial cell line, which when cultured in vitro grows as a monolayer adherent to 

the base of the flask or well and serves as a good model of type II lung epithelial cells 



119 

(Lieber et al., 1976). The A549 cells grew swiftly on the microplate bottom material types 

and formats tested (Table 3.1), except for the untreated material bottom type being not 

suitable for adherent cell lines.  Although the A549 cell model has advantages such as 

the ability to propagate indefinitely with an extended life span, easy to maintain by 

culturing in simple and inexpensive culture media and capable of growing at high 

densities (Hiemstra et al., 2018), they are a secondary transformed cell line representing 

only one donor, hence it is plausible that the A549 monolayers do not retain the 

structural or functional characteristic of the original tissue with many cellular processes 

likely deregulated due to immortalization. A549 cells may therefore exhibit different 

responses to those mounted by primary cells or epithelial cells in vivo in a heterologous 

environment.  

An alternative approach is to use commercially available primary bronchial or alveolar 

cells that are free from any genetic modification and whose physiological functions are 

possibly intact. However, prior to usage, the primary cells must undergo antibiotic, 

antifungal, and growth factor treatment that may again possibly alter natural 

physiological functions of the epithelial cells. Moreover, these cells have a finite life span 

with limited proliferation capacity and are more difficult to culture than immortal cell 

lines since the primary cells require more complex, specialized, and expensive cell 

culture media. Irrespective of the cell type, primary cells are usually cultured under 

submerged conditions inside flat-bottom plastic wells filled with culture medium, that 

may possibly hamper differentiation of cells (Gray et al., 1996).  

A few studies have tried to closely mimic the in vivo host lung environment by growing 

type I and type II primary cells (such as the primary porcine tracheal epithelial cells and 

human nasal epithelial cells) at an air–liquid interface to simulate a pseudostratified 

epithelium containing differentiated cells (Botterel et al., 2008; Gregson, Hope and 

Howard, 2012), thereby developing the muco-ciliary phenotype characteristic of a 

pseudostratified epithelium. Although such culture systems better emulate the in vivo

lung conditions, obtaining this type of differentiated epithelium is time-consuming and 

requires specific technical skills and hence, are not practical for HTP screening 

approaches.  Finally, even though animal models most closely imitate the overall host–

pathogen interaction, it is much more difficult to collect data specific to a single cell type 

within such a model.  
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In this context, the A549 epithelial cell line model not only saves time, costs, and 

overcomes ethical constraints, it is also the closest readily available sustainable model 

of the alveolar epithelium, making it a convenient model for HTP epithelial damage 

screening. Importantly, previous observations derived from in in vitro A549 cell studies 

conform to the pathology seen in whole animal models. For example, in addition to 

causing reduced cell detachment and cell lysis of A549 cells in vitro, the A. fumigatus

ΔpacC strain was found non-invasive to lung epithelium in a murine model of invasive 

infection (Bertuzzi et al., 2014). Therefore, in this study, A549 cell monolayers were 

selected as being the best available lung cell model for screening A. fumigatus TFKO 

strains (Furukawa et al., 2020), for lung cell damage. Analysis of epithelial cytotoxicity in 

>2000 C.albicans mutants also employed an intestinal epithelial cell line model of Caco-

2 cells for large scale mutant strains screening to enable ease and consistency whilst 

maintaining reliability, with further low throughput studies being conducted using the 

differentiated C2BBe1 cells (Allert et al., 2018). 

3.4.2 Epithelial cell detachment assay 

In vitro observations confirm that the initial contact of A. fumigatus with A549 cells 

caused disaggregation of the A549 monolayers (Kogan et al., 2004; Bertuzzi et al., 2014). 

Soluble effectors are not immediately secreted by the A. fumigatus spores; therefore, a 

phased mode of A. fumigatus assault is believed to occur, commencing with contact-

dependent perturbation (Bertuzzi et al.,2014). Previous in vitro studies have observed 

epithelial cell detachment at 16 h post infection by A. fumigatus assay by enumerating 

A549 cell detachment of the infected monolayers performed in the format of 24 well 

plate (Bertuzzi et al., 2014; Okaa et al., 2023). If a 24 well plate format was chosen for 

epithelial cell detachment screening of the 479 A. fumigatus TFKO mutants (Furukawa 

et al., 2020), this would necessitate 200 microplates to be visualized and analysed, which 

would not only contribute to additional time, resources and expenses but also allow 

variability during of each plate. Hence, a HTP format was obligatory to reduce variability 

and increase efficiency of the detachment assay.  

Ensuring confluency of the A549 monolayer is critical to analyse detachment assay in a 

96 well plate, since repeated optimization steps have established that an over-confluent 

or under-confluent monolayer did not allow the assay to perform reliably. The 96 well 
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plate Ibidi® bottom, and TC glass bottom grew a fully confluent monolayer by 48 h. The 

A549 cell numbers per well in a 96 well plate averaged at 30,660 cells/well at 24 h 

representing a doubling in cell number from the seeding cell numbers of 15,000 

cells/well and doubled again after 24 h, reaching an average of 66,080 cells/ well by 48 

h (Figure 3.2). This A549 cell seeding concentration is generally similar to that used for 

other epithelial cell lines such as the intestinal Caco2 cells, wherein 96 well plates with 

2x104 cells/well are grown for 2 days to reach full confluence (Allert et al., 2018). 

However, it is not possible to ensure the same number of cells in each well before 

infection owing to haemocytometer counting estimates. Further, although a low 

passage number (< 18 A549 cell passage) were chosen, subsequent A549 passages may 

still influence rate of A549 cell growth since prolonged passaging of A549 cells could lead 

to changes in cell proliferation and expression of cellular proteins (Zhang et al., 2017). 

Therefore, the enumeration of the un-infected A549 cell counts/well allowed us to 

decipher the number of cells challenged by the A. fumigatus spores during the 

detachment assay.   

A shortcoming encountered using the 96 well plates was the lesser number of the A549 

cells in the edge wells compared to the rest of the plate (Figure 3.3). This could be 

explained by the ‘edge effect’ phenomenon reported previously with plates with 

increased number of wells (Mansoury et al., 2021). The difference in cell confluency in 

the outer wells is attributed to temperature differences across the plate and 

evaporation effects in the edge wells during incubation leading to irregular patterns of 

cell growth and distribution in the plate periphery (Mansoury et al., 2021). This was 

overcome by adding media in-between the wells to ensure uniform temperature and 

humidity across the plate. Additionally, the edge wells of a 96 well Ibidi® bottom plate 

could not be imaged by the automated confocal objective due to the skirting barrier at 

the bottom edge of the plates. Therefore, the 96 well TC glass bottom plate was used 

and only 60 wells were included in the plate for the detachment assay negating the outer 

edge wells, however, this still allowed many more assays than in a 24 well plate.  

Spore inoculum for enabling the detachment assay in a 96 well plate format was 

determined by using the well characterized non-invasive A. fumigatus ΔpacC strain 

(Bertuzzi et al., 2014; Okaa et al., 2023). Previous observations with A549 monolayers in 

a 24 well plate infected with 105 spores/ml of A. fumigatus WT strain caused extensive 
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rounding and detachment of up to 40% of cells, whereas infection with the same 

number of ΔpacC spores led to detachment of less than 5% of monolayer cells after 16 

h of infection (Bertuzzi et al., 2014). In this study employing a 96 well plate, a spore 

inoculum of 2x105 spores/well demonstrated the non-invasive phenotype of the ΔpacC

with more adherent cells (an average of 300 A549 adherent cells) for the ΔpacC mutant 

in comparison to the WT infection (an average of 250 A549 adherent cells) per field of 

view and therefore less detachment of A549 cells after infection. Percentage 

detachment was not calculated as done with previous studies (Bertuzzi et al., 2014; Okaa 

et al., 2023), rather the analysis was performed by comparing the number of adherent 

cells in the monolayers infected with the ΔpacC strain with those from WT infection. 

This strategy was found most reliable as it eliminated dependency on the variable A549 

cell counts of the un-infected controls. Increasing or decreasing the spore concentration 

did not reveal the detachment phenotype of the A. fumigatus ΔpacC strain, hence the 

spore inoculum was a critical factor to optimize the detachment assay in a 96 well plate 

format. However, it is important to acknowledge that this spore inoculum size per well 

was a challenge of 2.85 spores per A549 cell (Figure 3.4), which may not be the same 

spore inoculum encountered by the lung epithelium on inhaling A. fumigatus spores 

from the environment. 

Quantification of the number of adherent A549 cells in multiple wells of a 96 well plate 

revealed a variance in the detachment output of the controls. In one well of the plate, 

the A. fumigatus ΔpacC strain did not show increased number of adherent cells relative 

to the WT infection (Figure 3.5). This may be attributed to the variance in the A549 cells 

seeded in the well. This issue prompted us to troubleshoot the assay prior to the HTP 

screening of the 479 TFKO mutants and was overcome by including multiple replicates 

for the controls in each plate as well as including replicates in separate 96 well plates 

(will be described in Chapter 4). Automated quantitation of the DAPI stained adherent 

cells of the infected monolayer in a 96 well plate was optimized using confocal 

microscopy wherein in at least 9 fields of view in the center of each well were captured 

by automate microscopy (Rahman, Thomson and Bertuzzi, 2021). Using the automated 

approach enabled not only a swifter acquisition but also a non-biased imaging of the 

monolayer in the center of the well, in comparison to manual imaging of selected 

regions as done previously (Bertuzzi et al., 2014; Okaa et al., 2023). The HTP automated 
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imaging of a 96 well plate showed comparable phenotypes as observed with manual 

imaging of a 24 well plate (Figure 3.7), as the A. fumigatus WT strain showing observable 

destruction of the A549 monolayer compared to the ΔpacC strain.  

Finally, to overcome spore counting errors prior to infection, a mathematical method 

was generated to enable retrospective correction of spore inoculum (once viable counts 

had been determined), as verification of inoculum size. The number of adherent A549 

cells after infection with a serial dilution of A. fumigatus WT spores was used to generate 

a standard curve, from which the effect of inoculum deviations was extrapolated. Since 

spore inoculum size is critical for the detachment assay to work (Figure 3.9), 

implementation of the correction factor accounted for any spore counting errors and 

ensured that the detachment assay output was calibrated according to the spore 

concentration used for infection. 

It could be hypothesized that claudins are involved during detachment of epithelial cells 

by A. fumigatus infection. Claudin-7 appears to play a role in cell detachment of human 

lung cancer cells, with loss of claudin-7 resulting in integrin β1 expression, increased cell 

proliferation and defects in ability to interact and adhere to culture plates to form 

monolayers (Lu et al., 2015). Additionally, deficiency in claudin-18 resulted in loss in 

alveolar barrier function and impaired alveologenesis in claudin-18 knock-out mice 

(LaFemina et al., 2014). However, the effect of A. fumigatus challenge on the expression 

of claudins in A549 cells or the percentage of cell detachment following knock-down of 

specific claudins will need to be performed to confirm this hypothesis.  

3.4.3 Epithelial cell lysis assay 

LDH is a stable, non-secreted cytoplasmic enzyme released by cells upon lysis and/or cell 

membrane damage and hence is a good indicator to quantify epithelial cell damage 

induced by environmental conditions, drugs, or infection (Drent et al., 1996). Another 

often used method employed to study damage to epithelium by A. fumigatus is the 51Cr 

release assay (Ejzykowicz et al., 2009, 2010; Bertuzzi et al., 2014). However, the LDH 

assay is i) convenient (add-mix-read assay format), ii) colorimetric, hence quantitatively 

measures LDH release by formation of coloured product, iii) robust, as it uses stable LDH 

enzyme activity as a cytotoxic marker iv) flexible, as it can be optimised for screening in 

a different plate format and v) non-radioactive, and hence safe alternative to 51Cr 
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release cytotoxicity assays. The Cytox® 96 non-radioactive cytotoxicity assay kit 

(Promega, UK). was used according to the manufacturer’s instructions with LDH isolated 

from Porcine source (Sigma) for generation of the standard curve. The LDH release from 

wells with A. fumigatus ΔpacC strain infection was compared with the WT strain to 

determine any deficits in epithelial cell lysis. To determine a suitable multi-well bottom 

material amongst 24 well plates that would allow formation of a fully confluent A549 

monolayer, both TC plastic bottom and TC glass bottom 24 well plates were seeded with 

5x104 cells/ml. Both the plate material types allowed formation of confluent monolayers 

by 48 h, with the A549 cell numbers/well in a 24 well plate achieving an average of 

approximately 400,000 cells/well at full confluency (Figure 3.2). Determining the un-

infected A549 cell counts at full confluency enabled us to decipher the number of A549 

cells challenged by the A. fumigatus spores during infection for analysis of cell lysis.  

A. fumigatus secretes mycotoxins, degradative enzymes, and proteases, most of which are 

produced during hyphal growth (Bertuzzi et al., 2014), contributing to epithelial invasion. 

Proteases and elastases found in the culture filtrates of A. fumigatus have been shown 

to cause epithelial desquamation and destruction of F-actin cytoskeletal fibres in vitro 

(Kogan et al., 2004). Other observations with A549 cells detect cell lysis as early as 1 h 

post challenge with the A. fumigatus linked to the spore associated toxin, Trypacidin 

(Gauthier et al., 2012). Trypacidin triggered cell death by initiating intracellular 

formation of nitric oxide leading to death of the cells after about 24 h by necrosis 

(Gauthier et al., 2012). A549 cell lysis increases with time and hyphal secreted products 

during the late phase of A. fumigatus infection predominate as effectors of cell death 

(Okaa et al., 2023). During apoptosis, the cell membrane remains intact upon division 

securing the cytosolic constituents from spilling into extracellular space, hence, it is likely 

that LDH assay represents cell death by necrosis resulting in cell membrane lysis and 

release of cytoplasmic content into the infection supernatant (Proskuryakov, 

Konoplyannikov and Gabai, 2003). Further, A. fumigatus secreted factors under PrtT-

mediated transcriptional control induced necrotic epithelial cell death in A549 cells 

(Sharon, Hagag and Osherov, 2009). Owing to observations from the above studies, a 

time point of 24 h post infection was chosen to quantify for epithelial cell lysis caused 

by hyphal secretions.  It was hypothesised LDH maybe released by A. fumigatus during 

growth, however, analysing for LDH release post infection with the A. fumigatus WT, 
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ΔpacC strains and media with and without A549 cells showed that LDH was released 

only when A549 cells were present. Negligible LDH was produced with fungus alone and 

in un-infected wells clearly implicating that A. fumigatus does not produce LDH enzyme 

at 24 h (Figure 3.6 A). This finding ensured the LDH enzyme release is a suitable marker 

solely for epithelial cell lysis during A. fumigatus infection. However, several enzymes 

are secreted during the growth of A. fumigatus depending on the microenvironment 

encountered (Dagenais and Keller, 2009), which poses a slim possibility that A. 

fumigatus secretes LDH only in the presence of A549 cells. Further, it was hypothesised 

that spores from A. fumigatus precultures for shorter or longer duration could have an 

effect on the capacity to cause damage. Measuring LDH after infection with spores 

precultured for 2 or 5 days does not affect LDH release (Figure 3.6 B), validating the 

assay suitable irrespective of the duration of A. fumigatus culture.  

In addition, the LDH assay could be replicated in a 384 well plate format, allowing for 35 

strains to be tested in the same plate and hence also reducing the number of plates. 

Specifically, all of the LDH experiments carried out using the A. fumigatus WT and the 

ΔpacC strains in a 96 well and a 384 well plate format showed a reduced LDH release by 

the ΔpacC mutant compared to the WT strain (Figure 3.8), thereby demonstrating the 

valid performance of the controls in the assay. Moreover, similar to that employed for 

the epithelial cell detachment assay output, any differences in A. fumigatus spore 

inoculum during infection were corrected for viability by generation of a correction 

factor (Figure 3.10), thereby providing an output corresponding to the exact spore 

inoculum used for infection. 

Currently, little information is available regarding the clinical and physiological relevance 

of epithelial cell detachment and cell lysis in mammalian airway pathology. Previous 

observation using culture filtrates of A. fumigatus reveal the proteases, Aspf 5 and Aspf 

13 provoke strong airway inflammation and remodeling in immunocompetent mice 

using an inhalation model (Namvar et al., 2015). Intestinal epithelial cell shedding and 

detachment have been observed in vivo in the context of gut disorders, wherein 

epithelial barrier defects during inflammatory bowel disease resulted in increased 

epithelial cell shedding (Kiesslich et al., 2012).  Therefore, future work could involve in 

vivo analysis capturing epithelial shedding and lysis of airway epithelium on A. fumigatus

infection would corroborate that seen in in vitro studies. 
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3.5 Conclusion  

In conclusion, work from this chapter successfully identified a suitable plate type and a 

larger plate format for HTP epithelial damage screening for A. fumigatus studies. The 

epithelial detachment assay and the LDH assays were found suitable for A. fumigatus

studies and could replicate results previously performed using the A. fumigatus ΔpacC

strain. Moreover, the assays were scalable to a HTP plate well format without losing 

reliability while increasing efficiency, allowing more mutants to be potentially analysed 

in a single assay thereby enabling us to reduce any experiment-experiment variability. 

Additionally, a retrospective correction factor devised to correct for A. fumigatus spore 

counting errors enabled a robust readout for the assays. Importantly, the epithelial 

detachment assay and the LDH assay measured two different modes of epithelial 

damage, specifically at two different time-points, thereby allowing for a more 

comprehensive analysis of epithelial damage by A. fumigatus TFKO strains at early and 

late time points of in vitro infection.  
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CHAPTER 4 
4. Genome scale census of Aspergillus fumigatus transcription 
factors driving epithelial damage 

4.1 Introduction 

Invasive aspergillosis (IA) is the severest form of pulmonary Aspergillus infection, 

occurring predominantly in the setting of compromised host immunity (Baddley et al., 

2013; Bongomin et al., 2017), and more recently as an infection associated with viral 

influenza or COVID-19 (as reviewed in Chapter 1). Damage to the host lung epithelium 

is a hallmark feature of IA, observed with and without angioinvasion by CT scans 

(Kosmidis and Denning, 2015). However, the genes and pathogenic mechanisms 

employed during lung invasion by A. fumigatus are still poorly understood. Moreover, 

understanding of A. fumigatus-epithelial cell interactions in vitro has been assembled 

mostly using studies employing knock-out of single genes and using varying A. fumigatus

morphotypes. This chapter focuses on identifying the transcription factors (TFs) 

modulating epithelial damage during A. fumigatus infection by screening the A. 

fumigatus transcription factor null knock-out mutants (TFKOs) (Furukawa et al., 2020), 

using two optimised high throughput (HTP) format in vitro epithelial cell damage assays 

(Chapter 3). 

 IA initiates by inhalation of A. fumigatus spores, which ultimately reside in the host 

lungs in the lack of a competent host immune clearance mechanism. The fungal spores 

thrive by transforming into swollen spores, germinate by generation of polar bodies 

leading to hyphal growth, resulting in lung cell invasion causing extensive lung tissue

damage (Dagenais and Keller, 2009).  In vitro observations have implied A. fumigatus

mediated epithelial damage to occur via mechanistically distinct modes of action, with 

contact mediated damage occurring at early stages of infection (16 h) via detachment 

of A549 monolayers and lytic cell death mediated by secreted fungal factors occurring 

at a later stage of A. fumigatus infection (24 h) (Bertuzzi et al., 2014; Okaa et al., 2023). 

Only few previous studies have examined the effect of A. fumigatus mutants lacking 

specific genes on their capacity to cause lung cell damage, such as those involved in 

transcriptional regulation of alkaline homeostasis (pacC), secreted proteases (prtT), 

mycotoxin (gliP) or ergosterol biosynthesis (nct2 complex) (Bertuzzi et al., 2014; Sugui 
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et al., 2007; Sharon et al., 2011; Furukawa et al., 2020). The above observations infer an 

understanding of the genes that are important during IA, however, it is currently 

technically challenging to study about 10,000 single gene knock-out mutants of the 

entire A. fumigatus genome to identify the genes driving host lung damage.  

To this end, TFs allow for a global overview of the A. fumigatus genes regulating host 

cell damage. Recently, Furukawa et al. carried out an extensive systematic review of the 

genes previously annotated as TFs in the databases at Ensembl fungi, ASPGD and 

performed DBD mining to identify 495 putative TFs in A. fumigatus (Furukawa et al., 

2020).  The A1160+ (MFIG001) (Fraczek et al., 2013; Bertuzzi et al., 2021), termed here 

as A1160p+ or the WT, was was used as the parental strain to construct TF gene knock-

out mutants. Using a HTP format fusion PCR approach (Szewczyk et al., 2007; Zhao et 

al.,2019) (Figure 2.1), the study successfully generated knock-out (KO) strains for 484 TF 

genes (Furukawa et al., 2020). 

Of these, just over 10% of A. fumigatus TFs have been previously characterized (Table 

1.2). Studies of KO strains lacking these characterized A. fumigatus TFs have revealed 

important roles for TFs in fungal growth and pathogenesis and an alteration of virulence 

in in vivo models, highlighting the importance of TFs in regulating host pathogenicity 

(Bultman, Kowalski and Cramer, 2017). Of the characterized TFs, only a handful have 

been studied characterising their role in driving host alveolar lung cell damage (Table 

1.2). For example, the mutant lacking the TF gene medA in A. fumigatus Af293 was 

observed to be impaired in biofilm production and adherence to A549 epithelial cells, 

endothelial cells, and fibronectin in vitro relative to the parental strain (Gravelat et al., 

2010). Further the ΔmedA mutant has been reported to cause a reduced capacity to 

cause A549 cell damage in vitro using a 51Cr assay, as well as an attenuated virulence 

phenotype in vivo in an invertebrate and a mammalian model of IA (Gravelat et al., 

2010). Another interesting TF DvrA has been studied in host cell interactions and 

virulence, with the ΔdvrA mutant strain of A. fumigatus Af293 exhibiting increased 

capacity to damage both endothelial cells and A549 cells compared to the parental strain

(Ejzykowicz et al., 2010). Correlating to the in vitro result, the ΔdvrA strain exhibited 

increased virulence and stimulated a greater pulmonary inflammatory response than 

the WT in a worm IA model, functioning as a negative regulator of host cell damage and 

virulence during IA (Ejzykowicz et al., 2010).  Bertuzzi et al. have shown the PacC TF 
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regulates tissue invasion both in vitro and in vivo. The study not only reported a 

reduction in detachment and cell lysis of A549 monolayers relative to un-infected cells 

at 16 h and 24 h respectively after infection with the ΔpacC mutant but also attenuated 

virulence inability to cause epithelial invasion in vivo (Bertuzzi et al., 2014). The TF NctA 

regulating ergosterol biosynthesis and azole resistance in A. fumigatus was found to also 

contribute to pathogenicity in vitro, with the ΔnctA strain resulting in a significant 

reduction in A549 cytolytic damage, when compared with the parental isolate. The 

above previous studies observing host epithelial cell damage, particularly the pivotal 

discovery of the PacC transcription actor as a regulator of early and late phase of 

epithelial invasion, led us to hypothesize that there are other transcription factors that 

could function independently or dependently with the PacC TF driving epithelial 

invasion. Importantly, it led us to question ‘if the same regulators modulated damage at 

both phases of damage or if the damage was driven by distinct cohorts of epithelial 

regulators at the early and late phases of lung infection?’. 

Having optimized HTP assays to analyse epithelial damage during A. fumigatus infection 

in vitro by examining for epithelial cell detachment and epithelial cell lysis (Chapter 3), 

this chapter aimed to employ 479 A. fumigatus TFKO strains (Furukawa et al., 2020), to 

identify TFs that have an altered interaction with epithelial cells. HTP studies employing 

several gene knock-out mutants have been carried out previously in other invasive fungi. 

Epithelial damage screening of over 2000 C. albicans mutants was performed using the 

LDH assay after infection of Caco-2 intestinal cells identifying 102 mutants causing 

significantly more damage and 172 mutants caused significantly less damage relative to 

the parental strain. Excluding mutants with growth defects and previously characterized 

genes, the study discovered 9 novel genes regulating damage during C. albicans 

intestinal epithelial invasion in vitro (Allert et al., 2018). Another study described the 

transcriptional network required for biofilm formation in C. albicans by screening over 

200 TF mutants and identifying six “master” transcriptional regulators required for 

normal biofilm development (Nobile et al., 2012).  

No high throughput or genome-wide studies on epithelial damage or host-pathogen 

interaction employing TFs have been previously carried out in the Aspergillus genus. 

Henceforth, the overall aim of this chapter is a genome scale census of A. fumigatus TFs 

regulating lung epithelial cell damage using two established in vitro HTP format screens. 
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Therefore, the specific objectives of the work described in this chapter were to: 

1) Screen 479 strains from the A. fumigatus TFKO collection (Furukawa et al., 

2020), for epithelial damage using the detachment assay and the cell lysis 

assay in a HTP format. 

2) Address any limitations with the data output collected from the screenings.  

3) Using suitable analytical approaches, identify A. fumigatus TFKO strains 

with significantly altered capacity to cause epithelial damage relative to the 

WT strain. 

4) Annotate A. fumigatus TFKO strains with reduced/increased capacity to 

cause epithelial damage relative to the WT strain. 

5) Ascertain if any A. fumigatus TFs regulate epithelial damage via both 

epithelial cell detachment and cell lysis. 
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4.2 Materials and Methods 

4.2.1 Preparation of A. fumigatus spores for infection assays 

479 A. fumigatus TFKO strains (Furukawa et al., 2020), constructed in the A1160p+ 

genetic background, also known as MFIG001 (Fraczek et al., 2013; Bertuzzi et al., 2021), 

termed here as A1160p+ or the WT were used in this study. The TFKO strains were stored 

at -80oC and cultured on aspergillus complete media agar (ACM) pH 6.5 (Pontecorvo et 

al., 1953), containing hygromycin B (Alfa Aesar) at a concentration of 100 µg/ml for 

selective growth. The fungus was cultured on ACM at 37oC for 3-5 days and the spores 

were harvested in sterile distilled water and the spore suspensions were filtered through 

sterile Miracloth (Calbiochem) to remove mycelial fragments. Following two washes of 

the spore suspension with sterile water, the spores/ml were enumerated using OD600 

measurement (Furukawa et al., 2020), and a standard curve was employed to estimate 

the spore counts of a maximum of 24 strains per 96 well plate (as explained in Section 

2.2.1).  Accuracy of spore counts in infecting inoculum was assessed via serial dilution 

and enumeration of viable fungal colonies following culture on ACM solid agar. Spore 

concentrations of 107 spores/ml in supplemented RPMI (Section 2.1.3) were prepared 

for the infection assays. Viable counts of inoculum used for infection were determined 

by plating 100 spores on ACM agar for 48 hr. The difference between the observed and 

predicted counts was calculated for each A. fumigatus TFKO strain from which the 

correction factor was calculated (as described in Chapter 3) and adjusted 

retrospectively. 

4.2.2 Preparation of A549 epithelial cells for infection assays 

Commercially sourced human carcinomic alveolar basal epithelial A549 cells (American 

type culture collection, CCL-185) were cultivated from frozen stocks by growing them in 

RPMI supplemented with 10% foetal bovine serum (Gibson) and 1% penicillin-

streptomycin (Sigma-Aldrich) at 37oC with 5% CO2. After at least 3 rounds of A549 cell 

passages, the A549 cells were enumerated using a haemocytometer (as explained in 

Section 2.2.2). Approximately 5x104 cells were seeded in each well of a 24 well plate 

(Greiner Bio-one) and 7x104 cells in each well of a 96 well plate (Greiner Bio-one) and 

incubated for 48 h at 37oC with 5% CO2 for a 90-100% confluent A549 monolayer (as 
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optimised in Chapter 3). On infection day, media was replaced, and all infections were 

performed in supplemented RPMI (Section 2.1.3) at 37oC and 5% CO2. 

4.2.3 High throughput screens for epithelial damage  

The controls (A. fumigatus WT and the non-invasive ΔpacC (AFUB_037210) strains and 

the un-infected) were included for each experiment of infection in both the detachment 

and cell lysis assays.  To ensure the measurement of damage from the HTP screens was 

not an artefact of inoculum size, the phenotypic data were retrospectively adjusted for 

small deviances from desired inoculum sizes using the correction factor methodology 

for the assays (as described in Chapter 3). 

4.2.3.1 Detachment assay 

A549 monolayers were cultured to confluence in 96 well glass bottom plates (Greiner 

Bio-one) and challenged with 20 μl of 107 A. fumigatus spores/ml suspension (200,000 

spores per well), with five technical replicates (one technical replicate per plate). After 

16 h, the A549 monolayer was washed once with pre-warmed phosphate buffered saline 

(PBS) (Thermo-Fisher Scientific) to remove detached/non-adherent A549 cells. This was 

followed by fixing the remaining adherent A549 cells in the wells with 4% formaldehyde 

in PBS (Alfa Aesar, UK) for 10 min, permeabilizing the cells with 0.2% Triton-X100 (VWR) 

for 2 min and staining nuclei of the adherent A549 cells with DAPI (Alfa Aesar) at 300 

nM for 5 min at room temperature, protected from direct light. Excess stain was 

removed by two washes with PBS and the monolayers were stored in PBS at 4oC to be 

imaged (Rahman, Thomson and Bertuzzi., 2021). Imaging of the infected monolayer to 

analyse detachment after A. fumigatus infection was performed by capturing the DAPI 

fluorescence in adherent A549 cells using a confocal microscope (Leica X, SP8). DAPI 

fluorescence was excited with a 405nm LED, and its emission was captured on a HyD 

detector (405-600 nm). Image capture was performed in HTP approach via automated 

confocal microscopy (Leica X, SP8) from 9 fields of view per well at 40x magnification 

using a HC PL APOCS 40x/0.85 DRY objective. The number of adherent A549 cells in each 

image was quantified using a cell segmentation FIJI macro (Schindelin et al., 2012), to 

suit a 96 well plate automated acquisition (Rahman, Thomson and Bertuzzi, 2021).  
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4.2.3.2 Cell lysis assay

Fully confluent A549 cells grown in 24 well plates (Greiner Bio-one) were challenged 

with 50 μl of 107 A. fumigatus spores/ml suspension (500,000 spores per well) with at 

least 3 technical replicates in one plate. Following 24 h of infection, the supernatant in 

each well was transferred into a 96 well or a 384 well plate in a 1:5 dilution with PBS. 

The amount of LDH present was measured using the Cytox® 96 non-radioactive 

cytotoxicity assay kit (Promega). To generate a standard curve for LDH activity, porcine 

LDH enzyme (Sigma-Aldrich) was used in serial dilutions on each LDH assay plate. 

Addition of the substrate supplied with the assay kit initiated the enzymatic reaction 

with LDH (Figure 2.2), thereby enabling a colored product representing the amount of 

LDH present in the supernatant. The enzymatic reaction was stopped after 30 min using 

the stop solution supplied with the assay kit followed by detection of the colored 

product using OD490 measured with a spectrophotometer (Synergy 2, Biotek) (as 

explained in Section 2.2.3). Using the standard curve generated for each plate from the 

concentration of LDH released by a serial dilution of recombinant porcine LDH, the LDH 

concentrations in the infection supernatants of the TFKO mutant strains was quantified 

(Figure 2.3). The data was analysed statistically to identify the A. fumigatus strains 

having an altered capacity to cause epithelial cell lysis relative to the WT strain. 

4.2.4 Statistical analysis for the epithelial damage screens

The number of adherent A549 cells following the detachment assay were compared for 

each A. fumigatus TFKO strain relative to the parental WT strain. Quantitative 

differences between groups were tested using ANOVA one way analysis. To correct for 

multiple testing, Fishers LSD t-test (comparisons of selected groups to the parental 

strain) was applied. Statistical tests were performed using GraphPad Prism 9. 

For the LDH data, a Bayesian modelling approach using Markov chain Monte Carlo 

sampling was performed by Dr. Panagiotis Papastamoulis. The posterior distributions for 

each A. fumigatus TFKO strain were compared to the corresponding WT strain of each 

assay plate. Significant difference between the two means, based on a 95% Bayesian 

credible interval, was deemed "significant". Data are presented as the mean 

value ± standard deviation (SD).  
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4.3 Results 

4.3.1 Screening for the regulators of epithelial cell detachment during A. fumigatus

infection 

In order to screen the A. fumigatus TFs for the regulators of epithelial cell detachment, 

spores from each of the 479 TFKO strains (Furukawa et al., 2020), were harvested and 

counted in a HTP format using OD600 measurement (as explained in Section 4.2). Using 

the optimised HTP multi-well microplate set up of the epithelial cell detachment assay 

(Chapter 3) in a 96 well plate, A. fumigatus spores of the TFKO mutants were incubated 

with epithelial cells (at an MOI of 3) for 16 h, followed by removal of the detached A549 

cells by PBS rinsing and staining of the remaining adherent A549 cells. The fixed infected 

monolayer was imaged in an automated unbiased fashion to enumerate the number of 

adherent A549 cells after infection with each of the TFKO strains (Figure 4.1 A). To 

overcome any discrepancies observed in the detachment assay output of a 96 well plate 

(Section 3.3.2 in Chapter 2), multiple replicates for the controls (WT, ΔpacC and UI) were 

included in alternate rows and columns of each plate. Further, five technical infection 

replicates for each of the TFKO strain was set-up, one replicate in one 96 well plate 

(Figure 4.1 B). Overall, one experiment comprised of 5 plates with one technical replicate 

of the TFKO mutant spores infected per plate of A549 cells, allowing 45 TFKOs to be 

analysed for cell detachment in each experiment.  The experiments 2, 3 and 14 failed as 

the A549 monolayers were either overconfluent or under confluent prior to infection 

and therefore omitted for imaging and analysis. The A549 cells in plate 5 of experiment 

5 failed to stain efficiently for imaging and plate 11 in experiment 11 failed due to 

technical issues with the microscope resulting in bleached monolayers. Hence, the two 

failed plates were excluded from the analysis. Overall, negating any failed experiments, 

the 479 TFKO mutants were screened for the cell detachment assay in 12 experiments 

with each TFKO as 5 technical replicates (except for experiment 5 and experiment 11 

with 4 technical replicates) resulting in a total of 58 individual 96 well plates in the first 

biological screen (Figure 4.1 C). The total number of adherent A549 cells/well for each 

A. fumigatus TFKO strain and controls in each plate were enumerated automatedly using 

the FIJI macro (Rahman et a.,2021), and was corrected using the correction factor (as 

explained in Section 3.3.5) to account for spore inoculum errors.  
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Figure 4.1: Epithelial cell detachment screening for the 479 A. fumigatus TFKO strains. A)
Experimental design to analyse detachment in HTP format. B) 96 well plate layout for each 
experiment. C) Experiments and plates comprising the detachment screen. Experiments 2, 3 
and 14 were omitted. Plates in red cross were omitted. UI=Un-infected, WT=A1160p+
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Following the detachment assay, plates in each experiment underwent automated 

imaging analysis via capture of 9 images in the centre of each well, thereby capturing 9 

field of view of the infection. The A549 cells in each field of view were enumerated, 

providing 9 measures of output from each well. In order to assess valid performance of 

the detachment screen, the controls (WT, ΔpacC and UI) for each of the five plates in the 

experiments (experiment 1 to experiment 15) were inspected.  

The enumerated A549 cell counts varied in each experiment ranging from 200 cells/field 

of view to 350 cells/field of view. The UI without any A. fumigatus infection showed the 

highest number of adherent cells (averaging at about 320 A549 cells) in each of the 

experiments, implying least damage of the monolayers in the absence of A. fumigatus

infection. As observed previously (Chapter 3), the number of adherent cells for the 

ΔpacC and the WT infections varied in individual plates and experiments. However, the 

ΔpacC strain always exhibited significantly higher number of adherent A549 cells relative 

to the WT infection in each of the experiments, implying a lesser detachment of the A549 

monolayers by ΔpacC relative to WT infection (Figure 4.2 A). 

Moreover, the mean of the number of adherent cells of the ΔpacC strain for all the 

experiments in the entire screen was significantly higher (****p<0.0001) than the WT 

infection, signifying an overall satisfactory performance of the control ΔpacC strain in 

the entire screening (Figure 4.2 B), confirming valid performance of the non-invasive 

phenotype of the ΔpacC strain (Bertuzzi et al.,2014). 

Similar to that seen with the controls (Figure 4.2 A), the average number of adherent 

A549 cells/field of view for the A. fumigatus TFKO strains varied in each experiment. 

However, the variance in the A549 cell numbers was observed at a similar range within 

each experiment (Figure 4.3 A).  

To enable a standardised analysis of the entire detachment TFKO screen, the numbers of 

adherent A549 cells for each of the TFKO strains was normalised to the numbers of 

adherent A549 cells of the WT in the respective experiment. Next, the log2 fold change 

(log2 FC) number adherent A549 cells for each of the TFKO mutant relative to the WT of 

the experiment was calculated. This approach allowed to identify any outliers in the 

screen and transformed each experiment of the screen to be analysed in a standardised 

format (Figure 4.3 B). 
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Figure 4.2: Controls of the epithelial cell detachment screen. A) Corrected number of adherent 
A549 cells 16 h post infection of the controls in each experiment of the detachment screen.
Adherent cells were enumerated after 16 h infection with the WT, ΔpacC strains and UI of each 
plate in the experiment (n=25/experiment). Data was analysed by two-way ANOVA comparison 
by Fishers’ LSD comparison. B) Total number of corrected numbers of adherent cells for the 
controls in the detachment screen. Adherent cells were enumerated after 16 h infection with 
the WT, ΔpacC and UI in the entire detachment screen. Data was analysed by t-test comparison. 
****p<0.0001, ***p<0.001, **p<0.01, *p<0.1. WT=A1160p+
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Figure 4.3: Output of the epithelial detachment assay screening of the A. fumigatus TFKO 
strains. A) Summary plot of the epithelial detachment screening showing average corrected 
number of adherent cells. Raw data of the epithelial detachment screening of the TFKO mutant 
library showing the corrected number of adherent A549 cells for the TF mutants in the 15 
experiments. B) Summary plot of the epithelial cell detachment screening showing the fold 
change average corrected number of adherent cells. The corrected number of adherent A549 
cells for the TFKO strains in the 15 experiments transformed as log2 FC relative to the parental 
strain for each experiment.  

In order to identify A. fumigatus TFKOs showing altered capacity to cause epithelial 

detachment relative to the parental strain, the log2 FC number of adherent A549 cells of 
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the TFKO mutant was compared with that of the WT infection of each experiment by 

one-way comparative ANOVA followed by the Fishers’ least significance difference (LSD) 

test.  On assigning the log2 FC values and the p-values of the TFKO strains as a volcano 

plot in the x-axis and y-axis respectively, degrees in the capacity of the TFKOs to cause 

epithelial cell damage relative to the WT infection were observed (Figure 4.4 A). A p-

value (p<0.1) was considered significant (at y-axis=2 on the volcano plot), identifying 

TFKOs with significantly altered capacity to cause epithelial detachment relative to the 

parental strain.  

Of the 479 A. fumigatus TFKO strains (Furukawa et al., 2020) screened, 18 exhibited 

lower number of adherent cells relative to WT strain and hence an increased capacity to 

cause epithelial cell detachment, whereas 28 TFKOs exhibited a higher number of 

adherent cells relative to WT strain and hence a decreased capacity to cause epithelial 

cell detachment after a 16 h infection. TFs with increased capacity are assigned on the 

right and TFs with decreased capacity are assigned on the left of the volcano plot (Figure 

4.4 A).  Among the TFKOs exhibiting increased detachment, only one TF, MetR, 

regulating sulphur homeostasis in A. fumigatus has been previously characterised

(Amich et al., 2013). For the purposes of this study, interest was focused only upon the 

A. fumigatus TFKOs demonstrating reduced epithelial detachment relative to the WT.  

In a follow-up low throughput assay to confirm biological replication of results observed 

in the first HTP screen, the 28 TFKOs were retested. 18 of the identified 28 TFKOs) did 

not replicate the reduced detachment phenotype in the follow-up low throughput assay 

with only 10 of the 28 originally identified TFKOs that were identified as being defective 

in eliciting epithelial cell detachment exhibited reproducible phenotypes (Figure 4.4 B 

and Table 4.1). Among these, 6 TFs have been previously characterised, including the 

pH-responsive TF  PacC (AFUB_037210), previously reported to regulate A. fumigatus 

epithelial invasion (Bertuzzi et al., 2014), CreA (AFUB_027530) the regulator of carbon 

catabolism (Beattie et al., 2017), AreA (AFUB_096370), the regulator of nitrogen 

metabolism (Hensel et al., 1998; Krappmann and Braus, 2005),  a C6 zinc cluster family 

TF (AFUB_033930) located in the uncharacterised small peptide secondary metabolite 

gene cluster 12 (Bignell et al., 2016), and two TFs NsdD and NsdC (AFUB_035330 and 

AFUB_089440) that modulate asexual sporulation in A. fumigatus (Szewczyk and 

Krappmann, 2010; Alves de Castro et al., 2021). 
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Figure 4.4: High throughput screening of A. fumigatus transcription factors required for 
epithelial detachment. A) Volcano plot showing -fold change number of adherent cells for 479 
TFKO strains. The cut-off (dotted line) on the y-axis signifies p-value<0.1 from Fisher’s LSD 
multiple comparison of one-way ANOVA relative to the WT. The cut-off on the x-axis of the plot 
was based upon the average fold change and between the controls (WT and ΔpacC). Mutants in 
red validated during second biological replication. B) Fold change number of adherent cells, 
relative to the WT for the 10 cell detachment TFKOs showing reproducibility of phenotypes in 
low throughput assay. Data shown is technical replicates of two biological replicates. Error bars 
show ±SD. Data was analysed by one-way ANOVA with Fisher’s LSD multiple comparisons test 
relative to the parental strain (WT-A1160p+). *p<0.1, **p<0.01, ***p<0.001, ****p<0.0001. 
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Table 4.1: Annotation of A. fumigatus TFs regulating early phase of epithelial damage via 
detachment of A549 cells. List of TFKOs causing decreased cell detachment relative to WT. 

AFUB number AFUA number TF number /

Generic name 

Main Function References

AFUB_046160 AFUA_3G02210 2E4 Unknown ¬

AFUB_027530 AFUA_2G11780 1G11 (creA) Hypoxic adaptation, 
carbon catabolite 

repression 

Beattie et al. 
2017 

AFUB_019830 AFUA_2G02730 5E12 Unknown ¬

AFUB_035330 AFUA_3G13870 2A7 (nsdD) Early stage of mating Szewczyk and 
Krappmann, 

2010 
AFUB_037210 AFUA_3G11970 2B5 (pacC) pH response, 

epithelial invasion 
Bertuzzi et al. 

2014 
AFUB_031000 AFUA_2G15340 1H8 Unknown ¬
AFUB_096370 AFUA_6G01970 7G8 (areA) Nitrogen utilization Krappmann 

and Braus, 
2005 

AFUB_033930 AFUA_3G15290 2A3 (BGC12) Secondary metabolite 
production 

Elaine et al. 
2016 

AFUB_089440 AFUA_7G03910 5H5 (nsdC) Early stage of mating Alves de 
Castro et al. 

2021 
AFUB_005510 AFUA_1G05150 1A12 Unknown ¬

4.3.2 Screening for the regulators of epithelial cell lysis during A. fumigatus infection 

In order to screen the A. fumigatus TFs for the regulators of epithelial cell lysis, spores 

from each of the 479 TFKO strains (Furukawa et al., 2020), were harvested and counted 

in a HTP format using OD600 measurement (as explained in Section 4.2). 5x105 A. 

fumigatus spores were challenged with A549 cells in a 24 well plate for 24 h. The 

infection supernatant from each well was transferred as duplicates into a 96 well plate 

or a 384 well plate to estimate the LDH concentration by colorimetric assessment at 

OD490 (Figure 4.5 A). Each of the LDH assay plate included the controls (A. fumigatus WT, 

ΔpacC strains and UI) and the TFKO strains in at least 3 technical replicates (all in one 

plate). In order to estimate the LDH release, serial dilutions of the porcine LDH enzyme 

(used as standard) were also included in each assay plate from wells A1 to G1 to A2 to 

G2 and blank wells with PBS (H1 and H2) (as explained in Section 4.2). Each 96 well plate 

allowed analysis of 11 TFKOs in triplicates or 5 TFKOs in five replicates, whereas each 384 

well plate allowed analysis of 30 TFKOs in five replicates (Figure 4.5 B and C). 
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Figure 4.5: Epithelial cell lysis assay screening for the 479 A. fumigatus TFKO strains. A) 
Experimental workflow to analyse epithelial cell lysis of epithelial monolayer in HTP using LDH 
release assay. B) and C) Plate layout for each plate in the experimental set-up for B) 96 well
and C) 384 well plate with replicates within each plate.UI=un-infected, WT=A1160p+.

Plates that did not generate a polynomial standard curve owing to technical errors were 

excluded (1a, 2b, 2c, 2d, 4a, 4b, 5a, 6b, 7b, 11c) during analysis, and the A. fumigatus

TFKOs in those plates were tested again in consequent plates. Overall, negating any failed 

experiments, the 479 TFKOs were screened for the LDH assay in three screens. Screen I 

comprised of forty-two 96 well assay plates, screen II comprised of eleven 96 well assay 

plates and two 384 well assay plates and screen III comprised of three 384 well assay 

plates, totalling an overall of 58 individual LDH assay plates (Figure 4.6). 
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Figure 4.6: Experiments and plates comprising the LDH epithelial cell lysis screening of the A. fumigatus TFKO strains. Plates with red crosses were failed plates 
from each experiment.
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The LDH released post-infection of A549 cells with the A. fumigatus TFKO strains and 

controls (A. fumigatus WT, ΔpacC strains and UI) in each plate was quantified using the 

standard curve for the plate (generated from the serial dilutions of the LDH standards) 

(Figure 2.3). The absolute LDH value for each TFKO infection was corrected using the 

correction factor (as explained in Section 3.3.5) to account for spore inoculum errors.  

In order to assess the performance of the entire cell lysis screen, infection with the 

control strains (A. fumigatus WT and ΔpacC strains) for each of the LDH assay plates was 

inspected. The corrected absolute LDH values for the ΔpacC strain was compared with 

the WT strain in the respective plate. The ΔpacC infection showed reduced LDH release 

relative to the WT infection in 38 of the 58 assay plates, validating the non-invasive 

phenotype of the ΔpacC strain (Bertuzzi et al., 2014). However, 20 of the assay plates did 

not show the reduced epithelial damage relative to the WT of the plate (Figure 4.7 A), 

suggesting variability in the behaviour of the ΔpacC, when considering individual 

experiments. Nevertheless, ΔpacC infection was significantly reduced relative to the WT 

when considering the entire TFKO screen comprising of all the 58 plates (Figure 4.7 A). 

The problem could equally be down to variability of the WT, or inaccuracy of the post-

hoc adjustments for spore count as the scalability of the correction calculation is 

unknown. Nonetheless, although the values are variable across the screens, the trend 

for A. fumigatus ΔpacC to return lower values for LDH release (relative to the WT) is 

universal but doesn't always reach statistical significance. 

Further, on analysing all the plates in the TFKO screen, the average LDH output range of 

the infection ranged from 0 to 500 mU/ml. In some cases, the LDH values surpassed the 

range, especially in the assay plates (I-14a, I-14c, I-16a) that exhibited outliers (Figure 

4.8 A) affecting the overall performance and variability in the output of the plate.  

To overcome this shortcoming, transforming the LDH values into log2 FC relative to the 

WT of the plate enabled a standardised approach for the screen and highlighted outlier 

plates (Figure 4.8 B), however, these variables became apparent as the assay and 

analysis was conducted, so a mathematical solution was sought to remove the variability 

in the entire screen by adopting a Bayesian modelling approach. 
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Figure 4.7: Performance of the controls in each LDH plate of the cell lysis screening. A) LDH 
value of the A. fumigatus WT and ΔpacC strains in each assay plate of the cell lysis screen. 
Concentration of LDH observed in WT and ΔpacC infections on each plate of the LDH (n=3 or 
5/plate) after a 24 h infection. B) LDH value for all the controls in the cell lysis screen. 
Concentration of LDH observed in all of plates for the WT and ΔpacC infections. Data was 
analysed by t-test comparison. ****p<0.0001. WT=A1160p+ 
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Figure 4.8: LDH assay screening of the 479 A. fumigatus TFKO strains. A) Summary plot of the 
LDH screen showing average LDH concentration (mU/ml) of the TFKO strains in each LDH assay 
plate. B) Summary plot of the LDH screen showing the FC average LDH concentration (mU/ml) 
in each LDH assay plate, transformed as log2 FC relative to WT for each experiment.  
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To address the above variability and overcome the presence of outliers, a Bayesian 

modelling approach (Kruschke, 2013), was employed to analyse output from the LDH 

screening. This bioinformatic approach performed by Dr. Panagiotis Papastamoulis 

described the data using a student’s t-distribution and performed posterior inference by 

Markov chain Monte Carlo (MCMC) sampling. MCMC is a bioinformatic simulation for 

obtaining information about distributions, for parameter estimation such as means, 

variances and for exploring the posterior distribution of Bayesian models (van 

Ravenzwaaij et al., 2018). The data was analysed by t-distributions instead of a standard 

t-test (based on the normal distribution for describing the data) which is more likely to 

be influenced by the presence of outliers. Significant difference between the two means, 

based on a 95% Bayesian credible interval, was deemed “significant”. For example: the 

mean FC LDH for ΔpacC (AFUB_037210) strain in one of the LDH assay plates (II-1C) (data 

points denoted in orange stars) was compared to the corresponding WT control of the 

given plate (data points denoted in red stars). If the MCMC modelling output is close to 

the identity line (black dotted line), then there was little evidence of difference in the 

two means, hence not significantly different to the WT. On the contrary, if the MCMC 

output is away from the identity line, there is evidence of significant difference between 

the two means indicating the ΔpacC strain was significantly different to the WT (Figure 

4.9).  

The above bioinformatic analysis reduced the variability of the A. fumigatus ΔpacC strain 

in the plates, with 41 of the 54 plates now showing a significant difference, hence 

resulting in a better outcome. Among the remaining 13 cases where the difference is not 

significant, there are some cases where the answer is just a little bit outside the credible 

interval (See supplementary electronic document S1). 
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Figure 4.9: Representative plot of the mathematical analysis output for one TFKO mutant 
(AFUB_037210) of the LDH screen. Corrected LDH values for the TFKO mutants were converted 
to the log values normalised to the WT of the plate. The graph contains the result for the 
comparison of the mean difference between a given TFKO mutant and the corresponding WT, 
wherein red/orange stars correspond to the observed data, WT (A1160p+) of a given plate is 
always at the y-axis, red/orange solid lines correspond to the sample means, blue cloud of points 
is the scatterplot of the MCMC output for the means, the black dotted line is the identity line. 
The probability reported at the bottom of each page contains a 95% Bayesian credible interval 
for the mean difference and the histogram on the top-right corner corresponds to the MCMC 
draws of the mean difference. The red/orange curves correspond to the MCMC estimate of the 
data density, that is, a Generalized Student's t-distribution with parameters \mu (mean), \sigma 
(scale parameter) and \nu (degrees of freedom).  

In order to identify A. fumigatus TFKO strains showing altered capacity to cause 

epithelial lysis relative to the parental WT strain, the Bayesian approach (as explained 

above) was applied. For the analyses of the TFKO strains, the log2 transformed LDH data 

were first filtered for assay plate-dependent batch effects, following which the posterior 

distributions for each TFKO strain were compared to the corresponding WT strain of each 

assay plate. The LDH data was screened for batch effects by employing an initial filtration 

based on the ΔpacC control being lower than the A1160p+ isolate, as well as the dynamic 
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range between A1160p+ and ΔpacC. The filtered data was plotted as a volcano plot with 

the Absolute Mu from the Bayesian modelling on the y-axis versus log2 FC of the TFKO 

strains on the x-axis. The cut-offs for the plot were based upon the average FC between 

WT and ΔpacC infection and the average Mu difference between WT and ΔpacC (among 

all the controls throughout the assays). TFKOs with increased capacity for cell lysis are 

assigned on the right and TFs with decreased capacity are assigned on the left of the 

volcano plot (Figure 4.10 A). 

Following the above primary filter to remove variance attributed to plate and batch 

effects, 34 A. fumigatus TFKOs exhibited decreased LDH release by A549 epithelial 

monolayers after a 24 h infection.  To increase confidence in the final output, a second 

filtration from the 34 TFKOs was performed based on the criteria for number of biological 

replicates, as well as repetition of significance in the replicates. Firstly, any infections 

performed only once were ousted from the final hits due to lack of biological replication. 

Secondly, only infections that reproduced significance relative to the WT in at least 2/3 

(or 2/2) occasions were chosen, with the datapoints without one standard deviation of 

each other (standard deviation calculated from ΔpacC). Based on this strict exclusion 

criteria, 26 of the 34 A. fumigatus TFKOs were excluded, resulting in only 8 TFKOs 

demonstrating a reproducible reduction in LDH activity with a reproducibility of 2/3 or 

2/2 without one standard deviation of each other (Figure 4.10 B).  

Among this final cohort of 8 A. fumigatus TFKOs (Table 4.2), only 4 TFs have been 

previously characterised. This includes the TF HapX (AFUB_052420), a component of the 

CCAAT-binding complex (Hortschansky et al., 2017), involved in iron acquisition and 

metabolism in A. fumigatus (Gsaller et al., 2014); PacC (AFUB_037210) regulating 

alkaline homeostasis and A. fumigatus epithelial invasion (Bertuzzi et al., 2014); 

Ace1/SltA (AFUB_041100) that regulates conidial formation including cell wall 

architecture, secretion of mycotoxins and secondary metabolites (Liu et al., 2021); and 

AtfD (AFUB_078150), involved in conidial stress responses in A. fumigatus (Silva, Horta 

and Goldman, 2021). 
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Figure 4.10: A. fumigatus transcription factors required for cell lysis of epithelial cells. A)
Volcano plot showing the output from the LDH cell lysis screen. Data is filtered to remove 
plate/batch errors and shows the Absolute Mu (derived from Bayesian Modelling) versus log 
fold change for each mutant relative to the parental strain. The cut-offs for the plot were based 
upon the average fold change and the average Mu difference between the controls (WT and the 
ΔpacC) throughout the screen. B) LDH fold change relative to the WT strain for the 8 cell lysis 
TFKOs. The 8 cell lysis TFKOs showing reproducibility of phenotypes when assay conducted in 
low throughput. Data shown is technical replicates of at least two biological replicates. Error 
bars show ±SD. Data was analysed by one-way ANOVA with Fishers’ LSD multiple comparisons 
test relative to the WT strain. WT-A1160p+. ****p<0.0001. 
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Table 4.1: Annotation of A. fumigatus TFs regulating late phase of epithelial damage via lysis 
of A549 cells. List of TFKOs causing decreased epithelial cell lysis relative to the parental strain. 

AFUB number AFUA number TF number /
Generic name 

Main Function References

AFUB_052420 AFUA_5G03920 2G3 (hapX) Iron homeostasis Gsaller et al. 2014
AFUB_033470 AFUA_2G17800 1H12 Unknown ¬
AFUB_031980 AFUA_2G16310 1H10 Unknown ¬
AFUB_041100 AFUA_3G08010 2C7 

(sltA/ace1) 
Conidial 

formation, cell 
wall architecture 

Liu et al. 2021

AFUB_078150 AFUA_6G12150 3E3 (atfD) Stress response 
to conidia 

Silva et al. 2021

AFUB_078520 AFUA_6G12522 3E5 Unknown ¬
AFUB_037210 AFUA_3G11970 2B5 (pacC) pH response, 

epithelial 
invasion 

Bertuzzi et al. 
2014 

AFUB_015750 AFUA_1G16410 1D11 Unknown ¬

The A. fumigatus TFKO screenings for epithelial detachment and cell lysis (as reported 

above) concluded that regulators modulating epithelial cell detachment and cell lysis 

are distinct. TFKOs with defects in detachment did not exhibit a reduced ability to cause 

cell lysis relative the WT strain and TFKOs with defects in cell lysis did not exhibit a 

reduced ability to cause cell detachment relative the WT strain. A. fumigatus PacC 

(Bertuzzi et al., 2014) was observed to be the only TF that is required for causation of 

both epithelial cell detachment and cell lysis during interaction with epithelial cells 

(Figure 4.11). Hence, it was clear from the screenings that distinct cohorts of 

transcriptional regulators are involved in the early and late causation of epithelial 

damage via epithelial cell detachment and epithelial cell lysis respectively.  
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Figure 4.11: Distinct cohorts of transcriptional regulators involved in the epithelial cell detachment and epithelial cell lysis. A. fumigatus mediated lung damage 
via cell detachment in the early phase of A. fumigatus infection of epithelial cells was driven by ten regulators and damage via cell lysis was driven by eight regulators. 
None except PacC regulated both the phases of epithelial cell damage. 
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4.4 Summary and Discussion  

Interactions between the inhaled A. fumigatus spores and host lung epithelial cells are 

dynamic and complex, resulting in the breakdown of the lung tissue during invasive 

infection (Croft et al., 2016; Bertuzzi et al., 2018). Previous studies have identified a bi-

phasic basis of A. fumigatus-induced epithelial cell damage, commencing with contact-

dependent perturbation via cell detachment (early phase), followed by hyphal mediated 

damage via cell lysis (late phase), that in large part derives from the fungal secretome 

(Bertuzzi et al., 2014; Okaa et al., 2023). The A. fumigatus regulatory control during 

epithelial invasion has not yet been completely characterised. Using the optimised HTP 

format epithelial cell detachment and cell lysis assays (Chapter 3), this chapter 

performed in vitro screenings of 479 A. fumigatus TFKO strains (Furukawa et al., 2020), 

for epithelial cell damage by challenging an in vitro epithelial cell model (A549 cell line), 

thereby enabling a genome scale census of the A. fumigatus TFs regulating lung 

epithelial cell damage at the early and late phase of infection. 

4.4.1 Epithelial cell detachment screen of the A. fumigatus TFKO strains 

Screening for A. fumigatus regulators of epithelial cell detachment was performed by 

challenging confluent A549 cell monolayers in 96 well plates with 479 strains of the TFKO 

collection (Furukawa et al., 2020). Damage was measured in a HTP format (as optimised 

in Chapter 3) at 16 h through quantitation of A549 monolayer detachment (Figure  4.1 

A), as indicator of early host cell damage. 

Experimental set-up comprised of five replicate infections in five identically arranged 96 

well plates to minimise plate to plate variability for each TFKO strain, thereby assisting 

to increase confidence in the output of the detachment screen. Additionally, the 

presence of five replicates for the controls (A. fumigatus WT and ΔpacC strains and UI) 

in each 96 well plate allowed to monitor the reproducibility of the controls (Figure 4.1 

B). Assay plates that failed due to technical issues were negated from the analysis 

resulting in 12 experiments that covered the 479 TFKO infections (Figure 4.1 C). The A. 

fumigatus ΔpacC strain exhibited higher number of adherent cells relative to the WT 

strain, revealing the non-invasive phenotype (Bertuzzi et al., 2014), in each of the plates, 

as well as in the entire screen relative to the WT strain (Figure 4.2). However, the mean 

difference in the number of adherent cells between the WT and ΔpacC infection is a low 
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margin of approximately 30-40 cells, revealing high sensitivity of the detachment assay. 

However, the detachment of A549 cells is being analysed in a small surface area (1%) in 

the centre of each well in a 96 well plate which account only for a small number of total 

A549 cells considered. Further, the range of number of adherent cells post infection 

varied in each experiment (Figure 4.3 A). For example: experiment 1 output presented 

in the range of 300 cells and experiment 4 output was in the range of 200 cells. Again, 

this is inevitable since the A549 cell counts in the monolayer prior to each infection could 

vary in each experiment and it is a technically impossible to control the exact number of 

A549 cells prior to infection in each experiment. For this reason, transforming the counts 

to log2 FC relative to the WT for each experiment standardised the experiments across 

the assay revealing a log2 FC range of -0.1 and 0.1 for most of the detachment screen. 

Further the A. fumigatus WT and ΔpacC infections fell within this log2 FC range (Figure 

4.3 B). This threshold enabled us to reduce the noise in the assay exposing the outliers 

in each experiment and define the working range of the assay. Considering the 

mathematical significance of each TFKO strain relative to the WT infection (p-value from 

Fisher’s LSD multiple comparison of one-way ANOVA relative to the WT of the plate) and 

the log2 fold change (relative to the WT of the plate), revealed a gradient in the capacity 

of each A. fumigatus TFKO strain to cause detachment of the A549 monolayers, which 

can be attributed to the uniqueness of each mutant in their capacity to cause host cell 

damage. It could be probable that the gradient in causing epithelial cell detachment 

might correlate with the rate and amount of epithelial shedding in an in vivo settings or 

in possibly in different patient scenarios. For each TFKO strain, both the mathematical 

(*p<0.1) and biological significance (-0.1<FC>0.1) relative to the WT strain (Figure 4.4 A) 

was considered to increase the robustness of the output.  

Of the 479 A. fumigatus TFKO strains screened, 18 TFKOs exhibited an increased capacity 

to cause damage to A549 cells in vitro identifying regulators normally acting to reduce 

epithelial disintegration during A. fumigatus infection.  For the purposes of this study, 

interest was focused upon the 28 TFKOs demonstrating reduced epithelial detachment 

to identify drivers of epithelial invasion in vitro. A vast majority (18 of the identified 28 

TFKOs) did not replicate the reduced detachment phenotype in the follow-up low 

throughput assay, resulting in only 10 TFKOs defective in eliciting epithelial cell 

detachment with reproducible phenotypes (Figure 4.4 B) (Table 4.1). This could be 
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classed as a less than 50% of a reproducibly rate for the epithelial detachment assay. 

However, confirmation of the detachment phenotype by both high and low throughput 

approach increased confidence in the 10 identified TFKOs. 

Of the 10 TFs regulating epithelial cell detachment, 6 TFs have been previously 

characterised, identification of the pH-responsive transcription factor PacC 

(AFUB_037210) as a regulator of epithelial cell detachment is in agreement with 

previous observations (Bertuzzi et al., 2014).  The pacC gene encodes a 674-amino-acid 

classical C2H2 domain transcription factor with an N-terminally located DNA-binding 

domain and C-terminally located key regulatory regions required for its signalling 

function (Díez et al., 2002). The PacC TF is the prime regulator of alkaline homeostasis 

via the pH signalling pacC/RIM101 pathway conserved in several fungi (Bignell et al., 

2005). Transcriptional analysis of the A. fumigatus ΔpacC strain identified PacC 

regulated several cell wall genes and secreted factors, and the mutant was attenuated 

for virulence in murine model of IA (Bertuzzi et al., 2014). Another characterised TF, CreA 

(AFUB_027530) is a broad domain regulator of carbon catabolism (Beattie et al., 2017), 

another critical process during A. fumigatus inhabitancy in the host. The C2H2 zinc-finger 

transcription factor CreA represses the expression of genes required for catabolism of 

carbon sources in response to carbon starvation. CreA has been demonstrated in A. 

nidulans and A. flavus to moderate hypoxic adaptation and Carbon Catabolite 

Repression (CCR), thereby being critical for utilization of carbon as an energy source. 

CreA has also been implicated in the morphology, pathogenicity, and secondary 

metabolite production of A. flavus (Fasoyin et al., 2018). A genome-wide transcriptional 

analysis of CreA in A. nidulans using RNAseq and ChIPseq methodologies discovered 

CreA binds to several promoters in the nucleosome-depleted promoter regions and 

targets include genes involved in biosynthetic processes, transmembrane transport, 

response to stimulus, regulation of transcription, ion homeostasis and sexual 

reproduction. CreA also plays a role in A. fumigatus for regulation of CCR and fitness in 

hypoxic conditions (Grahl et al., 2011). Moreover, loss of creA resulted in a significant 

reduction in virulence of A. fumigatus in a triamcinolone model of IA, however, in a 

neutropenic model of IA, the ΔcreA strain causes 100% mortality compared to WT 

infection; hence CreA has been classed as important for disease progression (Beattie et 

al., 2017). However, this is contrary to what is seen in C. albicans and C. neoformans, 
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wherein the orthologue of CreA, termed Mig1p/Mig1 is dispensable for virulence in an 

immunocompetent systemic model of infection, suggesting the de-repression of carbon 

catabolite genes is not detrimental to virulence in vivo in the studied models (Zaragoza, 

Rodríguez and Gancedo, 2000; Caza et al., 2016). Notably these infection models 

introduce the fungus via tail vein. Another characterised TF identified is AreA 

(AFUB_096370), a broad domain regulator of nitrogen metabolism (Hensel et al., 1998; 

S Krappmann and Braus, 2005).  AreA is a GATA-type TF regulating nitrate transport and 

assimilation and induces the expression of catabolic genes in A. fumigatus, as well as via 

the orthologues Gat1p/Gat1 in C. albicans and C. neoformans (Kmetzsch et al., 2011; 

Limjindaporn, Khalaf, and Fonzi, 2003). Deletion of gat1 has been shown to be crucial 

for virulence in an immunocompetent murine model of systemic disseminated 

candidiasis, whereas no effect on virulence was observed in an immunocompetent 

murine model of pulmonary cryptococcosis (Limjindaporn, Khalaf and Fonzi, 2003; 

Kmetzsch et al., 2011). AreA in A. nidulans and in A. fumigatus is a positive-acting TF 

required for the expression of genes involved in the utilization of a broad range of 

nitrogen sources (Kudla et al., 1990; Langdon et al., 1995; Krappmann and Braus, 2005). 

The A. fumigatus ΔareA strain caused slower IA development, as well as partially 

attenuated virulence in a murine neutropenic model of IA (Hensel et al., 1998; 

Krappmann and Braus, 2005).  One of the identified cell detachment regulators is a C6

zinc cluster family TF (AFUB_033930), located in the uncharacterised small peptide 

secondary metabolite gene cluster 12 (Bignell et al., 2016), suggesting the involvement 

of secondary metabolites in the early phase of infection. A spore associated secreted 

toxin, Tripacidin, has been observed to cause A549 cell damage as early as 1 h post 

infection with A. fumigatus (Gauthier et al., 2012). It will be interesting to examine if 

AFUB_033930 is a direct regulator of trypacidin genes. Two TFs NsdD and NsdC 

(AFUB_035330 and AFUB_089440) that repress the asexual sporulation in Aspergillus

spp. (Szewczyk and Krappmann, 2010; Wu et al., 2018; Alves de Castro et al., 2021) were 

identified. NsdD is a GATA-type zinc finger TF, while NsdC is a C2H2 zinc finger-type DNA-

binding TF, regulating transcription of genes required for early processes in 

conidiophore development preceding conidium formation in Aspergillus spp. (Cary et 

al., 2012; Szewczyk and Krappmann, 2010). NsdC is essential for sexual development, 

with deletion of the nsdC gene in both Mat-1 and Mat-2 mating partners in A. fumigatus

resulting in complete loss of fertility (Szewczyk and Krappmann, 2010). More recently, 
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NsdC in A. fumigatus has been reported to regulate calcium stress, organisation of the 

cell wall, response to cell wall stressors, amino acid, iron, and lipid metabolism. Further, 

the ΔnsdC strain exhibited attenuated virulence in a murine model of IA relative to the 

WT and re-constituted strains (Alves de Castro et al., 2021). 

Considering early epithelial damage by A. fumigatus is mediated by contact with 

epithelial cells, it will be interesting to investigate if any of the 10 TFs regulating 

epithelial cell detachment identified by this study regulate the 31 candidate genes for 

adhesion factors of resting conidia (Takahashi-Nakaguchi et al., 2018). Surprisingly, the 

TFKO strains previously reported to have deficient adhesion to epithelial cells (ΔmedA

and ΔsomA) reported by studying adhesion of A. fumigatus germlings to A549 cells 

(Gravelat et al., 2010; Lin et al., 2015), did not show significantly lesser detachment of 

A549 cells compared to the WT from this study. One plausible explanation is the 

disparate genetic backgrounds of the mutants between this study (A1160p+) and that 

of Gravelat et al. and Lin et al. (Af293) that could possibly have an impact on the capacity 

to cause epithelial cell damage. Previous report reveals a strain-dependent variation of 

immune response between different A. fumigatus strains, indicating different isolates 

possess diverse virulence and infectivity (Rizzetto et al., 2013). 

Epithelial cell detachment likely breaks the tight junctions forming between individual 

epithelial cells resulting in cell shedding from the monolayers. The loss of the tight 

junction protein, claudin-7 resulted in defects in ability to interact and adhere to culture 

plates to form monolayers (Lu et al., 2015), while claudin-18 knock-out mice exhibited 

loss in alveolar barrier function and impaired alveologenesis (LaFemina et al., 2014). 

Hypothetically, the A. fumigatus cell wall of the cell detachment regulators interacts 

directly with the tight junction proteins enabling cell shedding. However, this will require 

working with KO cell lines lacking specific claudins to confirm this hypothesis. 

4.4.2 Epithelial cell lysis screen of the A. fumigatus TFKO strains  

Screening for A. fumigatus regulators of epithelial cell lysis was performed by 

challenging confluent A549 cell monolayers with the 479 A. fumigatus TFKO strains in 5 

of the 96 well plates and five of the 384 well plates. Damage was measured at 24 h 

through quantitation of LDH released by the A549 cells on infection with A. fumigatus

TFKOs (Figure 4.5 A), as indicator of late host cell damage by cell lysis (as optimised in 



158 

Chapter 3). Several challenges were encountered during the analysis of the LDH output. 

Firstly, the standard curve used to estimate the concentration of LDH differed in each 

plate of the assay, possibly owing to errors in technical handling and repeated de-

frosting of the substrate mix in the Cytox® 96 non-radioactive cytotoxicity assay kit 

(Promega) for each experiment. This was one of the factors for variability during HTP 

analysis of the TFKO cell lysis screen. Initial screening (Screen I) was performed in 96 well 

plates and with three replicate infections of the A. fumigatus TFKOs and control (WT, 

ΔpacC) strains, but on validating performance of the LDH assay in a 384 well plate (Figure 

3.8), the latter part of screen (Screen II and Screen III) was performed in 384 well plates 

with five replicate infections, reducing variability in the standard curve across the plates 

due to a reduction in plate numbers (Figure 4.5 B). Assay plates that failed due to 

technical issues were omitted from the analysis resulting in 58 individual assay plates 

(Figure 4.6), that covered the 479 TFKO infections. A second challenge was the variable 

behaviour of the ΔpacC strain, although the ΔpacC strain exhibited a reduced damage 

phenotype relative to the WT when considering all the assay plates of the TFKO screen, 

notably in 20 of the 58 assays this difference did not reach statistical significance in the 

initial analysis (Figure 4.7).  This was in part addressed by using a 384 well plate as the 

number of controls used in the entire screen were reduced but the variability was not 

eliminated. Further, some of assay plates had highly divergent LDH value range (Figure 

4.8 A), exceeding the range of 5000 mU/ml and the outliers were apparent once the LDH 

value was converted to log2 FC value relative to the WT of the respective plate (Figure 

4.8 B). The above variables contributed to complications in a standardised approach for 

analysis of the LDH output from the assay plates as done so with the detachment assay. 

Hence, with mathematician collaborators, a Bayesian approach of modelling the data 

using t-distributions for analysing mean difference in LDH value between a TFKO strain 

and the respective WT strain infection on the assay plate (Figure 4.9) was devised. This 

approach assisted not only in reduction of variability in the phenotypic behaviour of the 

ΔpacC strain but also reduced the effect of any outliers in the individual plates.  

Considering the mathematical significance of each A. fumigatus TFKO strain relative to 

the WT infection (Mu value from Bayesian modelling of the TFKO LDH value relative to 

the WT infection) and the log2 FC (relative to the WT of the plate) revealed a gradient in 

the capacity of each TFKO strain to cause damage by cell lysis of the A549 monolayers 
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(Figure 4.10 A). Hypothetically, this gradient in causing epithelial cell lysis also reflects 

in a gradient in specific virulence phenotype of the TFKO strain, such as increased 

cytotoxicity in the secretome of these TFKOs. The output was filtered with thresholds 

for mU value and log2 FC to suit the dynamic range of the ΔpacC-WT behaviour, revealing 

34 A. fumigatus TFKOs with reduced phenotypes of epithelial cell lysis. Of the 34 TFKOs, 

many of which were well-performing mutants were dropped and only infections with a 

reproducibility of 2/3 or 2/2 in the experiments were chosen. This approach was decided 

to ensure only TFKOs having the highest degree of confidence were taken forwards for 

further analysis, identifying the 8 A. fumigatus TFs regulating epithelial cell lysis (Figure 

4.10 B) (Table 4.2). It is noteworthy that only mutants having the highest degree of 

confidence were put forwards for further analysis, however, the mutants dropped from 

the final set of hits might deliver reproducible data upon re-screening. 

Of the 8 A. fumigatus TFs regulating epithelial cell lysis, only 4 TFs have been previously 

characterised. This includes PacC (AFUB_037210), similar to that identified in the 

epithelial detachment screen and in agreement with previous observations (Bertuzzi et 

al., 2014). Transcriptional analysis of the ΔpacC strain identified PacC regulation of 

several secreted factors such as gliZ and proteases (Bertuzzi et al., 2014), which are 

hyphal derived late-stage virulence factors, thereby reaffirmed PacC as regulator of late 

epithelial damage. HapX (AFUB_052420), component of the CCAAT-binding complex 

(Hortschansky et al., 2017), is another previously characterised regulator of epithelial 

cell lysis. HapX is a bZIP TF HapX regulating iron homeostasis involved in iron acquisition 

and metabolism in A. fumigatus (Gsaller et al., 2014). HapX along with the CCAAT binding 

complex (CBC; HapB/HapC/HapE), binds to a region of the cyp51A promoter, thereby 

also involved in azole resistance in A. fumigatus. The A. fumigatus Δhapx strain exhibited 

attenuated virulence in murine models of IA (Schrettl et al., 2010; Gsaller et al., 2014). 

Another characterised TF is Ace1/SltA (AFUB_041100), a Cys2His2 zinc finger TF, 

regulating conidial formation including cell wall architecture, resistance to oxidative 

stress, pigment production and secretion of mycotoxins and secondary metabolites in 

A. fumigatus (Liu et al., 2021). Recent observation report A. fumigatus SltA/Ace1 is 

required for germination and hyphal development, with conidia lacking sltA swelling 

earlier and subsequently switch to polarized growth faster than the parental strain while 

the hyphal development is distorted with hyphae hyper-branching (Baltussen et 
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al.,2023). The above observations of SltA/Ace1 in hyphal development and secretion of 

metabolites might indicate why it is a late-stage regulator of epithelial damage. The ace1 

gene shares significant homology to the ace2 gene that governs pigment production, 

conidiation and virulence in A. fumigatus, C. albicans, C. glabrata, and S. cerevisiae

(Ejzykowicz et al., 2009, McCallum et al., 2006). Contrary to this observation, inactivation 

of the ace2 gene in C. glabrata resulted in the mutant being hypervirulent as it fails to 

undergo cell separation after budding and evokes a hyperinflammatory response in a 

murine model of invasive candidiasis (Kamran et al., 2004). The transcriptional response 

of A. nidulans SltA under alkaline conditions reported SltA as a positive regulator of the 

PacC-dependent ambient pH regulatory pathway, with SltA controlling pacC and palF

gene expression (Picazo et al., 2020), suggesting a co-ordination between the TFs. 

Another identified TF, AtfD (AFUB_078150), is one of the homologues of AtfA-D, 

involved in conidial stress responses (Silva et al., 2021).  AtfA-D are important for 

viability of conidia, and several stresses, including oxidative, osmotic, and cell wall 

damage stress (Hagiwara et al., 2014). The four Atf TFs interact at genetic level and 

physically form possible combinations of heterodimers, also interacting with the MAPK 

SakA in the absence of any stress and upon osmotic and cell wall stresses. The ΔatfA and 

ΔatfB strains were found to be avirulent in both Galleria mellonella and a neutropenic 

murine model of IA, while the ΔatfC or ΔatfD mimicked the avirulent phenotypes of 

ΔatfA and ΔatfB, even in double mutant infections (Hagiwara et al., 2014; Silva et al., 

2021).

Considering that late stage epithelial damage is mediated by largely by hyphal-mediated 

damage such as secretions, it will be interesting to investigate if any of the 8 TFs 

identified by this study directly regulate the genes encoding secreted gene products. 

Sharon et al. showed that A. fumigatus secreted factors under PrtT-mediated 

transcriptional control are responsible, at least in part, for inducing necrotic epithelial 

cell death in cultured epithelia (Sharon, Hagag and Osherov, 2009). Surprisingly, the 

ΔprtT previously reported to regulate protease production did not show significant 

differences in epithelial cell lysis relative to the parental strain from our study. This 

contradictory observation could be due to live fungus used for infection in this study 

whereas Sharon et al. employed culture filtrates (Sharon, Hagag and Osherov, 2009). 

However, the virulence of the ΔprtT strain was not attenuated in a mouse model of IA 
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suggesting that PrtT is dispensable for A. fumigatus virulence in vivo (Sharon, Hagag and 

Osherov, 2009), which aligns with observations from this study. Another well 

characterized secreted hyphal product is gliotoxin, reported to drive epithelial cell and 

macrophage rupture (Bok et al., 2006; Schoberle et al., 2014), but similar to PrtT, GliZ 

was not essential for virulence in a neutropenic mouse model of IA (Bok et al., 2006). 

The GliZ TF did not contribute to epithelial damage during the HTP format cell lysis 

screening of this study. Previous observations with the ΔgliZ strain examined solely the 

culture filtrate mediated damage to epithelial cells (Bok et al., 2006), whereas, this study 

employed live fungus, so it may be possible that the LDH assay was conducted too soon 

for gliotoxin to be operative. Moreover, GliZ is required for virulence only in steroid-

treated mice (Sugui et al. (2007), so gliotoxin can also be described as important in a 

context-dependent manner.  

4.4.3 High throughput screens in fungi  

Functional screens analysing the phenotypic and pathogenic profile of TF libraries have 

been performed previously in other pathogenic fungi such as C. neoformans (Jung et al., 

2015), and C. albicans (Homann et al., 2009), but none looking specifically at host cell 

damage mediated by the fungus. Previously, a HTP imaging-based screen was performed 

to identify C. albicans genes required for induction of macrophage cell death. O’meara 

et al. cultured 2,356 tetracycline-repressible conditional expression C. albicans strains 

with J774A macrophages for 3 h in the presence or absence of 0.05 µg/ml doxycycline 

(DOX). Staining with propidium iodide (PI) was used to estimate the rate of macrophage 

cell death and each mutant was evaluated relative to the WT identifying 98 genes that 

influence macrophage cell death (O’meara et al., 2018). Another C. albicans study 

employed the LDH assay for 2,034 C. albicans deletion mutants to analyse intestinal 

epithelial damage and identified 172 mutants that caused significantly less damage 

compared to their respective WT control (Allert et al., 2018). The A. fumigatus TFKO 

collection (Furukawa et al., 2020), was previously screened in high concentrations of 

caspofungin to identify regulators of caspofungin paradoxical effect (CPE). Valero et al. 

identified 11 TFKOs with reduced CPE and 9 with increased CPE relative to the WT strain 

(Valero et al., 2020). Another study screened the TFKO collection (Furukawa et al., 2020), 

to identify transcriptional regulators governing congo-red (CR) sensitivity. Liu et al. 

identified 12 mutants were more sensitive and 6 mutants were more resistant to CR 
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relative to the WT (Liu et al., 2021). This study has for the first time has employed the A. 

fumigatus TFKO collection (Furukawa et al., 2020), to study host-pathogen interactions.  

4.4.4 Discovery of distinct cohorts of regulators at each infection phase

All 17 identified TFs regulating early, and late phases of epithelial damage have 

domain(s) with predicted sequence-specific DNA binding, RNA polymerase II 

transcription factor region, zinc ion binding activity, role in regulation of transcription, 

DNA-dependent and nuclear localization. We initially hypothesised the two phases of 

epithelial damage to be operated by the same sets of TFs, supporting co-regulation of 

the epithelial regulators during A. fumigatus infection. On the contrary, of particular 

interest is the revelation of distinct regulators driving damage at the different time-

points, except for the PacC TF that regulates both the temporal phases of epithelial 

damage. TFKOs with defects in detachment did not exhibit a reduced ability to cause cell 

lysis relative the parental strain and vice versa (Figure 4.11). These observations are 

consistent with the idea that distinct genes could be employed at each infection phase 

as the fungus proceeds to establish its niche in the host environment. A similar scenario 

has been reported in a study examining host kidney colonisation by C. albicans at 12, 24, 

and 48 hr post infection (Xu et al., 2015). Xu et al. observed an early and late infection 

phase, regulated by distinct genes at each of the temporal phases (Xu et al., 2015).  

The two mechanistically distinct processes of A. fumigatus mediated epithelial damage, 

namely contact-mediated epithelial disintegration, and a secreted factors-mediated cell 

lysis, occur in a temporal pattern (Bertuzzi et al., 2014), hence it is conceivable that 

unique regulators are required for each mode of damage at each infection phase, one 

cohort for epithelial detachment followed by another cohort for epithelial cell lysis. 

However, it remains to question whether the detachment and cell lysis TFs are additive 

or synergistic in their mode of regulating the separate timed phases of damage. 

Transcriptional profiling of SltA/Ace1 in A. nidulans reported the TF to positively regulate 

the PacC-dependent ambient pH regulatory pathway, with SltA controlling PacC and 

CrzA gene expression (Picazo et al., 2020), implying the main regulators of epithelial 

damage could be working in co-ordination. PacC’s role as a regulator of epithelial 

damage during both phases of A. fumigatus infection reiterates its pivotal role in 

pathogenicity, aligning with previous observations of the ΔpacC strains showing reduced 
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lung invasion, inability to penetrate the lung epithelium in mice, and attenuated 

virulence in leukopenia murine models of infection (Bertuzzi et al., 2014). This 

observation also implies a critical role of pH regulation during A. fumigatus-host 

interactions and echoes the indispensable nature of PacC/Rim101 genes for virulence 

seen in C. albicans (Prusky and Yakoby, 2003). 

The previously characterised TFKOs (ΔareA, ΔcreA, ΔhapX, ΔsltA/Δace1, ΔnsdC, ΔpacC), 

altered virulence in in vivo models of IA (Bea�e et al., 2017; Hensel et al., 1998, Gsaller 

et al., 2014; Liu et al., 2021; Bertuzzi et al., 2014) (Table 1.2), implying an associa�on 

between reduc�on in epithelial cell damage in vitro and altered virulence in in vivo 

infec�on and sugges�ng that the capacity to cause epithelial invasion contributes to host 

pathogenicity. However, the role of a TF in virulence depends on the context of the host 

immune status and microenvironmental conditions. The discovery of several TFs 

involved in metabolism governing epithelial cell damage (Table 4.1 and Table 4.2), 

implies that a TF may not be required for in vivo growth of the fungus per se, but rather 

for adaptation to the established infection site microenvironment, suggesting virulence 

can be attributed to infection persistence by adaptation and hence enabling disease 

progression in the host.  

PacC was employed as a control for optimisation of the assays in the high throughput 

format (Chapter 3) due to the lack of an alternate TF that could be used as a control. 

Hence, understandably, PacC resulted in the final set of epithelial regulators from both 

the assay screenings. However, this result is not a novel finding as PacC regulating both 

early and late phases of epithelial cell damage by cell detachment and cell lysis 

respectively, have been previously reported by Bertuzzi et al. (2014). 

Although this study for the first time discovered the regulators of epithelial damage in 

A. fumigatus, in vitro observation of the non-invasive phenotypes of the TFKOs need to 

be validated by in vivo lung infection studies capturing the early and late stages of 

infection, which could be very differently timed in in vivo scenarios. Further, it will be 

interesting to monitor the rate of epithelial cell shedding on infection with the A. 

fumigatus TFs regulating epithelial damage (Table 4.1 and Table 4.2), using confocal and 

multiphoton endomicroscopy techniques as done in previous analyses of intestinal 

epithelial shedding (Kiesslich et al., 2012). However, epithelial damage by detachment 

does not inform on the fate of the cell after shedding from the monolayers, whereby 
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the cells might activate apoptosis or undergo necrosis. Whereas LDH release throws light 

on the fate of the cell, with the A549 cells undergoing necrosis by loss of membrane 

integrity and die by cell lysis (Proskuryakov, Konoplyannikov and Gabai, 2003). 

Conversely, epithelial cell lysis is a rupture of the cell membrane causing the cell to leak 

LDH, however, it is not a confirmation of epithelial shedding. Most likely a leaky dead 

cell has already lost the capacity to adhere to each other, thereby impacting tight 

junction cell permeability and resulting in eventual detachment of the cell. Future work 

using specific apoptotic or necrotic assays during epithelial infection by the A. fumigatus

TFKO strains will need to be performed to confirm the above possibility.  

4.5 Conclusion 
Genome scale screening for epithelial cell damage in this study for the first time 

identified 17 A. fumigatus regulators of epithelial cell damage, some of which have 

never been previously characterised, supporting the critical role of TFs in host 

pathogenicity. This HTP screen is the most comprehensive genome-wide scale study 

analysing two mechanistically different modes of damage, discovering the major 

controllers of epithelial invasion. Further, this study has discovered distinct cohorts of 

regulators to govern early and late phases of A. fumigatus-mediated damage, thereby 

increasing an understanding of the mechanistic and temporal pathogenic profile of A. 

fumigatus during interaction with the lung epithelium. Although this study identified A. 

fumigatus TFs assigned with highest confidence in modulating host damage in vitro, it 

remains to be validated if the less invasive phenotypes of the TFKOs are reflected in in 

vivo models of IA. 
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CHAPTER 5 

5. Phenotypic and mechanistic profile of Aspergillus fumigatus
transcription factors driving epithelial damage 

5.1 Introduction  

Spores from the fungus A. fumigatus are highly ubiquitous in indoor and outdoor 

environments. Additionally, the spores are small in size (2-3 μm), and readily disperse 

via air currents (Kwon-Chung and Sugui, 2013; van Rhijn et al., 2021). The above unique 

features of A. fumigatus spores enable easy inhalation into the human lung and 

colonisation of the alveolar regions (Kwon-Chung and Sugui, 2013; Escobar et al., 2016). 

Interaction of A. fumigatus spores with the respiratory epithelium can cause invasive 

aspergillosis (IA), in individuals with immunocompromised immunity or on 

immunosuppressive treatments (Kosmidis and Denning, 2015). Recently, IA has also 

been reported to significantly increase mortality in COVID-19 and influenza patients 

admitted to intensive care units (Schauwvlieghe et al., 2018; Casalini et al., 2021). Lung 

damage is a unifying pathology observed in all patients with IA, however the pathogenic 

attributes of A. fumigatus contributing to lung cell damage during infection are still 

unclear. This chapter focuses on identifying the phenotypic and mechanistic attributes 

of the TFs, that are likely driving damage during host-pathogen interaction, by assessing 

the transcription factor knock-out (TFKO) strains (Table 4.1 and 4.2) for various probable 

virulence attributes driving cell damage.   

The pathogenic mechanism of A. fumigatus in the lung occurs in a step-wise fashion 

involving the morphological transition from the spore form into a hyphal form of the 

fungus (Figure 5.1). Previous observations have validated epithelial damage as occurring 

at early (spore) or late (hyphal) phases of the fungal interaction with epithelial cells 

(Bertuzzi et al., 2014; Okaa et al., 2023). Early damage is contact-mediated leading to 

detachment of the epithelial cells within 16 h, while late damage is via hyphal factors 

prominent at 24 h of A. fumigatus infection in vitro (Okaa et al., 2023) (as reviewed in 

Chapter 1). Adhesion of A. fumigatus to host cells is crucial for the establishment and 

colonization of the host (van de Veerdonk et al., 2017). In vitro infection studies have 

revealed specific cell wall adhesins mediating adhesion to the lung epithelium at the 
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distinct morphological growth stages of the fungus (Levdansky et al., 2010; Liu et al., 

2016; Voltersen et al., 2018). Conidia have been shown to adhere to A549 cells as early 

as 30 min post infection and in a dose-dependent fashion, resulting in exposed basal 

lamina, possibly facilitating further adhesion and damage by A. fumigatus to the 

respiratory mucosa (Yang, Jaeckisch and Mitchell, 2000), via activation of host immune 

signalling (Okaa et al., 2023).  Further, A. fumigatus binds to A549 cells, and to 

fibronectin and fibrinogen significantly better than less pathogenic species of Aspergillus 

(Bouchara et al., 1988; Wasylnka and Moore, 2000).  

Around 30-50% of A. fumigatus spores interacting with cultured alveolar epithelial cells 

are internalised (Wasylnka and Moore, 2003), leading to intracellular occupancy that 

might aid immune evasion and dissemination or result in fungal killing (Bertuzzi et al., 

2019). Both heat-killed and live conidia are taken up negating the involvement of specific 

antigens, nor does it involve serum components (Wasylnka and Moore, 2002). However, 

removal of sialic acids from the conidial surface, and blocking of Dectin-1 on the host 

cell resulted in significantly reduced internalisation of A. fumigatus conidia by A549 cells 

(Han et al., 2011; Bertuzzi et al., 2014). During endocytosis of the conidia, an actin ring 

encircles the endosome containing the conidium, and the internalisation is actin-

dependent that can be blocked by depolymerization with cytochalasin D (Wasylnka and 

Moore, 2002). This actin-mediated internalization of fungal spores is an active process 

that might also disrupt epithelial integrity provoking the detachment of epithelial cells 

during early infection (Bertuzzi et al., 2014). Recent reports visualise A. fumigatus 

internalisation by A549 cells as a means of host defence preventing spore germination 

significantly relative to non-internalised spores, and the intracellular morphogenesis is 

determined by the phagosome-lysosome fusion rate (Ben-Ghazzi et al., 2021). More 

recently, HscA protein present on the conidial surface binds to p11 on conidia-containing 

phagosomes and redirects the phagosomes to the non-degradative pathway, permitting 

A. fumigatus to evade the immune system by germination and admitting transfer of 

conidia between cells (Jia et al., 2023).  

If the spore form is not combatted by the host immune system, spore germination 

occurs with the breaking of dormancy and isotropic swelling of the spores (Baltussen et 

al., 2019), leading to outgrowth of an apically extending primary hypha. A. fumigatus

conidia have a higher germination rate in comparison to less pathogenic species and can 
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maintain this rapid germination at temperatures inhibitory to other Aspergilli (Araujo 

and Rodrigues, 2004). Hyphal growth is associated with host invasion by A. fumigatus, 

since IA cases are characterised by hyphal presentation in the human lung (Kosmidis and 

Denning, 2015).  Additionally, transcriptomic analysis suggests the involvement of fungal 

proteases and toxic secondary metabolites produced during the later phase of hyphal 

growth in A. fumigatus (Bertuzzi et al., 2014; Escobar et al., 2018). Amitani et al. 

suggested three main mechanisms by which A. fumigatus invade AECs in vitro; 

internalisation of conidia by epithelial cells, hyphal penetration through the junctions 

between epithelial cells and direct hyphal penetration of epithelial cells (Amitani and 

Kawanami, 2009). Supporting direct hyphal penetration, a co-culture model of an 

alveolus consisting of pulmonary endothelial cells and A549 cells reported A. fumigatus

hyphae to penetrate the endothelial layer and enter the lower compartment within 14-

16 h post-infection (Hope et al., 2007).   

Early studies on the effect of culture filtrates from fungi (including A. fumigatus, C. 

albicans, and C. neoformans) by culturing at 37oC for 7 days reported A. fumigatus

filtrates to cause the most significant epithelial disruption after 8 h infection, implying 

A. fumigatus secreted factors contribute to the lung colonisation in pulmonary 

aspergillosis (Amitani et al., 1995). A. fumigatus secreted proteases cause destruction of 

the mammalian F-actin cytoskeleton and loss of focal adhesion (Kogan et al., 2004; 

Namvar et al., 2015). The secreted secondary metabolites such as gliotoxin have also 

been shown to exert a directly cytotoxic and immune-modulatory effect on several host 

cells, including AECs (Scharf et al., 2012; Zhang et al., 2019) (Table 1.3).   

Cell wall composition of A. fumigatus also has an impact on host-fungal interaction with 

deletion of cell wall genes resulted in sensitivity to cell wall disturbing agents, alterations 

of the fungal morphology and altered virulence capacity in infection models (Valiante et 

al., 2015).  The secreted hyphal polysaccharide galactosaminogalactan (GAG), mediating 

adherence of A. fumigatus hyphae to host cells, is also critical for host damage and for 

virulence in murine IA models (Gravelat et al., 2013).  

The above A. fumigatus mediated pathogenic traits are temporally-expressed, likely 

initiating with fungal adhesion, followed by uptake of the A. fumigatus spores. On 

escaping intracellular uptake or killing, spore germination occurs followed by hyphal 

extension and secretion of toxic hyphal products (Figure 5.1). Several studies have 
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explored the importance of the above pathogenic traits in establishing A. fumigatus

infection using single gene knock-out strains (Latgé and Chamilos, 2020). However, the 

role of these attributes in the regulatory framework during host damage has never been 

explored. 

Figure 5.1: Schematic overview of temporal mechanisms underlying A. fumigatus-mediated 
damage of alveolar epithelium. Temporal profile of A. fumigatus-mediated damage of alveolar 
epithelium, with early damage caused by detachment at 16 h and late damage caused by cell 
lysis at 24 h of infection. A. fumigatus early interaction with the lung epithelium begins with 
spore uptake by the epithelial cells between 2-6 h post infection. The spores germinate either 
extra- or intracellularly, progressing infection between 8 and 12 h. Adhesion of the germlings to 
the epithelium most likely enables close contact for invasion. Hyphal formation ensues post 16 
h, involving secretion of proteases and toxins. 

Previous TF phenotyping of invasive fungi have attempted to resolve the complexity of 

host-pathogen interactions that drive infection, such as biofilm formation (Nobile et al., 

2012; Jung et al., 2015). Using HTP format epithelial damage assays (Chapter 3), the 

previous chapter (Chapter 4) has identified 17 A. fumigatus regulators governing 

epithelial cell damage, 10 A. fumigatus TFs regulating epithelial cell detachment at 16 h, 

and 8 A. fumigatus TFs regulating epithelial cell lysis at 24 h of in vitro infection. 
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However, the virulence attributes governed by epithelial regulators that could be driving 

lung cell invasion during host-pathogen interaction are unknown. Understanding the 

pathogenic attributes employed by the early and the late regulators in causation of lung 

cell damage could lead to a more targeted therapeutic strategy that subverts adverse 

pathology during IA.   

Therefore, the specific objectives of the work described in this chapter were to use the 

A. fumigatus TFKO strains of the 17 early and late epithelial regulators to: 

1) Determine fitness defects of the TFKO strains by analysing germination and 

hyphal growth using live cell time-lapse imaging. 

2) Optimise assays for spore uptake, adhesion, cell wall sensitivity and 

secreted factor-mediated damage. 

3) Identify TFKOs with reduced uptake of spores by epithelial cells, using an in 

vitro alveolar model of A549 cells. 

4) Identify TFKOs with reduced adhesion capacity to epithelial cells, using an 

in vitro alveolar model of A549 cells. 

5) identify TFKOs with altered cell wall composition, by examining sensitivity 

to calcofluor white (a cell wall perturbing agent). 

6) Examine if the TFKOs are deficient in causing epithelial damage via 

aberrations in mature hyphal secretions. 

7) Assess if the early and late TFKOs have unique or distinct/similar attributes 

that could be contributing to epithelial cell damage. 
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5.2 Materials and Methods 

5.2.1 A. fumigatus strains and growth conditions 

Spore stocks of A. fumigatus cell detachment and cell lysis TFKO strains (Table 4.1 and 

Table 4.2), were stored at -80oC and cultured on aspergillus complete media agar (ACM) 

(Pontecorvo et al., 1953), pH 6.5 containing hygromycin B (Alfa Aesar) at a concentration 

of 100 µg/ml for selective growth. The fungus was cultured on ACM at 37oC for 3-5 days 

and the spores were harvested in sterile distilled water and the spore suspensions were 

filtered through sterile Miracloth (Calbiochem) to remove mycelial fragments. Following 

two washes of the spore suspension with sterile water, the spores/ml were enumerated 

using OD600 measurement (Furukawa el., 2020).  Accuracy of spore counts was assessed 

via serial dilution and enumeration of viable fungal colonies following culture on ACM 

agar (as explained in Section 2.2.1). 

5.2.2 Culture of A549 cells for infection 

A549 cells were routinely cultivated and maintained in RPMI-1640 medium with L-

glutamine (Sigma-Aldrich), supplemented with 10% FBS (Gibco, UK) and 1% penicillin-

streptomycin (Sigma-Aldrich), at 37oC with 5% CO2 (as explained in Section 2.2.2). Cells 

were seeded at 5x104/ml for a 24 well plate and incubated for 2 days at 37oC and 5% 

CO2 for a 90-100% confluent A549 monolayer. On infection day, media was replaced, 

and infections were performed in supplemented RPMI media (Section 2.1.3). 

5.2.3 Germination efficiency and hyphal extension 

Fungal growth was assessed by time-lapse confocal imaging (Leica X, SP8) of strains 

cultured in supplemented RPMI (Section 2.1.3) at 37oC. Approximately 5x104 spores 

were inoculated per well of a 24 well glass bottom plate (Greiner Bio-one) and allowed 

to settle for 45-60 min at 37oC. Transmitted light images were captured using a 10x/0.4 

NA lens and a 514 nm argon laser, in each well of the plate every hour for up to 48 h. 

Approximately 100 spores were captured in each image. The total number of 

germinated spores were counted at each time point using FIJI (Schindelin et al., 2012) 

and the germination rate was calculated (as explained in Section 2.2.4). The lengths of 

individual hyphae were measured at each time-point starting from germination, by using 

the segmented line measurement tool in FIJI (Schindelin et al., 2012).  Hyphae were 



171 

measured up until the moment they grew out of the optical plane, occurring at 

approximately 16-18 h for the parental strain (WT-A1160p+/MFIG001). 

5.2.4 Internalization (Uptake) of A. fumigatus spores by epithelial cells 

1x107 A. fumigatus spores were stained with fluorescein isothiocyanate (FITC, Sigma) for 

30 min at 37oC while shaking. After three washes with PBS, 3x105 spores were added 

onto fully confluent A549 monolayers in 24 well glass bottom plates. Following 4 h of 

infection, the wells were washed two times with PBS to remove non-adherent spores, 

and the external spores were stained with 0.1 mg/ml of calcofluor white (CFW) (Sigma) 

in PBS for 5 min at 37oC. The wells were washed again twice with PBS, fixed for 15 min 

at 37oC using 5% formaldehyde (Fisher Scientific) and stored in PBS protected from light.  

Fluorescence images from 9 fields of view were captured in each well using a 1.5 pin 

hole and a 40x objective of a confocal microscope (Leica X, SP8). External CFW stained 

spore fluorescence was excited with a 405 nm LED and collected on a HyD detector (410-

450 nm) and all spore FITC fluorescence was excited with a 488 nm Argon laser and 

collected on a HyD detector (495-570 nm). The number of external and internal spores 

within the total population in each field of view of pixel size (388.26 µm x 388.26 µm) 

were counted manually in FIJI (Schindelin et al., 2012). The % uptake of the strain was 

calculated for each A. fumigatus TFKO strain using the formula: 

% uptake of spores for each replicate

= (Number of internal spores in a field of view

/Total number of spores in a field of view) x 100

5.2.5 Adhesion to epithelial cells 

A. fumigatus germlings were generated by growth of 5x104 spores/ml in supplemented 

RPMI (Section 2.1.3) for 8 h at 37oC and added to fully confluent A549 cells in a 24-well 

glass bottom plate (Greiner Bio-one). Germlings for the TFKO strains with a delay in 

germination were grown for a longer length of time until they achieved approximately 

similar visual hyphal growths as the WT strain. Following 30 min of incubation, non-

adherent germlings were removed by a PBS rinse and the remaining adherent germlings 

were stained with 10 µg/ml of CFW for 5 min, prior to fixation with 5% formaldehyde in 
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PBS (Fisher Scientific). A 1441 µm2 field of view was captured in each well using a 10x 

lens objective. CFW germling fluorescence was excited with a 405 nm LED and collected 

on a HyD detector (410-450 nm) using a confocal microscope (Leica X, SP8). The number 

of adherent germlings remaining in each well were counted manually in FIJI (Schindelin 

et al., 2012). 

5.2.6 Cell wall sensitivity assay 

Sensitivity to the cell wall destabilising agent, calcofluor white (CFW), was tested by 

inoculating serial spore concentrations (106, 105, 104, 103) of the A. fumigatus TFKO and 

WT strain onto aspergillus minimal media agar (Bertuzzi et al., 2014), with CFW (200 

µg/ml) or without CFW. Colony measurements were taken after 48 h of growth at 37oC 

manually and images of the fungal colonies were captured using an iphone 13 (Apple). 

5.2.7 Culture filtrate damage assay 

Culture filtrates of the A. fumigatus TFKO and WT strains were collected after inoculating 

106 spores/ml in supplemented RPMI (Section 2.1.3), incubated at 37oC and 5% CO2 for 

48 h. The filtrates were passed through five layers of Miracloth (Calbiochem, UK) and 

through a 0.45 µm syringe filter to remove any spores and hyphal fragments. Elimination 

of live fungus from the culture filtrate was confirmed by plating the filtrates on ACM 

agar for up to 48 h. Fully confluent A549 monolayers in 24 well plates were challenged 

with a 1:5 dilution of filtrates (in supplemented RPMI) for 24 h. Infection supernatants 

were collected and LDH released by epithelial cells was measured using the Cytox® 96 

non-radioactive cytotoxicity assay kit (Promega), as per manufacturer’s instructions. The 

LDH assay was performed in 384 well plates and a recombinant porcine LDH enzyme 

(Sigma-Aldrich) was used in each LDH assay plate in a serial dilution to extrapolate a 

standard curve which was used to estimate LDH released on infection with the culture 

filtrates.  

5.2.8 Statistics 

Statistical tests were performed using GraphPad Prism 9. Quantitative differences 

between groups were tested using ANOVA one way or two-way analysis and t-tests. To 

correct for multiple testing, Fishers’ LSD t-test was applied. p-value < 0.1 was considered 

statistically significant for these tests.  
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5.3 Results 

5.3.1 Fitness of the A. fumigatus TFKOs  

Germination of conidia is the most crucial step in the pathogenesis of Aspergillus-

mediated disease, as hyphal presence represents the invasive form of aspergillosis. It is 

well-documented that A. fumigatus has a higher germination rate compared to other 

Aspergillus spp. such as A. niger and A. flavus during 12 h of incubation in RPMI-1640 

medium at 37oC (Araujo and Rodrigues, 2004), suggesting germination rate as a factor 

for increased infection predominance by A. fumigatus. Further, the hyphal form is 

associated with production of hyphal secreted products and physical penetration of A. 

fumigatus into the lung leading to host cell invasion (Okaa et al., 2023). Thus, it is likely 

that growth rate of the TFKOs influence epithelial detachment and lysis, hence, it was 

hypothesised that germination rate and hyphal growth are indicators of the mechanistic 

basis of epithelial damage and may likely be an explanation for the observed deficits in 

epithelial detachment and cytolysis in the TFKOs.  

5.3.1.1 Germination potential of the A. fumigatus TFKOs 

To explore the possibility that germination efficiencies of the A. fumigatus TFKOs 

influenced the capacity to cause epithelial cell damage, growth of the TFKOs was 

observed in supplemented RPMI (Section 2.1.3) using live cell time-lapse confocal 

imaging (as explained in Section 5.2). The total germinated spores in random fields of 

view counted at each hour until all the spores germinated were assessed relative to the 

germination capacity of the parental strain (termed here as WT or A1160p+). 

Spore germination in the A. fumigatus WT strain commenced at 4 h reaching 100% by 

10-11 h (Figure 5.2 C and D). Amongst the TFKOs causing reduced epithelial cell 

detachment and cell lysis (Table 4.1 and Table 4.2), majority of the TFKOs exhibited 

similar germination efficiencies to that of the WT strain. Of the 17 TFKOs identified as 

having significant deficits in epithelial damage, four (ΔpacC, ΔcreA, ΔhapX, and ΔsltA) 

exhibited at least 50% reductions in %germination relative to the parental strain (Figure 

5.2). The ΔpacC and ΔcreA strains exhibited 70% germination at 11 h (Figure 5.2 A and 

B), achieving 100% germination by 16 h. Hence, the ΔpacC and ΔcreA strains exhibited a 

delay in the early time-point for germination, with all spores germinated similar to the 

WT eventually. The ΔhapX, and Δace1 (ΔsltA) strains achieved only 20-30% of 
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germinated spores at 11 h, and germination efficiencies fell well short of 100% for both 

the ΔhapX, and Δace1 (ΔsltA) mutants even by 20 h (Figure 5.2 C and D). 

Figure 5.2: Germination potential of the A. fumigatus TFKOs measured by assessing growth 
using time-lapse confocal microscopy. A. fumigatus TFKOs were grown in supplemented RPMI 
for up to 24 h. Imaged were captured every h at 40x magnification. Percentage germination was 
calculated by enumerating total germinated spores in at least three fields of view. A) Percentage 
germination at 11 h for the cell detachment TFKOs. B) Percentage germinated spores for the 
cell detachment TFKOs up to 20 h. C) Percentage germinated spores at 11 h for the cell lysis 
TFKOs. D) Percentage germination for the lysis TFKOs up to 20 h. WT=A1160p+. Error bars show 
±SD. Data was analysed by one-way ANOVA with uncorrected Fisher’s LSD multiple comparisons 
test relative to the parental strain (WT-A1160p+). ****p<0.0001. 
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5.3.1.2 Hyphal growth of the A. fumigatus TFKOs 

To explore the possibility that hyphal growth of the A. fumigatus TFKOs influenced the 

capacity to cause epithelial cell damage, the TFKOs were grown in supplemented RPMI 

(Section 2.1.3), and images were captured at hourly intervals using live cell time-lapse 

confocal imaging (as explained in Section 5.2). Lengths of individual hyphae were 

measured every hour from the commencement of germination (approx. 6 h) until up to 

16 h.  

The hyphae of the parental strain (WT-A1160p+) grew upwards from around 16 h 

forming elongated mature hyphae preventing direct measurement. The WT strain 

achieved hyphal lengths of ~ 150 µm by 16 h of growth in supplemented RPMI, 

representing a mean rate of hyphal extension of 20 μm/h of growth (Figure 5.3). 

Consistent with previous reports of hyper-branching and compact growth (Bertuzzi et 

al., 2014), the A. fumigatus ΔpacC strain achieved less than 20 μm in hyphal length by 

16 h. The TFKOs exhibiting a germination defect (Figure 5.2) allowed measurement of 

fewer hyphae and also presented at least a 5-h reduction in hyphal extension rate/h 

relative to the WT.  

Majority of the A. fumigatus TFKOs exhibited a reduced hyphal extension rate relative 

to the parental strain, specifically the TFKOs defective in epithelial cell detachment were 

significantly reduced relative to the WT, with 9 of the 10 TFKOs exhibiting hyphal 

extension rates of 15-20 μm/h (Figure 5.3 A and C). Hyphal lengths over time distinguish 

between A. fumigatus TFKOs deficient in epithelial cell detachment and cell lysis, with 

the majority of the cell lysis TFKOs exhibiting similar hyphal lengths to the parental strain

(Figure 5.3 B and D).  

Overall, the above observations overwhelmingly supported a concordance between 

hyphal extension rates and epithelial damage by the A. fumigatus TFKOs. In summary, 

examination of fitness of the A. fumigatus TFKOs by assessing germination and hyphal 

growth rates, revealed that the spores of most TFKOs germinated as efficiently as those 

of the WT strain, but hyphal extension rates frequently differed from those of the WT 

isolate. Categorically, we find that the phenotype that associates most robustly with the 

epithelial detachment TFKOs is that of reduced hyphal lengths and hyphal extension 

rates.  
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Figure 5.3: Hyphal growth of the A. fumigatus TFKOs measured by assessing growth using 
time-lapse confocal microscopy. A. fumigatus TFKOs were grown in supplemented RPMI for up 
to 24 h. Images were captured every h at 40x magnification. A) Hyphal extension rate/h of the 
cell detachment TFKOs. B) Hyphal lengths of the cell detachment TFKOs up to 16 h C) Hyphal 
extension rate/h for the cell lysis TFKOs. D) Hyphal lengths of the cell lysis TFKOs up to 16 h. 
WT=A1160p+. Error bars show ±SD. Data was analysed by one-way ANOVA with uncorrected 
Fisher’s LSD multiple comparisons test relative to the parental strain (WT-A1160p+). *p<0.1, 
**p<0.01, ***p<0.001, ****p<0.0001. 
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5.3.2 Uptake of A. fumigatus TFKOs spores by epithelial cells 

Internalisation of A. fumigatus by epithelial cells is complex, starting with contact-

mediated recognition via host cell and fungal receptors, followed by a dynamic assembly 

of the actin cytoskeleton that induces the envelopment of A. fumigatus spores by the 

epithelial cell membrane (Bertuzzi et al., 2018). Additionally spore uptake is suggested 

to increase with time and dependent upon the Dectin-1 receptor that recognizes the β-

glucan fungal cell surface polysaccharide (Han et al., 2011; Bertuzzi et al., 2014). Further, 

A549 cells were reported to internalise the non-invasive ΔpacC strain less efficiently 

than rates observed for the A. fumigatus parental isolate (Bertuzzi et al., 2014). 

5.3.2.1 Optimisation of the uptake assay 

To assess the contribution of spore internalisation on epithelial cell damage capacity of 

the 17 TFKO strains, an assay to analyse uptake of A. fumigatus spores was optimised 

using A. fumigatus WT and ΔpacC strains. To determine the optimal time point to assess 

spore uptake, FITC-stained spores were incubated with A549 cells from 30 min to 6 h to 

allow epithelial uptake of the spores. Following incubation, the infected monolayers 

were stained with calcofluor white (CFW), staining only spores that are not internalised 

(as explained in Section 5.2). The A549 cells were stained with cell mask to allow ease 

in visualisation of the epithelial boundaries. Differential fluorescence imaging of the 

infected cell mask-stained monolayers at FITC and CFW wavelengths clearly 

distinguished internal and external A. fumigatus spores (Figure 5.4 A).  

The total number of external and internal spores were manually enumerated, with three 

technical replicates of the infection and the % uptake of spores was calculated (as 

explained in Section 5.2), for the WT and ΔpacC strains at each time-point of infection 

(30 min, 1 h, 2 h, 4 h and 6 h). Around 5% of the WT A. fumigatus spores were 

internalised by A549 cells at 30 min, increasing to 15% at 1 h of infection. Spore uptake 

peaked at 2 h of infection with around 20-25% of WT spores internalised by A549 cells. 

Spore uptake reduced after 4 h, which coincided with the commencement of spore 

germination, decreasing to around 5-10% for the WT and ΔpacC strains. No statistically 

significant difference in spore uptake was observed at 30 min, 1 h, 2 h and 6 h between 

the WT and ΔpacC strains. However, at 4 h, the ΔpacC spores were significantly reduced 

in their epithelial uptake compared to WT spores (Figure 5.4 B), substantiating previous 

observations (Bertuzzi et al., 2014). 
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The above results not only validated differential imaging as a suitable methodology to 

analyse spore internalisation by A549 cells, but also aligned with reduced spore uptake 

phenotype of the ΔpacC strain (Bertuzzi et al., 2014) and successfully validated 4 h as a 

suitable time-point to perform internalisation assays for the A. fumigatus TFKO strains. 

Figure 5.4: Epithelial uptake by A. fumigatus spores. A) Representative images of brightfield, 
FITC (all spores), calcofluor white (external adherent spores). FITC-stained spores incubated 
with A549 cells for 4 h to enable internalisation were washed with PBS and stained with CFW to 
differentiate the internal and external spores. Images were captured using a confocal 
microscope (Leica X, SP8) at 40x magnification. B) Spore uptake capacity of A549 cells following 
incubation with the A. fumigatus WT and ΔpacC strains. FITC-stained spores incubated with 
A549 cells for 30min, 1 h, 2 h and 4 h to enable A549 internalisation were washed with PBS and 
stained with CFW. Error bars show ±SD. Data was analysed by two-way ANOVA Sidak’s 
comparisons test of means. ***p<0.001, ****p<0.0001. Data shown represents 3 technical reps 
with three biological replicates. 
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Previous observations have identified FITC-stained A. fumigatus spores to undergo 

increased internalisation during infection of a macrophage cell line (Cseresnyes et al., 

2020). To confirm if the same observation holds true for the A549 epithelial cell line, the 

optimised 4 h uptake assay (Figure 5.4) was performed using A. fumigatus A1160p+ tD 

tomato strain and non-tD tomato strains. The tD tomato strains used in the study were 

generated at the Manchester Fungal Infection Group by genetically inserting a red 

fluorescent tdTomato (554/581 nm) fluorophore (Shaner et al., 2004), into the A. 

fumigatus A1160+ genome (Bertuzzi et al., 2022), therby enabling the strain to emit 

fluorescence during imaging. 

A. fumigatus spores of unstained tD tomato strain, FITC stained spores of tD tomato 

strain or FITC stained spores of non-tD tomato strain were incubated with A549 cells for 

4 h to enable internalisation (as explained in Section 5.2). Infected monolayers were 

washed with PBS to remove non-adherent spores and stained with calcofluor white to 

visualise the external spores. Images were captured using the TCS-SP8 confocal 

microscope at 40x magnification. Differential fluorescence imaging of the infected cell 

mask-stained monolayers at tdTomato and CFW wavelengths clearly distinguished 

internal and external A. fumigatus spores for the tD tomato strain (Figure 5.5 A). The 

total number of external and internal spores were manually enumerated, with three 

technical replicates of the infection and the % uptake was calculated for the WT and 

ΔpacC FITC stained and unstained spores after 4 h of infection.  

Increased percentage of A. fumigatus WT spores stained with FITC were internalised by 

A549 cells relative to unstained WT spores. Similarly, increased % uptake of FITC-stained 

spores was observed for the ΔpacC strains (Figure 5.5 B), relative to unstained spores. 

These observation conclude FITC staining of A. fumigatus spores increased 

internalisation capacity of epithelial cells.  

However, it is important to note that the increase in A. fumigatus spore uptake was 

observed for both the WT and ΔpacC strains, ensuring that FITC can be utilised for 

quantitative measurement of internalised spores if both the WT strain and the TFKO 

strains are FITC-stained under the same experimental conditions.   
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Figure 5.5: Uptake of FITC-stained A. fumigatus spores by epithelial cells. Unstained tD tomato, 
FITC-stained tD tomato or FITC stained WT spores incubated with A549 cells for 4 h were stained 
with calcofluor white to differentiate internal and external spores. Images were captured using 
TCS-SP8 confocal microscope at 40x magnification. A) Representative image showing internal 
and external tD tomato spores using differential microscopy. B) Percentage uptake of spores. 
Spore uptake by A549 cells for tD tomato unstained, tD tomato FITC-stained and FITC-stained 
A1160p+ strains. Error bars show ±SD. Data was analysed by two-way ANOVA Sidak’s 
comparisons test of mean and a t-test. ****p<0.0001. Data shown represents 3 technical reps 
with three biological replicates. 
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5.3.2.2 Uptake capacity of epithelial cells for A. fumigatus TFKO spores   

Considering that A. fumigatus spore internalisation could be one of the earliest 

interactions with the host epithelium, it was hypothesised that the early-stage 

detachment regulators (Table 4.1), to have a role in internalisation. Having optimised 

the uptake assay using WT and genetically fluorescent tD tomato strains (Section 

5.3.2.1), spores of the 17 A. fumigatus TFKOs were FITC-stained and incubated with 

A549 monolayers for 4 h. The infected monolayers were washed with PBS to remove 

non-adherent spores. Following this, the monolayers were stained with calcofluor white 

to visualise the external spores. Images were captured using a confocal microscope 

(Leica X, SP8) at 40x magnification and the internal and external spores were quantified 

using differential microscopy (as explained in Section 5.2).  

The proportion of infecting WT spores internalised by A549 cells after a 4 h infection 

was 20% (Figure 5.6A, B). This was in concordance to previous reports of spore uptake 

rates observing internalisation of A. fumigatus spores by A549 cells (Wasylnka and 

Moore, 2002; Bertuzzi et al., 2014).  

Of the 10 TFKOs causing reduced epithelial detachment, five TFKOs (∆pacC, ∆nsdD, 

∆nsdC, ΔAFUB_031000/Δ1H8 and ΔAFUB_019830/Δ5 E12), showed half the spore 

uptake relative to the parental isolate, exhibiting around 10-15% of spore uptake by the 

epithelial cells (Figure 5.6A).  

Of the 8 TFKOs defective for epithelial lysis, 6 mutants (∆pacC, ∆hapX, ΔsltA, ∆atfD, 

ΔAFUB_015750-Δ1D11, ΔAFUB_078520-Δ3 E5) demonstrated significantly reduced 

rates of spore uptake relative to the WT strain. Of these, spores of the ∆pacC, ∆hapX, 

and ΔsltA (Δace1) strains exhibited ≥ 50% reduction in epithelial uptake relative to the 

WT isolate, reaching only around 10-15% of spore uptake by the A549 cells (Figure 5.6B). 

Conclusively, not all the 17 A. fumigatus TFKOs exhibited a reduced internalisation 

capacity by A549 cells, but only specific TFKOs exhibited this defect. Contrary to the 

hypothesis, the early epithelial regulators did not demonstrate a trend for defect with 

internalisation capacity.  
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Figure 5.6: Uptake capacity of A549 cells for cell detachment and cell lysis A. fumigatus TFKO 
spores. FITC-stained spores incubated with A549 cells for 4 h to enable internalisation were 
washed with PBS to stain with calcofluor white to visualise the internal and external spores. 
Images were captured using the confocal microscope (Leica X, SP8) at 40x magnification. A)
Percentage spore uptake for the cell detachment TFKOs. B) Percentage spore uptake for the 
cell lysis TFKOs. WT=parental strain A1160p+. Error bars show ±SD. Data was analysed by one-
way ANOVA with Fisher’s LSD multiple comparisons test. UI=Un-infected. *p<0.1, **p<0.01 
***p<0.001, ****p<0.0001. Data shown is technical replicates of two biological replicates. 
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5.3.3 Adhesion of A. fumigatus TFKOs germlings to epithelial cells 

Adhesion of A. fumigatus to host lung epithelial cells is believed to prevent easy removal 

of the fungus from the mucosal surfaces and provides a close contact for manipulation 

and invasion of host cells (Sheppard, 2011; Brunke et al., 2016). In vitro observations 

report A. fumigatus morphotypes adhere to epithelial cells, from as early as 30 min post-

infection (DeHart et al., 1997). The expression of a hyphal exopolysaccharide, 

galactosaminogalactan (GAG) has been demonstrated as critical for hyphal adherence 

to epithelial cells (Gravelat et al., 2010). Moreover, a null mutant of a transcriptional 

regulator for GAG synthesis, MedA, is hypovirulent in a murine model of IA (Gravelat et 

al., 2013), implying an important role for germlings and hyphal adherence to host cells 

during infection of the mammalian lung.

5.3.3.1 Optimisation of the adhesion assay  

Adhesion assays must allow clear and concise enumeration of A. fumigatus bound to 

epithelia after infection. Most commonly, adhesion assays are performed by pouring 

agar over infected monolayers and enumerating total number of fungal colonies after 

48 h of growth (Gravelat et al., 2010; Lin et al., 2015). However, this agar-overlay method 

is not representative of the exact number of individual hyphae (due to clumping of 

colonies) and does not allow visualisation of the infection.  

In order to enable a visual examination of the hyphal-adhesion in an assay, the 

previously reported less adherent A. fumigatus TF mutant ΔmedA was employed to 

optimise an adhesion assay with A549 cells. Germlings of the A. fumigatus WT and 

ΔmedA strains were generated by growing spores in supplemented RPMI (Section 2.1.3) 

for 8 h at 37oC with constant shaking to avoid clumping of germlings. Fully confluent 

A549 monolayers cultured in a 24 well plate was challenged with 50,000 germlings for 

30 min to allow adhesion. The non-adhered germlings were rinsed away using PBS, 

epithelial cells were stained with cell mask to allow easy visualisation and the remaining 

adherent germlings were stained with calcofluor white to enable visual enumeration. 

The infected monolayer was imaged in the centre of the well to capture a single field of 

view of the infection (as explained in Section 5.2). Therefore, this adhesion assay 

enabled easy manual enumeration of germlings and clear visualisation of the infected 

monolayers hence being reliable, and quantitative (Figure 5.7 A).  
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The number of adherent A. fumigatus WT and ΔmedA germlings in each field of view 

(totalling 16 technical replicates fields of view) were quantified confirming the ΔmedA

germlings as significantly less adherent to A549 cells relative to the parental strain 

(Figure 5.7 B). This observation was in concordance with previous observations, 

validating this visual adhesion assay as a suitable approach to analyse the adherence 

capacity of 17 A. fumigatus TFKO strains.

Figure 5.7: Adhesion of A. fumigatus germlings analysed using microscopy. 8 h germlings of A. 
fumigatus WT and ΔmedA strains were incubated with A549 cells, following which the non-
adhered germlings were washed away and adhered germlings imaged using microscopy. A)
Representative images of calcofluor white stained germlings, cell Mask stained A549 cells, 
brightfield and a merged image. Images captured with a confocal microscope (Leica X, SP8) at 
40x magnification. B) Quantification of germlings after 30 min of incubation with A549 cells. 
Number of adherent germlings for the WT and ΔmedA strains enumerated by manual counting 
of germlings in one field of view. WT=parental strain A1160p+. Error bars show ±SD. Data was 
analysed by t-test. *p<0.1. Data shown is technical replicates of three biological replicates. 
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5.3.3.2 Adhesion capacity of A. fumigatus TFKO germlings for epithelial cells 

To address the relevance of reduced hyphal adherence in A. fumigatus TFKOs causing 

reduced epithelial cell damage, germlings of the 17 TFKOs were incubated with A549 

cells for 30 min, after which the non-adhered germlings were removed by rinsing with 

PBS and the remaining adhered germlings were stained with calcofluor white for 

visualisation and enumeration of adherence by fluorescence microscopy (as explained 

in Section 5.2). To obviate the confounding effects of fitness deficits, TFKOs defective in 

germination and/or hyphal elongation were cultured for longer durations to achieve 

similar morphogenic states to the WT strain.  

Amongst the 10 A. fumigatus TFKOs defective in causing epithelial cell detachment, 4 

TFKOs (∆pacC, ∆creA, ∆areA, ΔAFUB_005510/Δ1A12), exhibited significantly reduced 

adherence capacity of germlings to A549 cells, compared to the WT strain. The ΔcreA

and ΔpacC strains exhibited around 50% reduction in adherence relative to the WT strain 

(Figure 5.8 A).  

Similarly, of the 8 A. fumigatus TFKOs defective in causing epithelial cell lysis, 5 TFKOs 

(∆pacC, ΔAFUB_031980/Δ1H10, ΔsltA, ΔAFUB_015750/Δ1D11, ΔAFUB_078520/Δ3E5), 

displayed significantly reduced adherence capacity compared to the WT strain, with the 

TFKOs exhibiting around 50-70% reduction in adherence relative to the WTstrain (Figure 

5.8B).  

The above observations imply that deficits in epithelial adhesion are specific and unique 

amongst A. fumigatus TFKOs. Further, adhesion capacity of the TFKOs do not exhibit a 

tendency to correlate with defects in either cell detachment or cell lysis. 
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Figure 5.8: Adhesion capacity of the hyphae of A. fumigatus TFKOs for epithelial cells. 
Germlings of A. fumigatus TFKOs were incubated with A549 cells for 30 min to enable adhesion 
and then rinsed with PBS and stained with calcofluor white to visualise only the adherent 
germlings. A) Percentage adherence of the cell detachment TFKOs. B) Percentage adherence 
of the cell lysis TFKOs. Error bars show ±SD. Data was analysed by one-way ANOVA with Fisher’s 
LSD multiple comparisons test. Data shown is technical reps of 3 biological reps. WT=A1160p+. 
*p<0.1, **p<0.01, ***p<0.001, ****p<0.001. 
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5.3.4. Cell wall aberrancies in the A. fumigatus TFKOs 

The cell wall of A. fumigatus is the outermost cellular structure that mediates host 

interactions, such as pathogen recognition and stimulation of the host immune response 

and pathogen adherence to host cells (Lee and Sheppard, 2016). Therefore, changes in 

cell wall structure and/or composition often affect pathogenicity (Valiante et al., 2015). 

Further, the ΔpacC strain, with aberrant cell wall were less able than WT counterparts 

to gain entry into epithelial cells (Bertuzzi et al., 2014). Aberrances in the fungal cell wall 

are usually examined by exposing the fungus to cell wall perturbing agents, such as 

congo-red, caspofungin, or calcofluor white (CFW) (Liu et al, 2021; Valero et al.,2020). 

The anionic dye CFW binds to chitin and interferes with the construction and stress 

tolerance of the cell wall (Roncero et al., 1988). Thereby, a common phenotype of A. 

fumigatus mutants suffering cell wall aberrancies involving chitin redistribution, is 

sensitivity of the fungus to CFW (Bertuzzi et al., 2014).

5.3.4.1 Optimisation of the cell wall sensitivity assay 

Previous observations using cell wall sensitivity assays have shown A. fumigatus ΔpacC

and ΔareA are sensitive to the cell wall interfering agent, CFW (Bertuzzi et al., 2014; 

Hensel et al., 1998). In order to identify the most suitable concentration of CFW required 

to establish cell wall defects of the 17 A. fumigatus TFKOs governing epithelial cell 

damage (Table 4.1 and 4.2), three increasing CFW concentrations (60 µg, 120 µg and 

240 µg) were tested. A serial dilution of spores (107,106,105,104) of the A. fumigatus WT, 

ΔpacC and ΔareA strains were plated onto AMM agar without CFW and with CFW (as 

explained in Section 5.2). 

In the presence of CFW, the A. fumigatus ΔpacC and ΔareA strains exhibited reduced 

colony diameter at every concentration tested and with as little at 104 spores. Increasing 

the concentration of CFW increased the sensitivity of the strains to CFW, exhibited by a 

reduction in the fungal colony size visually. The concentration of 106 spores at 120 µg 

and at 240 µg presented a stark difference visually between the WT and the mutant 

strains (ΔpacC and ΔareA) (Figure 5.9). Therefore, a concentration of 200 µg of CFW was 

determined as being ideal to test the A. fumigatus TFKOs for defects/alterations in cell 

wall composition. 
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Figure 5.9: Optimisation of calcofluor white concentration for cell wall sensitivity assay. The 
A. fumigatus ΔpacC, ΔareA, and the parental strain (WT) were spot plated at a serial dilution of 
spores onto solid AMM without CFW or solid AMM with CFW (at 60 ug, 120 ug and 240 ug). 
Fungal cultures were incubated for 48 h at 37oC to observe growth deficit in fungal colony by 
visual examination in the presence of CFW relative to the WT. 
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5.3.4.2 Cell wall sensitivity of A. fumigatus TFKOs to calcofluor white 

To test the hypothesis that alterations in fungal cell wall contributed to differential 

damage to A549 cells, the 17 A. fumigatus TFKOs were tested for sensitivity/resistance 

to calcofluor white (CFW) by growing serial dilutions (107,106,105,104) of spores of the 

mutants on AMM agar containing 200 µg/ml of CFW (as explained in Section 5.2). 

Amongst the 10 A. fumigatus TFKOs reported with reduced epithelial cell detachment, 

9 TFKOs exhibited sensitivity to CFW relative to the WT strain. Furthermore, 6 of the 8 

TFKOs isolates reported with reduced epithelial cell lysis exhibited sensitivity to CFW 

(Figure 5.10 and Figure 5.11). Only the Δace1/ΔsltA strain was resistant to CFW relative 

to the WT strain (Figure 5.10), as reported previously (Liu et al., 2021).  A visual reduction 

in the growth of the A. fumigatus TFKO strains sensitive to CFW at the various spore 

inoculum concentrations was observed (Figure 5.11). 

The above findings demonstrate CFW sensitivity/resistance associates predominantly 

with A. fumigatus TFKOs defective in causation of epithelial damage, thereby implying a 

robust association between cell wall aberrances and inability to cause epithelial damage. 

Figure 5.10: Percentage reduction in growth of A. fumigatus TFKO colonies in calcofluor white 
relative to growth in minimal media. A. fumigatus TFKO spores were grown on aspergillus 
minimal media (MM) agar or minimal media agar with CFW (200 µg/ml) for 48 h. Colony 
diameter was measured in three different regions of the colonies. Data was analysed by one-
way ANOVA with Fisher’s LSD multiple comparisons test. WT=A1160p+. *p<0.1, **p<0.01, 
***p<0.001, ****p<0.0001.
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Figure 5.11: Images of the A. fumigatus TFKO colonies grown in aspergillus minimal media with and without calcofluor white. Cell wall sensitivity was assessed in 
the A. fumigatus TFKOs by growing TFKO spores on minimal media (MM) agar or minimal media agar containing calcofluor white (CFW) (200 µg/ml) for 48 h. A. 
fumigatus spores were inoculated on agar and images were captured using an iphone13 (Apple) after 48 h.



191 

5.3.5. Secreted factors damage  

A. fumigatus secretes a wide range of proteases (serine proteases, metalloproteinases, 

and aspartic proteases), and other enzymes, and toxins during growth in the host 

environment (Latgé and Chamilos, 2020). Among the A. fumigatus secondary 

metabolites inducing host cell damage (Table 1.3), gliotoxin is one of the most widely 

studied secreted toxins associated with induction of apoptotic cell death in several 

mammalian cell types (Kwon-Chung and Sugui, 2009; Raffa and Keller, 2019). 

Additionally, culture filtrates from mutants lacking the PrtT and XprG TFs governing 

expression of secreted proteases in A. fumigatus are associated with a reduced 

epithelial cell damage capacity in vitro (Sharonand Osherov, 2009; Shemesh et al., 2017). 

Further, the transcriptome of the non-invasive A. fumigatus ΔpacC isolate in the 

mammalian lung revealed dysregulation of several genes encoding putatively secreted 

proteins and toxins, suggesting profound importance of A. fumigatus secretions during 

epithelial invasion. 

5.3.5.1 Optimisation of the secreted factors damage assay 

Previous observations report less mature A. fumigatus hyphal secretions did not 

contribute to epithelial invasion and cell damage was provoked only by secreted 

products from mature hyphae (Bertuzzi et al., 2014; Okaa et al., 2023).

In order to validate epithelial cell damage caused by mature hyphal secretions, cultures 

of the A. fumigatus WT and the ΔpacC strain were grown under shaking conditions at 

37oC for 16 h or 48 h. Following growth, the cultures were passed through Miracloth 

(Calbiochem), to remove long hyphal fragments. The filtered suspension was diluted 1:5 

with supplemented RPMI (Section 2.1.3) and filtered again with a 0.45 µm syringe filter 

to remove spores. The collected suspension was incubated with A549 cell monolayers 

and infection supernatants were collected at 24 h. The LDH content in the collected 

suspensions were tested using the the Cytox® 96 non-radioactive cytotoxicity assay kit 

(Promega, UK) (as explained in Section 5.2).  

No difference was observed in the LDH release from epithelial cells of the 16 h (less 

mature) culture filtrates infection from the A. fumigatus WT and the ΔpacC strains. 

However, at 48 h (mature), the WT culture filtrate infection exhibited significantly 

increased LDH release relative to the ΔpacC infection. Additionally, at 48 h, the culture 
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filtrate infection of the WT was also increased compared to the same infection at 16 h. 

However, no significant increase in LDH concentration was observed between ΔpacC

culture filtrates infection at 16 h and 48 h (Figure 5.12). Hence, the culture filtrates from 

the ΔpacC strain were unable to cause significant damage to the A549 monolayers 

implying the non-invasive nature of the ΔpacC strain (Bertuzzi et al., 2014). 

Aligning with previous observations (Bertuzzi et al., 2014; Okaa et al., 2023), the above 

findings reveal the mature WT culture filtrates from a later time-point of 48 h caused 

damage to the A549 epithelial monolayers relative to less-mature culture filtrates 

collected at 16 h. Henceforth, the mature culture filtrate infections were validated to 

examine the effect of secreted factors of the 17 A. fumigatus TFKO strains (Table 4.1 

and Table 4.2), on epithelial cell damage. 

Figure 5.12: Optimisation of the A. fumigatus culture filtrate assay for epithelial cell damage 
assays. Absolute LDH value from infection of A549 monolayers with the A. fumigatus WT and 
ΔpacC CF16 and CF48 after 24 h. Data was analysed by multiple t-tests corrected for Sidak-
Bonferonni significance. WT=A1160p+. ns=not significant. ****p<0.0001. Error bars show ±SD. 
Data points shown is technical replicates of two biological replicates.

5.3.5.2 Secreted factors damage of A. fumigatus TFKOs 

Since A. fumigatus hyphal secretions were involved in the later stage of infection during 

mature hyphal growth, it was hypothesised that the late-stage A. fumigatus regulators 
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modulating epithelial cell lysis (Table 4.2), were involved in secreted factors mediated 

damage to A549 cells.  

Having validated the expression of cytolytic factors at >16 h of fungal culture filtrates (as 

reported in Section 5.3.5.1) (Bertuzzi et al., 2014; Okaa et al., 2023), hyphae of A. 

fumigatus TFKOs were grown to maturity (48 h) and culture filtrates were harvested. To 

measure the effect of A. fumigatus TFKO culture filtrates on their capacity to cause cell 

lysis, LDH concentrations was measured after a 24 h incubation of A549 cells with the 

mature culture filtrates of the TFKO strains (as explained in Section 5.2).  

Interestingly, with the exception of ΔpacC strain, none of the A. fumigatus TFKOs 

defective in epithelial cell detachment exhibited significantly reduced epithelial cell 

damage relative to the WT strain mediated by the secreted factors (Figure 5.13 A).  

However, in a striking contrast, almost all of the culture filtrates (7 out of 8) of the A. 

fumigatus TFKOs defective in epithelial cell lysis exhibited a reduced capacity to cause 

damage relative to the WT strain (Figure 5.13 B).  

The above results corroborated soluble factors to be major contributors to epithelial cell 

damage during the late phase of A. fumigatus infection. Therefore, aligning with the 

initial hypothesis, reduced cytotoxicity of the A. fumigatus culture filtrates associated 

exclusively with A. fumigatus TFKOs defective in late causation of epithelial damage.
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Figure 5.13: Culture filtrate damage caused by the A. fumigatus TFKOs. Damage caused by 
soluble factors of A. fumigatus TFKOs to A549 cells was assessed by measuring LDH release after 
24 h challenge of A549 cells with 48 h culture filtrate of the TFKOs. A) Fold change LDH of the 
cell detachment TFKOs. B) Fold change LDH of cell lysis TFKOs. WT=parental strain A1160p+. 
Error bars show ±SD. Data was analysed by one-way ANOVA with Fisher’s LSD multiple 
comparisons test. Data shown is 30 technical replicates derived from 3 biological replicates. 
WT=A1160p+. *p<0.1, **p<0.01, ***p<0.001, ****p<0.0001. 
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5.4 Summary and Discussion  

Despite the currently prescribed antifungals (Table 1.1), invasive aspergillosis (IA) 

accounts for over 300,000 annual human fatalities globally, overtaking deaths due to TB 

and breast cancer (Brown et al., 2012). The hallmark feature of IA is breakdown of the 

lung tissue (Kosmidis and Denning., 2015). Using HTP format A. fumigatus epithelial cell 

damage assays (Chapter 3), findings from this study discovered 17 regulators of 

epithelial cell damage using an in vitro alveolar model of A549 cells, of which 10 regulate 

epithelial cell detachment at 16 h and 8 regulate epithelial cell lysis at 24 h, with only TF, 

PacC, contributing to both phases of A. fumigatus infection (Chapter 4).  

Several fungal attributes have been acknowledged to contribute towards the 

pathogenesis mediated by A. fumigatus during establishment of infection (Dagenais and 

Keller, 2009; Latgé and Chamilos, 2020; Earle et al., 2023). However, an understanding 

of the pathogenic attributes of A. fumigatus involved during the early and late phases 

contributing to lung cell damage is incomplete. This chapter has probed the mechanistic 

and phenotypic profile of the identified epithelial regulators by testing the TFKOs (Table 

4.1 and 4.2), with the probable pathogenic attributes of A. fumigatus during interaction 

with the lung epithelium (Figure 5.1). Specifically, it was queried if unique attributes are 

employed by the early and late regulators to drive epithelial damage by A. fumigatus,

resulting in epithelial invasion.  

5.4.1 Phenotypic and mechanistic profile of the A. fumigatus TFKOs  

An obvious explanation for reduced epithelial damage by A. fumigatus TFKOs could be 

linked to reduced growth/ fitness defect, hence spore germination potential and hyphal 

lengths were assessed for the TFKOs in the same media as used for infection studies 

(Section 2.1.3). In A. fumigatus, spore germination could occur extracellularly as early 

as 4 h, or intracellularly progressing infection between 8 and 12 h (Ben-Ghazzi et al., 

2021). Only 4 A. fumigatus TFKOs exhibited a reduced germination potential at 11 h 

(Figure 5.2), of which ΔpacC and ΔcreA displayed an early germination defect reaching 

100% germination by 16 h. A delayed germination of the ΔpacC strain was also reported 

in A. cabonarius at both acidic and neutral pH conditions, but reached 100% germinated 

conidia by 17 h of incubation (Barda et al., 2020). The ΔcreA has also been reported 
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previously, with a carbon and nitrogen-independent growth defect on solid media, and 

carbon-dependent growth defect in liquid culture (Beattie et al., 2017). The strains

ΔhapX and ΔareA exhibited incomplete germination in the tested media (Figure 5.2). 

Previous studies show ΔhapX strain exhibited no change in growth rate nor sporulation 

under iron-replete conditions (media containing 0.03 mM FeSO4), but dramatically 

decreased growth on solid and in liquid high-iron conditions (media containing 3 mM 

FeSO4) relative to the isogenic strain (Gsaller et al., 2014; Schrettl et al., 2010). Hence 

the presence of high concentration of iron source (FeCl3.6H2O) in the media (Section 

2.1.3) as well as the 10% foetal bovine serum present in the media, could likely have 

provided iron excess conditions contributing to observed incomplete germination of 

ΔhapX strain in this study. The ΔareA strains have previously been reported as having 

similar growth characteristics as the parental strain in media containing ammonium 

tartrate or glutamine (with glucose as a carbon source) but had a reduced ability to 

utilize certain nitrogen sources exhibiting no growth (Hensel et al., 1998). However, the 

media used in this study contained L-glutamine (Section 2.1.3), which could not be the 

reason for incomplete germination of the ΔareA strain in the media tested. Future work 

analysing the growth of A. fumigatus ΔhapX and ΔareA strains in media with iron replete 

and alternative nitrogen sources respectively might throw light on the effect of media 

on the growth of the strains. Moreover, the presence of A549 cells could have an 

influence on the growth A. fumigatus, with reports of 60% germination efficiency at 8 h 

in the presence of AECs, compared to 100% germination observed in the absence of 

AECs (Momany and Taylor, 2000; Osherov and May, 2001; Dague et al., 2008). Various 

aspects of airway physiology and host microenvironment could explain the difference 

between germination efficiencies in the presence or absence of AECs. Moreover, AECs 

produce antimicrobial molecules (such as HBD-2 and lactoferrin) induced by exposing 

epithelial cells to A. fumigatus (Alekseeva et al., 2009).

A strong trend of reduced hyphal extension rates in the A. fumigatus TFKOs was 

observed (Figure 5.3). The reduced hyphal extension rate of the TFKOs likely causes less 

invasion via less physical pressure of the hyphal growth on the epithelial cells during 

contact-mediated damage, and likely has an impact on the secretions by the hyphae, 

but these hypotheses will need validations. However, this explanation is plausible as 

hyphal forms have been implied as critical for invasion also in other invasive fungi such 
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as C. albicans and Mucor spp. (Desai, 2018; Mogavero and Hube, 2021; Ibrahim et al., 

2012). The reduced hyphal lengths observed for the A. fumigatus ΔpacC strain is due to 

the compact hyper-branching morphology (Bertuzzi et al., 2014), also reported in A. 

cabonarius ΔpacC strain with significantly stunted hyphae and severe hyper-branching 

(Barda et al., 2020). Similar to observations from this study, recent reports demonstrate 

a compact hyper branching phenotype for the ΔsltA/Δace1 strain (Baltussen et al.,2023).  

Although A. fumigatus early interaction with the lung epithelium begins with spore 

uptake by the epithelial cells as early as 2 h post infection (Wasylnka and Moore,2002), 

examination of internalisation using the A. fumigatus WT and ΔpacC strains, from 30 

min to 6 h established a 4 h infection as a suitable time-point to investigate epithelial 

uptake (Figure 5.4). This is consistent with previous observations studying in vitro A. 

fumigatus spore uptake by AECs (Ben-Ghazzi et al., 2021, Bertuzzi et al., 2014), and 

coincides with the time-point of spore germination (Figure 5.2).  The increased uptake 

capacity of FITC-stained spores by A549 cells is a newly reported phenomenon observed 

in this study (Figure 5.5), reported previously only in macrophages (Cseresnyes et 

al.,2020). The increase in A. fumigatus spore uptake could possibly be attributed to the 

FITC stain procedure involving 30 min of incubation in water (Section 5.2), that could 

transform the dormant spore morphology to swollen spores. This change in fungal 

morphology likely exposes cell wall constituents for recognition by the host receptors 

enabling internalisation (Bertuzzi et al., 2018), thereby increasing spore uptake by the 

A549 cells. About half of the 17 A. fumigatus TFKOs demonstrated a deficit in uptake 

capacity relative to the WT strain (Figure 5.6) and contrary to the hypothesis that spores 

of the cell detachment TFKOs could be deficient in being internalised by epithelial cells. 

This is reasonable since A. fumigatus spore uptake is a critical host response by epithelial 

cells that could stretch beyond a temporal mode of damage (Bertuzzi, Hayes and Bignell, 

2019). Dectin-1 also contributes towards internalisation in a host phospholipase (PLD1)-

dependent manner, via β-1,3-glucan on the cell wall of swollen and germinated fungal 

spores. Dectin-1 depletion inhibits both PLD activity and prevents up to 50% of A. 

fumigatus internalisation by A549 cells (Han et al., 2011). Hence, it is probable that the 

A. fumigatus TFKOs observed to be defective in uptake had an impaired Dectin-1 

physiology, as seen for the ΔpacC strain (Bertuzzi et al., 2014). Hence, cell wall 

components likely direct the spore uptake capacity by epithelial cells, although no trend 
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between cell wall aberrations and spore uptake capacity for the A. fumigatus TFKOs was 

observed from this study.  

Adhesion of A. fumigatus germlings to the lung epithelium enables a close contact for 

invasion, hence it was hypothesised most of the TFKOs to exhibit a defect in adhesion. 

Previously, adhesion analysed by an agar-overlay method reported a reduced adherence 

of A. fumigatus ΔmedA and ΔsomA germlings to A549 cells, fibronectin, and plastic 

(Gravelat et al., 2010; Lin et al., 2015). This study established a visual, faster, and 

quantitative method of testing adhesion of A. fumigatus to A549 cells (Figure 5.7), which 

replicated the reduced adhesion phenotype of the ΔmedA strain relative to WT. Similar 

to the observation for the uptake capacity, only about half of the TFKOs had a defect in 

adherence relative to the WT strain, suggesting unique virulence attribute by each TFKO 

strain might have influenced epithelial cell damage (Figure 5.8).  

Chitin is present in the cell wall of all true fungi, thus A. fumigatus TFKOs with an altered 

chitin content relative to the WT strain by analysing for CFW sensitivity would highlight 

cell wall aberrances. A concentration of CFW (200 μg) in the cell wall sensitivity assay 

(Figure 5.9), demonstrated a distinct phenotype for cell wall defective mutants (ΔpacC, 

ΔareA), reported from previous studies (Bertuzzi et al., 2014; Hensel et al., 1998). 15 of 

the 17 TFKOs tested exhibited a sensitivity to CFW, revealing cell wall aberrancies in the 

strains (Figure 5.10), reaffirming A. fumigatus cell wall composition as a critical virulence 

factor (Valiante et al., 2015). Chitin-deficient mutants of C. albicans generated by 

disruption of the chs3 chitin synthase are less virulent than WT strains (Bulawa et al., 

1995). Further, C. albicans treated with polyoxin D (leading to decreased cellular chitin 

content), have been shown to exhibit decreased adherence to buccal epithelial cells, 

suggesting a role for chitin in the attachment process. However, we were unable to 

identify an association between adhesion and cell wall defects from this study. In 

addition to chitin, other cell wall components have also been implicated in virulence, for 

example, C. albicans strains deficient in genes coding for α-1,3-glucan are avirulent in 

vivo and alteration of mannan structure is correlated with reduced adherence and 

virulence in vivo (Hall and Gow, 2013). Therefore, future work examining other cell wall 

components and electron microscopy of the hyphal cell wall of the 17 TFKOs could 

unravel association of cell wall composition and epithelial adhesion and highlight 

specific cell wall remodelling. Previously, C. albicans genes required for induction of 
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macrophage cell death exhibited a defect in filamentation implying specific remodelling 

of the fungal cell surface in triggering this host cell death program, rather than a general 

defect in cell wall composition (O’meara et al., 2018). 

Secreted products of A. fumigatus composed of mycotoxins (Table 1.3) (Ben-Ami et al., 

2009; Raffa and Keller., 2019), degradative enzymes and proteases (Kogan et al., 2004; 

Sharon et al., 2011), noted to cause host damage are produced during hyphal growth.  

Further, only mature hyphal secretions (48 h), and not less mature hyphal secretions (16 

h), can cause A549 cell lysis (Figure 5.11), as per previous observations (Bertuzzi et al., 

2014; Okaa et al., 2023). Remarkably, TFKOs that are deficient in causing epithelial cell 

lysis universally exhibited culture filtrates that are less cytolytic than the WT strain 

(Figure 5.12). In 3 out of 8 instances, ΔpacC, ΔhapX, and ΔsltA (Bertuzzi et al., 2014; 

Gsaller et al., 2014; Liu et al., 2021), it might be argued that this is a direct consequence 

of radically reduced hyphal growth. It must be noted that the impacts upon bio-mass, 

generated by the TFKOs, might have affected production of secreted products and this 

was not accounted for in our analysis. Since proteases and secondary metabolites are 

one of the direct virulence attributes for epithelial cell damage mediated by A. 

fumigatus, it could be likely that the slow growers with lesser bio-mass growth could 

have lesser proteases/metabolic products that might have contributed to the deficiency 

in damage. Previous observations indicate A. fumigatus ΔpacC mature hyphal secretions 

(generated via extended incubation times) produced a cytolytically inert secretome, 

presumably due to loss of gliotoxin biosynthesis and multiple secreted fungal proteases 

that were also found to significantly transcriptionally down-regulated in a ΔpacC versus 

progenitor isolate (Bertuzzi et al., 2014). However, there is no evidence to suggest the 

same behaviour in the other identified TFs. Hence, future work involving the ‘correction 

for biomass’ in the culture filtrate assays would improve the assay and validate current 

observations, as would transcriptomic analysis of the TFKOs versus the parental isolate. 

Of the remaining 5 TFKOs deficient in causing cytolytic damage to epithelial cells, the 

functionality of the TFs remains uncharacterised.  

Future work could identify commonalities/distinctions between the secretomes of the 

TFKOs to pinpoint the causal agents of cytolytic host cell death. Epithelial cell damage 

during C. albicans translocation occurs primarily via candidalysin, a cytolytic peptide 
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toxin that induced necrotic cell death to promote translocation across the intestinal 

barrier. However, epithelial invasion and a low-level translocation could also occur in a 

candidalysin-independent manner (Allert et al., 2018). It remains to be validated if a 

similar mechanisms are prevalent during A. fumigatus epithelial invasion. 

5.4.2 Unique virulence attributes of the A. fumigatus TFKOs 

Interestingly, almost every A. fumigatus TFKO exhibited a unique pattern of phenotypic 

defect, potentially responsible for the reduced epithelial damage (Figure 5.13). Of the 

characterised cell detachment regulators, the ΔareA and ΔcreA strains exhibited an 

identical phenotype with defects in adhesion capacity, hyphal extension rate as well as 

sensitivity to CFW. Likewise, the ΔnsdD and ΔnsdC strains exhibited identical phenotypic 

attributes with defects in hyphal extension rate, cell wall sensitivity and uptake capacity 

by A549 cells, but no defect in adherence to A549 cells. This is plausible since both the 

regulators are involved in early stage of mating and work in co-ordination with each 

other (Alves de Castro et al., 2021). Not previously studied in animal models, 

Δ2A3(AFUB_033930) located in the secondary metabolite gene cluster (uncharacterised 

in BGC12) (Bignell et al., 2016), suggested an early metabolic activity driving cell 

detachment by A. fumigatus. The Δ2A3 strain had defects in hyphal extension rate and 

sensitivity to CFW but not in the adhesion capacity to epithelial cells. Interestingly, 

Δ5E12 exhibited defects in all the tested attributes except secreted factors (Figure 5.13). 

Of the characterised cell lysis regulators, the ΔhapX strain exhibited defects in all the 

tested attributes except in adhesion capacity of germlings to epithelial cells. 

Interestingly, ΔsltA/Δace1 was deficient in all the tested attributes, concordant with 

previous observations reporting a reduction in A549 cell damage, invasion, and 

adherence after in vitro infection with the ΔsltA/Δace1 strain (Liu et al., 2021). Similarly, 

the uncharacterised TFKOs (Δ1D11 and Δ3E5), as well as the ΔpacC strain exhibited 

defects in all the tested fungal attributes. This would suggest that TFs involved in 

modulating all the pathogenic attributes would be involved in both the early and late 

phases of host damage, however, only PacC was involved in both phases of epithelial 

damage (Figure 5.13). In contrast, one cell detachment TFKO, 2E4 (AFUB_046160), did 

not show any phenotypic defect or pathogenic attribute, suggesting other untested 

virulence attributes could contribute to epithelial cell damage. 
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5.4.3 Early and late A. fumigatus regulators drive damage by distinct mechanisms 

Strikingly, phenotypic traits were identified that correlate with early- and/or late- 

causation of damage. For example, amongst 10 TFKOs exhibiting reduced epithelial 

detachment, all but one isolate exhibited reduced rates of hyphal extension (Figure 

5.10). Likewise, all but one the TFKOs of the cell lysis regulators universally exhibited a 

defect in their ability to cause damage by secreted factors (Figure 5.12).  The reduced 

rates of hyphal extension of the cell detachment TFKOs did not reduce the capacity of 

extending hyphae to secrete soluble mediators of epithelial damage. It is probable that 

slower hyphal growth rates placed a limitation upon the number of host cells that the 

growing hyphae can come into direct contact with and aligns with previous observations 

that early-acting damage occurs in a contact-dependent manner (Bertuzzi et al., 2014).  

Perturbations of epithelial focal adhesion loci contributing to epithelial disintegration 

has been reported at early infection when fungal secreted components are lacking 

(Kogan et al., 2004), possibly initiated by a mere contact with the fungal spores. 

Consecutively, damage caused by secreted factors come into play at the later stage of 

infection during germlings and hyphal growth (Bertuzzi et al., 2014; Okaa et al., 2023). 

Aligning with these previous observations, this study overwhelmingly supports the 

existence of two modes of epithelial damage by A. fumigatus in the early and late phases 

of infection, however this is enhanced by the low hyphal extension rates observed in the 

A. fumigatus TFKOs. Other phenotypic attributes such as uptake and adhesion also play 

a unique role in A. fumigatus virulence. Thereby, a cumulative effect of these temporal 

epithelial interactions via specific fungal morphotypes, moderated by the A. fumigatus

regulators could likely lead to epithelial invasion.  

Taking knowledge from epithelial invasion studies in C. albicans, wherein 1) a 

morphogenetic switch from yeast to hyphal growth is essential for damage causing 

activities (Desai, 2018); 2) epithelial damage and loss in epithelial integrity are time 

dependent with translocation being a dynamic fungus-driven process initiated by active 

penetration, followed by cellular damage and loss of epithelial integrity (Mayer, Wilson, 

and Hube, 2013); 3) translocation of C. albcians could be driven via secretion of the toxin 

Candidalysin or in some cases independent of Candidalysin (Allert et al.,2018), reveals a 

multitude of virulence attributes were involved in causing epithelial invasion. Likewise, 

finding from this study supports the idea that virulence is multifactorial, hence there 
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could be a combination of the fungal attributes that resulted in the A. fumigatus TFKO 

to cause reduced epithelial invasion. For example, in vivo transcriptomic studies have 

shown PacC to regulate secreted and cell wall genes and deficit in causing uptake but 

not spore epithelial adhesion (Bertuzzi et al., 2014). Similarly, Ace1/SltA regulates the 

expression of multiple secondary metabolite gene clusters and mycotoxin, as well being 

sensitive to cell wall perturbing agents (Liu et al., 2021).   

It is important to note that this study inherently examined the interaction between the 

fungus and the epithelial cells without considering whether host inflammatory 

responses dampen or worsen the damage elicited by A. fumigatus infection. 

Acknowledging that pathogenicity is a dual phenomenon moderated by both host and 

pathogen factors, it could be likely that A. fumigatus may elicit host damage which 

serves as a signal to amplify residual host inflammatory response, in turn driving 

pathogenicity. 
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Figure 5.14: Unique phenotypic and mechanistic profiles of the A. fumigatus regulators. A)
Cytoscape network of the unique mechanistic attributes of the cell detachment and cell lysis 
regulators. B) Attributes of the cell detachment and cell lysis TFKOs for spore uptake, epithelial 
adhesion, fitness, and secreted factors (culture filtrates). The TFs underlined exhibited altered 
germination rates in vitro.
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5.5 Conclusion 

Understanding the phenotypic and mechanistic profile of the A. fumigatus epithelial 

regulators driving host cell damage has enabled a deeper understanding of pathobiology 

during early and late stages of A. fumigatus interaction with the lung epithelium. 

Further, this study reaffirmed a multi-factorial virulence phenomena of pathogenesis, 

with unique virulence attributes assigned to each of the regulators. Importantly, this 

study has validated two distinct mechanisms of damage driven by two distinct cohorts 

of epithelial regulators, one driven at the early phase by cell wall mediated mechanisms 

and one at the later phase via secretions. This can facilitate development of targeted 

therapeutics towards the critical pathogenic attributes, that can open avenues to reduce 

the morbidity and mortality caused by the human killer fungus A. fumigatus. 
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CHAPTER 6 
6. Genome-wide binding and gene expression profile of the 
Aspergillus fumigatus transcription factor PacC 

6.1 Introduction  

Transcription factors (TFs) play important roles in the control of diverse biological and 

cellular processes since they define a group of co-regulated target genes that likely 

function together to carry out a specific process. Using validated host epithelial damage 

assays (Chapter 3), 479 A. fumigatus TF knock-out (TFKO) strains (Furukawa et al., 2020), 

were screened and 17 A. fumigatus TFs regulating epithelial damage during in vitro

infection were identified. Of these, 10 controlled early damage by cell detachment via 

contact-mediated mechanisms and 8 controlled late damage by cell lysis via secreted 

factors. Only one TF, PacC, regulator of environmental pH homeostasis, regulated both 

modes of epithelial damage (Chapter 4). Examination of the mechanistic and phenotypic 

profile of the TFKOs of the 17 A. fumigatus epithelial regulators for probable virulence 

attributes (such as germination and hyphal growth delays, spore uptake by A549 

epithelial cells, adhesion capacity to A549 cells, soluble factors mediated damage and 

fungal cell wall aberrations) (Chapter 5), revealed the ΔpacC strain was deficient in all 

the tested attributes. Moreover, PacC and components of the pH regulatory pathway 

are critical for virulence in A. fumigatus (Bertuzzi et al., 2014), as well as in other invasive 

fungi (Prusky and Yakoby, 2003; Martins et al., 2019; Davis, 2009). This chapter aims to 

understand the interactome of A. fumigatus PacC, specifically the biological processes 

and regulatory network mediated by PacC at acidic, neutral, and alkaline pH 

environments using next generation sequencing (NGS) mediated approaches. 

In fungi, the C2H2 zinc finger TF, PacC, regulates the response to environmental pH 

through a conserved family of pH responsive pal genes forming the pH regulatory 

PacC/Rim101 pathway (Arst and Peñalva, 2003), (Figure 1.10). Under alkaline conditions 

(as reviewed in Chapter 1), the closed conformation PacC isoform of 72 kDa (PacC72), 

assisted by the 6 Pal proteins, undergoes pH-dependent proteolysis from the C-terminus 

end to form a 53 kDa (PacC53) isoform (Tilburn et al., 1995). PacC53 has an open 

conformation accessible to pH-independent processing to form the active and 
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functional nuclear localised 27 kDa (PacC27) isoform (Hervás-Aguilar et al., 2007; Martins 

et al., 2019).  Under acidic conditions, trace amounts of PacC exist in the open 

conformation accessible to processing, bypassing the requirement for pH signal (Peñalva 

et al., 2008).  

Once functional, PacC activates or depresses transcription of genes expressed at alkaline 

pH, including its own encoding pacC gene (Loss et al., 2017), and prevents transcription 

of genes expressed at acidic pH (Díez et al., 2002). Previous observations in A. nidulans 

have confirmed direct binding of PacC under alkaline pH to the promoter of the alkali-

expressed ipnA gene, encoding isopenicillin N synthase, a key penicillin biosynthetic 

enzyme (Espeso and Peñalva, 1996); and repression of the acid-expressed GABA 

permease gabA gene (Espeso and Arst, 2000). Targeted mutations in the PacC binding 

sites of these genes in A. nidulans validated the consensus binding motif of PacC as 5’-

GCCARG-3’ (Espeso and Peñalva, 1996; Espeso and Arst, 2000). Studies in A. fumigatus

have also revealed activation of the acid-expressed gene zrfB in alkaline zinc-limiting 

media, repression of the acid-expressed gene zrfA in alkaline zinc-limiting and repression 

of the alkaline-expressed gene zrfC in acidic zinc-limiting media in a PacC-dependent 

manner (Toledo et al., 2022). Further, A. fumigatus ena1 gene, encoding a sodium P-

type ATPase, has been seen to be upregulated within 5 min of a shift to alkaline pH which 

is abolished in the ΔpacC strain (Loss et al., 2017), suggesting direct activation of the 

ena1 gene by PacC. However, no studies have yet analysed the genome-wide direct 

binding profile of PacC in Aspergellius spp. or any fungi.  

The genome-wide transcriptional profile of A. fumigatus PacC using a ΔpacC strain has 

been investigated in three previous studies. Firstly, using microarray analyses, Bertuzzi 

et al. performed temporal gene expression analysis (4, 8, 12 and 16 h), observing early 

and late transcriptional profile in a murine model of IA (Bertuzzi et al., 2014). In the 

second study, again using microarray analyses, Loss et al. delineated the temporal 

response to an alkaline shift in vitro relative to high extracellular concentrations of Ca2+, 

with alkaline shift (pH 5 to pH 8) performed for 5 min, 30 min and 60 min (Loss et al., 

2017). Gsaller et al. employed a NGS approach of RNA sequencing to ascertain the 

transcriptional profile of A. fumigatus ΔpacC relative to the parental strain at acidic (pH 

5) and neutral pH (pH 7) (Gsaller et al., 2018). The study reported PacC negatively 

regulated the gene encoding the purine cytosine transporter (fcyB), conferring 
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resistance to the drug 5-flucytosine (5-FC) at neutral pH (Gsaller et al., 2018). Although 

the above studies shed light on the transcriptome of PacC, there are no genome-wide 

studies investigating PacC DNA binding and transcriptional profile as one approach, 

under different pH conditions, to uncover biological processes and regulatory network 

directly mediated by PacC.

This chapter aimed to addresses this knowledge gap by 1) identifying genome-wide 

binding of A. fumigatus PacC at acidic (pH 5), neutral (pH 7) and alkaline (pH 8) pH by 

performing Chromatin Immunoprecipitation followed by Sequencing (ChIPseq) and, 2)

analysing the transcriptional profile mediated by PacC, using a previously published RNA 

sequencing (RNAseq) dataset (Gsaller et al., 2018). Specifically, the biological processes 

directly controlled by PacC at acidic, neutral, and alkaline pH conditions as well as under 

all pH scenarios were examined. Moreover, this study examines A. fumigatus TFs 

(Furukawa et al., 2020), being bound and/or regulated by PacC at each pH condition and 

investigates if any of the identified A. fumigatus epithelial regulators (Chapter 4), are 

directly bound and regulated by PacC under the defined pH conditions.  

Therefore, the specific objectives of the work described in this chapter were to: 

1. Validate the A. fumigatus PacC protein expression profile at acidic (pH 5) and 

alkaline pH (pH 8), using an epitope-tagged PacC expressing strain. 

2. Analyse the genome-wide binding profile of PacC by identifying enriched 

regions at acidic (pH 5), neutral (pH 7) and alkaline (pH 8) using ChIPseq. 

3. Determine annotation profile of biological processes directly regulated by 

PacC under acidic (pH 5) and neutral pH (pH 7). 

4. Identify PacC-mediated A. fumigatus regulatory network and ascertain if any 

of the 17 epithelial regulators are bound and/or regulated by PacC.
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6.2 Materials and Methods 

6.2.1 A. fumigatus strains and growth conditions for mycelial preparations 

RPMI-1640 liquid medium described throughout this chapter was prepared by dissolving 

RPMI-1640 powder (Sigma) in water at 1x concentration. The pH of the media was 

adjusted to acidic pH (pH 5) by buffering using 100 mM citrate-phosphate, and neutral 

pH (pH 7) and alkaline medium (pH 8) by buffering using 100 mM pH 7 and pH 8 Tris 

Hydrochloride (Tris-HCl), respectively. 

A. fumigatus strains used in this study are listed in Table 6.1. Spores from A. fumigatus

cultures were harvested (as explained in Section 2.2.1) after 4 days of growth in 

apergillus complete media (ACM) (Pontecorvo et al., 1953). For mycelial collection after 

a pH shift, 1x106 A. fumigatus spores/ml were grown in a shaking incubator for 18 h in 

pH 5 buffered liquid aspergillus minimal media (AMM) (Bertuzzi et al., 2014), at 37oC 

and 180 RPM. Subsequently, mycelia were filtered using Miracloth (Calbiochem), 

washed with distilled water, and transferred into liquid RPMI-1640 media (Sigma), 

maintained at pH 5, pH 7 and pH 8. The pH shifted culture was maintained for 4 h at 

37oC and 180 RPM, after which the mycelia was filtered using Miracloth (Calbiochem), 

dried and stored at –80oC.  

Table 6.1: A. fumigatus strains used in this study. 

Strain Alias/Abbreviation Reference 

    A1160p+  WT, A1160+ (MFIG001) Bertuzzi et al., 2021

FLAG Tagged PacC  FT This study 
ΔpalH FLAG Tagged PacC P This study 

ΔpacC dp Furukawa et al., 2020 
ΔpalH ΔpalH MFIG strains collection 

All strains are in the A1160+ background. 

6.2.2 Construction of epitope-tagged and gene knock-out A. fumigatus strains 

The N-terminus FLAG epitope-tagged PacC strain (FT) was constructed by Dr. Takanori 

Furukawa in the A. fumigatus A1160p+ (also known as MFIG001/A1160+) background 

using an expression cassette containing the 3x FLAG tag (a synthetic peptide of 23 amino 

acid residue) and the pacC gene. The cassette vector was linearised with the restriction 

enzymes for 5’ integration into the N-terminal region and cloned into the 

ΔpacCA1160p+strain (Figure 6.1 A). Following transformation (as explained in Section 
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2.2.5), and selection using hygromycin (200 μg/ml) onto sabouraud dextrose agar (SAB), 

the expression cassette integrated mutants were isolated. Successful integration of 

expression cassette and insertion of the 3x FLAG tag was confirmed by Dr. Takanori 

Furukawa by sequencing the nucleotide region corresponding to the entire 

transformation cassette.  

The ΔpalH knock-out in the generated A. fumigatus FT strain was constructed using a 

fusion PCR approach as previously described (Szewczyk et al., 2007; Zhao et al., 2019), 

replacing the palH gene with a pyrithiamine (ptrA) resistance cassette (Figure 1 C). 

Briefly, for the generation of gene deletion fragment, around 1 kb of 5ʹ- and 3ʹ-flanking 

regions from the palH gene was PCR amplified using primers P1 and P2 (5ʹ) and P3 and 

P4 (3ʹ) and fused to a pyrithiamine antibiotic resistance cassette (amplified with ptrA-F 

and ptrA-R) using nested primers P5 (5ʹ) and P6 (3ʹ). Following transformation (as 

explained in Section 2.2.5), and selection using pyrithiamine (0.1 mg/ml) on AMM with 

1 M sucrose, the generated ‘P’ strain was validated by PCR to confirm knock-out of the

palH gene and integration of the pyrithiamine cassette. 

6.2.3 PCR validation for strains generated in this study 

All PCR reactions were performed using PhusionFlash PCR mix (Theromo Fisher 

scientific) or using MyTaq DNA polymerase (Bioline), with a 5x reaction buffer, as per 

manufacturer’s instructions. PCR conditions used were 95oC, 1min -> (95oC,15sec-

>55oC,15sec->72oC,50sec) x 20 cycles for smaller amplicon sizes (<5 kb) and 95oC, 1min-

> (95oC,15sec->55oC,15sec->72oC,4 min) x 20 cycles for longer amplicon sizes (>5kb).  

Primers were designed to amplify specific regions (as explained in Section 2.2.5) to 

confirm the generation and validation of the 3x FLAG tag PacC (FT) and the ΔpalKO

strains (Figure 6.1). Validation primers used in this study are listed in Table 6.2.  Insertion 

of the PacC expression cassette containing the 3x FLAG tag into A. fumigatus ΔpacC

A1160p+ strain was confirmed using primer pairs PacC1 and PacC2. Further using primer 

pairs PacC3 and PacC4 and PacC3 and PacC5, (Figure 6.1 B), the generated strain was 

validated for 5’ integration of the cassette. Homologous recombination of the 

pyrithiamine cassette into the generated FT strain was validated using primer pairs ptrA-

F and ptrA-R. Deletion of the palH gene in the FT strain was validated using primers 

palHF and palHR amplifying the palH gene. Furthermore, PCR was performed with P1 
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and P4 as primers to check the purity of the gene knock-out strain (Figure 1 C). The PCR 

products were run on a 1% agarose gel for 30 min at 120 V and a 1 kb DNA ladder 

(Bioline) (as explained in Section 2.2.5), to confirm the size of the amplicon and the 

presence of the FLAG tag and the antibiotic marker cassette. 

Figure 6.1: Schematic for generation of the FLAG tag PacC strains and primer locations for 
validation of the strains A) Schematic for generation of the FLAG tagged PacC A. fumigatus
strain. B) Primer locations for validation of the FLAG tag PacC A. fumigatus strain. C) Schematic 
for generation of the palH gene KO in the FLAG tag PacC A. fumigatus strain.



211 

Table 6.2: Primers used for the validation of the generated A. fumigatus strains. Refer to Figure 
6.1 for a schematic of primer locations.

Name Sequence (5'-3') Length 
(bp) 

%GC Tm 
(OC) 

PacC1 ATATCCTCCCTTCATTCTCCGCTGC 25 50 64
PacC2 GTTATTTGTGCTCTTTCGACCGACG  25 53 64
PacC3 TGGCTCTCACTGGCTTCTTGTTCC 24 55 63
PacC4 ATTGCGGGTGGGCTGTGCTAATC 23 55 65
PacC5 TCCACGCCCTCCTACATCGAAGC  23 53 64
P1 AGCATAAGGGTCAAGGTCGC  20 50 59
P2 AGAGGCCATCTAGGCCATCATCGGTG

GCGAGGGATTCATTA  
39 55 65

P3 AATTGGCTTCGAAGCCATCGCCATCA
TGCGCGGAACTCTA  

37 55 65

P4 CCAGCTCAGTCATCCGATCC  20 55 60
P5 ACACAGAGCCACAGTCCATC  20 55 59
P6 CAACTCATTCTCCCGCCAGT  20 50 60
PtrA F TGATGGCCTAGATGGCCTCT 20 55 60
PtrA R CGATGGCTTCGAAGCCAATT 20 53 60
PalH F ACAACCATCTCCCCTCCTTG 20 55 59
PalH R TGAAGGGATTGAGGAGCGTT 20 50 59

6.2.4 Phenotyping of A. fumigatus FLAG tagged PacC strain 

To assess the phenotype of the A. fumigatus strains generated in this study (Table 6.1), 

1x103 spores in a total volume of 5 µl were spotted onto aspergillus minimal media 

(AMM) agar (Bertuzzi et al., 2014), at pH 5, pH 6.5 and pH 8, in the absence and presence 

of 200 mM NaCl, and the fungus was grown for up to 3 days at 37oC. AMM media at pH 

5 was adjusted using 200 mM glycolic acid at pH 5, 200 mM NaOH at pH 6.5, and 200 

mM Tris HCl at pH 8.0 was added to achieve pH 6.5 and pH 8 AMM agar, respectively. 

6.2.5 Protein extraction and quantification 

Dried mycelia were ground into fine powder in liquid nitrogen using a mortar and pestle 

and protein extraction was performed using ∼200 mg of dried mycelia. The ground 

mycelium was resuspended in 0.5 ml of lysis buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 

1 mM EDTA, 1% Triton X-100, 0.1% deoxycholate (Sigma), 0.1% SDS, 1 mM 

phenylmethylsulfonyl fluoride (PMSF) and fungal proteinase inhibitor cocktail (Sigma) 

and thoroughly vortexed. The suspension was transferred into a screw cap tube 

containing 0.3 ml of acid-washed glass beads and lysed by vigorous agitation for 3 cycles 

of 20 sec at 4 s/m using a lyophiliser (MP Bio), while incubating for 5 min on ice in 
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between the cycles. Cell debris was pelleted by centrifugation at 13000 RPM for 30 min 

at 4°C and the supernatant containing the crude protein extract was collected.  

The protein concentration in the supernatant was determined using a Bradford assay kit 

(BioRad). Briefly, 5 µl of the extracted crude protein was diluted in 1995 µl of milliQ 

water (1:200 dilution), and 100 µl of this dilution was added into a 96 well plate as 

triplicates. Bovine serum albumin (BSA) protein standards were diluted in concentration 

ranging from 500 μg/ml to 7.5 μg/ml in milliQ water and blank controls were used as 

triplicates, to generate a standard curve of known protein concentrations against which 

all unknown samples could be compared. Equal quantities of the Bradford Coomassie 

protein substrate (Thermo-Fisher Scientific) were added into each well and the plate 

was incubated covered at room temperature for 5 min. Absorbance was measured at 

OD595 with a spectrophotometer (Synery2, Biotek).  A standard curve was prepared by 

plotting the average blank-corrected OD measurement for each standard versus the 

concentration in µg/ml. Using the equation generated from the standard curve, the 

protein concentration of the samples was estimated. 

For visualisation of the extracted protein, a normalised aliquot of the suspension (1000 

µg) was subjected to electrophoresis using ANYkDaTM protein gel (BioRad) (as explained 

in Section 2.2.5), followed by staining using Coomassie blue (Ready Blot, BioRad) for 5 

min. The gel was de-stained by rinsing two times with distilled water and visualised in a 

white background using a transilluminator and imaging system (ChemiDoc, BioRad), 

along with a pre-stained protein ladder (BioRad) to detect each protein size. 

6.2.6 Immunoprecipitation

20 µl of Dynabeads protein G magnetic beads (Thermo-Fischer Scientific) per sample 

were incubated with 5 µg of anti-FLAG monoclonal antibody (Sigma, F1805) overnight in 

a rotor mixer at 4oC. Excess antibody was removed by adding 500 µl of lysis buffer using 

a DynaMag magnet device (Thermo-Fischer Scientific). Immunoprecipitation (IP) of FLAG 

tagged proteins was performed by firstly incubating 1000 µg of the crude protein 

extracts with the FLAG tag antibody-coated Dynabeads overnight at 4oC with mixing. 

Post incubation, the Dynabeads-protein-antibody complex was washed three times with 

1 ml of the lysis buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-

100, 0.1% deoxycholate (Sigma), 0.1% SDS, 1 mM phenylmethylsulfonyl fluoride (PMSF) 
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and fungal proteinase inhibitor cocktail (Sigma) by placing the tube in a DynaMag 

magnet. To release the PacC protein from the complex, samples were incubated with 

incubated with 30 µl of 1x Lamelli buffer (BioRad, UK) with β-mercaptoethanol at 95oC 

for 15 min or were eluted after incubation with 100 µg of 3x FLAG protein epitope 

(Sigma) at room temperature for 10 min. 

6.2.7 Western blotting

To transfer the proteins to a blot, firstly, 30 µl of the immunoprecipitated sample or 

1000 µg of the crude protein extract was loaded onto an ANYkDaTM protein gel (Biorad). 

Protein electrophoresis was performed (as explained in Section 2.2.5), and the gel was 

transferred to a Polyvinylidene Difluoride (PVDF) membrane of a mini-blotting kit 

(BioRad), using a mini-transblot (BioRad) under the setting of mini-gels for 5 min to allow 

complete transfer of the proteins from the gel onto the membrane. The membrane was 

transferred into a 50 ml Falcon tube (Corning) with 5 ml of 5% non-fat dry milk in tris 

phosphate-buffered saline with 0.1% Tween-20 (TBST) for 1 h on a mixer-roller, followed 

by rinsing of the blot three times with TBST, each for 5 min.  

The blot was probed with the primary antibody, 100 µg of polyclonal anti-FLAG antibody 

(Sigma, F7465), at a 1:1000 dilution in 5 ml of TBST for 1 h on a mixer roller. Excess 

primary antibody was rinsed away by three washes with TBST, each for 5 min. The tidy 

blot horseradish peroxidase-conjugate (Sigma) was used as a secondary antibody (1:100 

dilution in 5 ml of TBST) to detect the primary anti-FLAG antibody. To detect signals on 

the blotted membrane, 1 ml of the ECL prime western blotting detection system (GE 

Healthcare) was used by placing the blot in a clear paper. The blot was finally visualised 

using the imaging system (ChemiDoc, BioRad), with a maximum exposure of 5 s. 

6.2.8 Chromosome Immunoprecipitation (ChIP) and sequencing 

All ChIPseq experiments were carried out in three biological replicate samples. 1x106

spores/ml of the A1160p+ (WT-Wild type) strain or the 3x FLAG tagged PacC expressing 

strain (FT) were grown in 50 ml of AMM (pH 5) for 18 h at 37oC with constant shaking at 

180 RPM. The mycelia were harvested by filtration, washed twice with milliQ water, and 

transferred into 50 ml of prepared RPMI-1640 media at pH 5, pH 7 or pH 8 for 4 h at 

37oC with constant shaking at 180 RPM. Cross-linking of proteins to the chromatin was 
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performed by the addition of 5 ml of freshly prepared and filter sterilised fixing solution 

(50 mM Hepes-KOH (pH 7.5), 11% formaldehyde, 100 mM NaCl, 1 mM EDTA), followed 

by incubation at 37oC for 20 min with constant shaking at 180 RPM. Cross-linking was 

stopped using 2 ml of stopping solution (0.2 M glycine), followed by incubation at 37oC 

for 10 min with constant shaking at 100 RPM.  The cross-linked mycelia were ground to 

a fine powder under liquid nitrogen, and ~100 mg of the mycelial powder was 

suspended in 1 ml of ChIP lysis buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 1 mM EDTA, 

1% Triton X-100, 0.1% deoxycholate (Sigma), 0.1% SDS, 1 mM PMSF and fungal 

proteinase inhibitor cocktail (Sigma) in a 1.5ml tube (Eppendorf).  

The cell suspension was sonicated with a sonicator (Q125, Qsonica) at 60% amplitude in 

30 s pulses for a total of 720 s to shear the chromatin to fragments with an average size 

of 200-600 bp. The cell debris was pelleted by centrifugation of the sonicated sample at 

13000 RPM for 10 min at 4oC, and the supernatant was collected and snap-frozen in 

liquid nitrogen to store at -80oC until use for ChIP and input control preparations. 

Verification of chromatin shearing to the correct size was performed after reverse cross-

linking the DNA from the protein by incubating the sonicated sample at 65oC for 16 h, 

followed by purification using phenol-chloroform method (Sambrook et al., 2001) and 

running on a 2% gel to visualise sheared DNA. To prepare input control (un-chipped 

DNA), 100 µl of the sonicated sample was incubated with equal quantities of freshly 

prepared elution buffer (1% SDS, 0.1 M NaHCO3, 0.2 mg/ml proteinase K, 1.0 mM DTT) 

and incubated at 65oC for 16 h, followed by DNA purification using phenol-chloroform 

(Sambrook et al., 2001). The extracted DNA was treated with 2.5 µg of RNaseA and 

incubated for 2 h (Sigma-Aldrich) followed by purification using a MiniElute PCR 

purification kit (Qiagen) and quantified using a Qubit according to the manufacturer’s 

instructions. Input control DNA was stored at -20oC until use.  

For ChIP, firstly the monoclonal anti-FLAG antibody (Sigma, F1805) was incubated 

overnight in a mixer roller at 4oC with Dynabeads protein G magnetic beads (Thermo-

Fischer Scientific). 400 µl of sonicated sample was added to this suspension and 

incubated overnight in a mixer roller at 4oC. The chromatin-Dynabeads complex was 

washed in a series of steps each three times firstly with ChIP lysis buffer, followed by 

LNDET buffer (0.25 M LiCl, 1% Nonidet P40, 1% deoxycholate, 1 mM EDTA pH 8) and 

finally with TE buffer (10 Mm Tris Hcl pH 8, 1 mM EDTA pH 8), followed by elution using 
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200 µl of freshly prepared elution buffer (1% SDS, 0.1 M NaHCO3, 0.2 mg/ml proteinase 

K, 1.0 mM DTT). The immunoprecipitated DNA in elution buffer was reverse cross-linked

at 65oC for 16 h, treated with 2.5 µg of RNaseA (Sigma-Aldrich), and purified using a 

MinElute PCR purification kit (Qiagen). The purified DNA was quantified using Qubit, 

according to the manufacturer’s instructions, and used at 7 ng concentration for 

sequencing. ChIPseq libraries were constructed by the University of Manchester 

Genomics Facility as per manufacturer’s instructions for Illumina ChIPseq library 

preparation, and 24 samples were indexed and sequenced in a single lane on the 

Illumina HiSeq4000 as paired-end reads. 

6.2.9 ChIP quantitative PCR (ChIPQPCR) validation 

Prior to sequencing, all ChIP samples were checked for enrichment by QPCR performed 

with a 7500 fast real-time PCR system (Applied Biosystems) with iTaq Universal SYBR 

Green Super mix (Bio-rad, UK). Primers were designed to amplify specific regions and 

the primer efficiencies were calculated (as explained in Section 2.2.5) and adjusted 

during the analysis if necessary. Primers used for QPCR analysis in this study are listed 

in Table 6.3. Amplification reactions were performed with a final volume of 20 μl by 

using 0.4 µM (1.0 µl) forward primer, 0.4 µM (1.0 µl) reverse primer, and 1 ng (1 µl) of 

DNA. The PCR cycling conditions were 95°C for 5 min, followed by (95°C for 3 s and by 

60°C for 30 s) for a total of 40 cycles. Samples were assessed in triplicates.  

Enrichment at the genome sites was calculated from the Ct values of the ChIPed DNA 

and the input control (non-ChIPed DNA). The actA gene was used as a reference 

housekeeping gene to compare enrichment profile. Briefly, the input control was 

adjusted to 1% and a dilution factor (DF) of 100 or 6.644 cycles (i.e., log2 of 100) was 

subtracted from the Ct value of diluted input.  

The % enrichment relative to input (% input) was calculated for each reaction using the 

formula:  

% Input = 100 ∗ (2(Input Ct − ChIP Ct))
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Table 6.3: Primers used in validation of PacC enriched regions using ChIPQPCR 

Name Sequence (5’-3)
Length

(bp)
Tm 
(OC) %GC

Amplicon 
size (bp)

ATPase 2-2_Fw TGCCCGGCTCAGCTAATC 18 59.5 61.1 136
ATPase 2-2_Rv ACACGACAGTCGACATGCC 19 60.4 57.9
ActA_Fw TGTTGTGTAGGAGGGAGAGAAGT 23 47.8 60.6

248ActA_Rv TTTCTTTTCCTTGGACCAGTCGC 23 47.8 60.6
NsdD-Fw CGCGTCAACTTGGCATAGTG 20 59.9 55.0 76
NsdD-Rv CAGAATGGCGTCGTGGTC 18 58.5 61.1
PacC upstream_Fw CAGCCAGTCATACATCGTGG 20 58.42 55.00 69
PacC upstream_Rv ACAAGACCGGGCCAAGAG 18 59.25 61.11
PacC coding_Fw CTGACCGGTGGCCCTTTG 20 58.42 55.00 88
PacC coding_Rv GAGCACCGTGTCCACCAG 18 59.25 61.11
HapX coding_Fw TATCTGTGGCCGGTTTCCTG 20 59.75 55.00 78
HapX coding_Rv GCACACCCGGGTCGATTAC 19 60.81 63.16
Ace1 upstream_Fw GCGCTGGTTGGATTGTTATTC 21 58.20 47.62 52
Ace1 upstream_Rv CATGACAGTGGGGCCCTC 18 59.73 66.67
AreA coding_Fw TCCGTCTCACTGGCTTTCTC 20 59.40 55.00 61
AreA coding_Rv GCAGCACTGTTCAGGTAGC 19 58.83 57.89
FumR upstream_Fw TTCCTCTTCTCGGCTGGTTG 20 59.68 55.00 60
FumR upstream_Rv GCTAATGCGGTGAGACAAAC 20 57.47 50.00
HasA upstream_Fw CTACTGCGGCCCTAATTGTG 20 58.70 55.00 63
HasA upstream_Rv TAGAGGCTTGGAGTTACGGG 20 58.52 55.00
GliZ upstream_Fw CGTTGACTACCACCTCGATC 20 57.81 55.00
GliZ upstream_Rv ACCAACCAAACGACTCCAAC 20 58.61 50.00 86

6.2.10 Analyses of sequenced reads 

Analyses of the sequenced reads using the University managed GALAXY Centaurus was 

performed by Dr. Ian Donaldson at the University of Manchester Genomics Facility. 

Briefly, pair ended raw sequenced reads saved as FastQ files (Cock et al., 2010), were 

checked for quality of their reads with FastQC (Wingett and Andrews, 2018), to generate 

basic statistics such as per base/base sequence quality, GC content, quality scores, 

adapter content, sequence length distribution, sequence duplication levels, and over-

represented sequences for each of the reads. Following this, trimming of Illumina 

adapter sequences and filtering of low-quality reads were performed using 

Trimmomatic (Bolger, Lohse and Usadel, 2014). The filtered reads were aligned to the 

A. fumigatus A1163 CADRE genome from Ensembl fungi, version 26 using Bowtie2 

(Langmead and Salzberg, 2012). The alignments were used to call the peaks relative to 

the input control, and information on the peak location was determined. Peak calling 
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was carried out using a Model-based Analysis for ChIPSeq (MACS2) version 2.1.0 (Zhang 

et al., 2008), with a q-value cut-off of 0.01.  

Figure 6.2: Flow chart for identification of peak summits in the enriched regions following 
ChIPseq. The raw pair ended reads from the sequencer were assessed for quality control, 
followed by the removal of adapter sequences/poor-quality end reads. Once satisfactory, the 
reads are mapped for alignment with a reference genome.  Following this, the alignments are 
used to call the peaks relative to the input control, and information on the peak location was 
determined. 

6.2.11 RNA sequencing (RNAseq) analysis  

Extracted RNA from A. fumigatus A1160p+ (WT) and ΔpacC strainswas sequenced and 

analysed for differential expression analysis using DESeq2 (Gsaller et al., 2018). 

Differentially regulated genes in the lack of the pacC gene (dp) relative to the A1160p+ 

(WT) strain at pH 5 (dp5vsWT5) and at pH 7 (dp7vsWT7) were identified by applying a 

filter of adjusted p-value significance <0.05 as well as a log2 fold change of >=2 (for 

upregulated genes) and a log2 fold change of =<-2 (for downregulated genes). 
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6.2.12 Gene set enrichment analysis 

Gene enrichment analysis were carried out using the FungiFun2 2.2.8 BETA web-based 

server (https://elbe.hki-jena.de/fungifun/fungifun.php) with the A. fumigatus A1163 

genome annotation. Closest genes (within 1 kb) to the highly enriched regions (fold 

enrichment >3) relative to input control from the ChIPseq data was chosen for the 

enrichment analysis. Differentially expressed genes with p-value significance <0.05 as 

well as a log2 fold change of >=2 (for upregulated genes) and a log2 fold change of =<-2 

(for downregulated genes) from the RNAseq data were subjected to the enrichment 

analysis. Significance of enrichment was analysed by the FungiFun2 2.2.8 BETA web-

based server (https://elbe.hki-jena.de/fungifun/fungifun.php) using hypergeometric 

distribution followed by Benjamini-Hochberg adjustment method with a p-value cut-

off <0.05. 
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6.3 Results 

6.3.1 Genome-wide binding profile of A. fumigatus PacC 

6.3.1.1 Validation of A. fumigatus FLAG tag PacC strain 

To confirm insertion of the FLAG tag in the N-terminally tagged 3x FLAG tag expressing 

PacC strain (FT) (Figure 6.1 A), PCR was performed on the extracted DNA of the A. 

fumigatus WT (A1160p+) and FT strains using custom primers (Table 6.2 and Figure 6.1 

B). The primers PacC1-PacC2 exhibited an amplicon band at 0.5 kb for the WT and ΔpacC

strains without the FLAG tag, and a slightly larger size band in the FT strain indicating 

the presence of FLAG tag in the strains. Further, the primers PacC3-PacC4 and PacC3-

PacC5 exhibited an amplicon band size at 3.7 kb and 6.3 kb, respectively, in the FT strain 

thereby confirming the 5’ site insertion of the expression cassette containing the FLAG 

tag, whereas no amplicon in the WT and ΔpacC DNA confirmed absence of the 

expression cassette (Section 6.6, Figure S1). 

The ambient pH signal required for functional PacC activation (from the PacC72 isoform 

to the PacC53 and PacC27 isoforms) initiates with the plasma membrane pH sensor PalH,

(Arst, Bignell and Tilburn, 1994). Hence, it was hypothesised that the deletion of palH 

gene in A. fumigatus must abolish PacC processing at alkaline pH; thus, a ΔpalH strain 

was generated in the FT strain (Figure 6.1 C), as a control to authenticate PacC protein 

expression in the FT strain. To confirm deletion of the palH gene and replacement with 

a pyrithiamine resistance cassette, PCR was performed on the DNA of ΔpalH FLAG 

tagged PacC strain (P), FT strain and a previously validated ΔpalHA1160p+ strain using 

custom primers (Table 6.2). The primers palH F and palH R showed an amplicon of 1 kb 

indicating the presence of the palH gene in the FT strain. However, no amplicon in the P 

strain confirmed absence of the palH gene, as seen for the ΔpalHA1160p+ strain, implying 

successful deletion of the palH gene in the generated P strain. Further, the pyrithiamine 

specific primers PtrAF-PtrAR confirmed the presence of the pyrithiamine cassette with 

an amplicon band at 2.0 kb observed only in the P strain and not in the FT and 

ΔpalHA1160p+ strains (Section 6.6, Figure S1). 

Previous observations have confirmed sensitivity of ΔpacC mutants to cation stress and 

alkaline pH conditions (Lamb and Mitchell, 2003; Bertuzzi et al., 2014). To confirm PacC 

functionality in the generated A. fumigatus FT and P strains, 103 spores from the strains 
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were grown for 3 days in AMM agar at pH 5, pH 6.5 and pH 8, with and without 200 mM 

NaCl (as explained in Section 6.2). At pH 5 and pH 6.5, no difference in growth was 

observed for the FT and P strains relative to the WT (A1160p+) strain, whereas the ΔpacC

strain revealed a compact phenotype aligning with previous results (Bertuzzi et al., 

2014). At pH 8, the FT and WT strains formed colonies, confirming functional PacC in the 

FT strain identical to that of the WT strain. While negligible growth was observed at pH 

8 +/- NaCl for ΔpacC strain (Bertuzzi et al., 2014), the growth of the P strain was negated 

at pH 8 +/- NaCl, indicating the absence of PacC processing. This difference in phenotype 

between the A. fumigatus ΔpacC and ΔpalH strains, whereby the ΔpalH is more sensitive 

to cation stress (in combination with pH) than the ΔpacC strain is consistent with other 

unpublished observations in the lab. A palH homolog, AopalH, studied in the 

nematophagous fungus Arthrobotrys oligospora, revealed lack of AopalH resulted in 

slower growth rates, greater sensitivities to cationic and hyperoxidation stresses, as well 

as reduced conidiation (Li et al., 2019). Nevertheless, no distinguishable phenotypic 

difference was observed between the WT strain and the FT strain (containing the FLAG 

tagged to PacC) at all tested conditions indicating presence of FLAG tag did not alter 

PacC sensitivity to cationic and pH sensitivity (Section 6.6, Figure S2). 

To examine PacC expression profile in A. fumigatus WT, FT, and P strains, crude protein 

was extracted following growth of the strains for 18 h and a 4 h pH shift from pH 5 to pH 

5, pH 7 and pH 8 (as explained in Section 6.2). SDS page and Coomassie staining to 

visualise extracted protein revealed efficient protein extracted from all the strains at the 

pH conditions tested (Figure 6.3 A). To detect PacC in the crude protein extract, a 

western blot was performed using a polyclonal anti-FLAG antibody for the protein 

extracted from the WT, FT, and P strains (as explained in Section 6.2). No hybridising 

proteins were identified in the WT protein extracts, whereas a hybridising polypeptide 

at around 37 kDa was identified in the FT strain extract at pH 5, pH 7 and pH 8. The 

intensity of the signal at pH 8 was greater than at pH 5 for the FT strain, while the signal

was lost completely from the ΔpalH (P) strain at pH 8 (Figure 6.3 B).  

The above observation (with the protein crude extract) indicated the 37 kDa polypeptide 

is the processed form of PacC, wherein PacC processing is enhanced at alkaline pH and 

is catalysed by PalH, aligning with previous observations of PacC processing in 

Aspergillus spp. (Peñalva et al., 2008; Loss et al., 2017). Intriguingly, at pH 5 and pH 7, 
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PacC protein expression was observed in the P strain, implying PacC processing to occur 

at acidic and neutral pH without the involvement of the PalH sensor.  

In order to 1) examine if immunoprecipitation suitably captured the expressed form of 

PacC, 2) validate specificity of the FLAG antibody for immunoprecipitation and 3)

observe PacC activation profile under acidic and alkaline environmental conditions, the 

A. fumigatus PacC protein was immunoprecipitated using a monoclonal anti-FLAG 

antibody from the crude extract of the WT, FT and P strains grown at pH 5 and pH 8 (as 

explained in Section 6.2).

Western blot of the immunoprecipitated protein revealed similar outcome as seen with 

crude extract from the WT, FT and P strains. No protein bands were observed for the 

WT at all pH conditions, confirming no observable non-specific immunoprecipitation 

using the anti-FLAG antibody (Figure 6.3 C). However, the FT strain revealed at least two 

isomers of the PacC protein at both pH 5 and pH 8 between 37 kDa to 55 kDa, 

representative of the PacC27 and PacC53 isoforms respectively (Peñalva et al., 2008). 

Some unprocessed forms observed in the FT strain at around 75 kDa at pH 5 indicated 

the unprocessed PacC72 isoform. Although processed PacC isoform, PacC27, was present 

at pH 5 in the P strain, no protein at pH 8 suggested lack of PacC processing in the 

absence of PalH at alkaline pH (Figure 6.3 C).  

Collectively, the above observations examining the crude protein extract and 

immunoprecipitated PacC protein in the WT, FT and P strains under acidic, neutral, and 

alkaline pH environments confirmed 1) immunoprecipitation suitably captured the 

expressed PacC forms, 2) validated the monoclonal anti-FLAG antibody for specific 

immunoprecipitation of PacC protein  and 3) re-affirmed the PacC protein expression 

profile in the A. fumigatus FT strain as seen in previous observations (Bertuzzi et al., 

2014; Loss et al., 2017), thereby validating the performance of the generated A. 

fumigatus FT strain for downstream ChIP sequencing. 
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Figure 6.3: Validation for expression of the PacC protein in the WT, FLAG tag PacC strain (FT) 
and ΔpalH FLAG tagged pacC (P) strains. A) Coomassie stained SDS gel, showing 1000 µg of the 
extracted crude protein for WT, FT, and P strains at pH 5, pH 7 and pH 8. B) Western blot, 
showing PacC expression in the WT, FT, and P strains at pH 5, pH 7 and pH 8. C) Western blot, 
showing the immune-precipitated products of WT, FT, and P strains at pH 5 and pH 8.  
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6.3.1.2 Genome-wide binding profile of A. fumigatus PacC 

An invaluable approach to map and identify the binding sites of transcription factors 

(TFs) at a genome-wide scale is by performing Chromatin immunoprecipitation (ChIP) 

followed by DNA sequencing (ChIPseq) (Ho et al., 2011). To prepare for ChIPseq, short 

fragments (200-600 bp) of DNA bound with PacC was immunoprecipitated from the 3x 

FLAG tag expressing PacC strain protein using the monoclonal anti-FLAG antibody. Input 

DNA was prepared alongside immunoprecipitated DNA (n=3 independent replicates) to 

evaluate enrichment. Immunoprecipitation using IgG antibody was performed as a 

control to check for background non-specific enrichment (as explained in Section 6.2).  

Previous observation in A. fumigatus CEA10 reveals the ena1 gene (AFUB_094610), 

encoding a sodium P-type ATPase, was upregulated within 5 min of an alkaline pH shift, 

while the ΔpacC strain did not show any change in ena1 expression upon the same pH 

shift (Loss et al., 2017). Hence Loss et al. suggested ena1 could be under direct 

transcriptional regulation of PacC. Therefore, it was hypothesised in this study that PacC 

enrichment at the ena1 gene site could serve as a positive control to assess the quality 

of the ChIPed DNA prior to sequencing (Landt et al., 2012). To this end, enrichment of 

PacC at a region that encompasses three of the PacC consensus binding sequence 

(5’GCCARG’3) (Espeso and Peñalva, 1996), within 1 kb upstream of the ena1 gene was 

examined using primers (ATPase 2-2_Fw and ATPase 2-2_Rv) (Table 6.3) and compared 

with enrichment in the promoter region (1 kb upstream) of actA gene (used as a 

housekeeping control). Enrichment was calculated as percentage relative to the input 

control at each of the gene sites (as explained in Section 6.2.9). 

At pH 5, a maximum of 5% enrichment was detected at the ena1 site for the ChIPed 

DNA, however the enrichment observed at the ena1 site was not significantly different 

to that observed for the actA gene site (Figure 6.4 A). At pH 7 and pH 8, enrichment at 

the ena1 site reached up to 15% and was significantly higher than the actA site (Figure 

6.4 B and C). This observation indicated PacC enrichment at neutral and alkaline pH (pH 

7 and pH 8 conditions). Although lower than the ena1 gene site, enrichment at the actA 

gene site suggests probable background enrichment. Nevertheless, IgG 

immunoprecipitated DNA showed no enrichment at either gene sites, suggesting 

efficient IP using the anti-FLAG antibody (Figure 6.4). 
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The above observations verified PacC binding at a PacC regulated gene in A. fumigatus

and thereby validated the quality of the ChIPed DNA for sequencing analysis. 

Figure 6.4: Validation of enrichment at ena1 gene site at A) pH 5, B) pH 7, and C) pH 8. 
Enrichment of the gene sites in DNA immunoprecipitated with anti-FLAG and IgG antibody was 
analysed. ChIPed DNA extracted from three technical replicates of three biological replicates 
shown. The WT input control was held at 100% and the percentage input was deduced as the % 
input relative to the WT control for the ena1 gene and actA gene sites. Error bars show ±SD. 
Data was analysed by two-way ANOVA and with Fishers’ LSD multiple comparisons test relative 
to the actA. ****p<0.0001, ***p<0.001,**p<0.01, *p<0.1. 
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Sequenced reads were analysed using the University managed Centaurus Galaxy server 

in a series of steps (as detailed in Section 6.2). FastQC (Wingett and Andrews, 2018). 

provided information on the raw sequences enabled an in-depth scan of the nucleotide-

specific and investigated if the reads are suitable for downstream analysis. None of the 

sequences were highlighted as poor quality by FastQC reports. Following the trimming 

of poor ended reads and over-represented adapter sequences using Trimmomatic 

(Bolger, Lohse and Usadel, 2014), the reads were aligned to the A1163 genome using 

Bowtie2 (Langmead and Salzberg, 2012), revealing a satisfactory alignment score for the 

replicates (See supplementary electronic document S2).  

Peak calling using MACS2 (Zhang et al., 2008), revealed one biological replicate 

(coloured in green) exhibited lesser called-peaks overlap than the other two replicates 

(coloured in red and blue) (Section 6.6, Figure S3). Further the third replicate (coloured 

in green) comprised predominantly of peaks with low fold enrichment (FE) scores 

relative to the input control (Section 6.6, Figure S3). Hence, a 100 bp merged peak 

summit regions from only the two most overlapping replicates were considered as true 

binding events to identify the closest gene (1 Kb from the gene start site) to the peak 

summit location. This decision was also in accordance with the two-replicate guideline 

of the ENCODE consortium (Landt et al., 2012).

To summarise variance information and clustering of the two replicates from the 

ChIPseq dataset at each pH condition, a principal component analysis (PCA) analysis was 

performed. Replicates 1 and 2 at pH 5, pH 7 and pH 8 all clustered together, whereas no 

clustering was observed between the replicates of different pH conditions, indicating 

less intra-group variance than inter-group variance, thereby suggesting valid 

performance of the replicates and the overall experiment (Section 6.6, Figure S3).  

Examination of the peak summits (with a q-value cut-off of 0.01), from the merged 

replicates at each pH condition revealed a total of 6891 peaks locations at pH 5, 

whereas, at pH 7 and pH 8, a greater number of peaks accounting to 9200 and 11641 

peaks respectively were identified (Table 6.4).  

On examination of the genomic location of the peak summit regions at each pH 

condition, strikingly, most of the enriched sites were intergenic in the coding region 

(Figure 6.5 A, B, C), accounting to 79% for pH 5, 64% for pH 7 and 76% for pH 8 of the 
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total peaks. Only 13-28% of enriched regions were located upstream of the start site of 

the gene (1 kb) (13% for pH 5, 28% for pH 7 and 16% for pH 8). Hence, it was 

hypothesised low FE scores peak summits were located in the coding regions and higher 

FE scores in the upstream regions. Contrary to this hypothesis, a large portion of the 

peak summits with high FE scores were also observed in the coding region, as seen with 

the cis-regulatory regions, in all the pH scenarios (Figure 6.5 D, E, F). However, several 

one and two FE values were detected in all genomic regions, corresponding to low-

affinity sites that maybe less specific. Consequently, a peak summit arbitrary cut-off for 

FE >=3 was chosen for further genomic analysis to identify the most significantly 

enriched sites relative to the input control. 

The highly enriched peaks (FE=>3) relative to the input control accounted for 3198 

regions at pH 5, 2240 regions at pH 7 and 8546 regions at pH 8 (Table 6.4). This 

observation of higher abundance in peaks at pH 8 is consistent with previously published 

data indicating more functional PacC at alkaline pH (Loss et al., 2017).   

Table 6.4: Mapping statistics showing the total called peak regions for pH 5, pH 7 and pH 8 and 
the fold enrichment (FE) scores for the peak regions relative to the input control. 

ChIPseq 
samples 

Total peak 
regions 

Total overlapping 
100-bp peak regions

Fold enrichment scores 
FE>=5 FE>=4 FE>=3 FE>=2

pH5 rep1 8371 6891 100 870 3198 6232 
pH5 rep2 12745
pH7 rep2 10960 6184 29 116 1658 5731 
pH7 rep3 10764
pH8 rep1 12537 11641 1242 4862 8546 11196 
pH8 rep2 13855

To gain confidence in the ChIPseq data analysis, enrichment upstream of ena1

(AFUB_094610) was visually assessed using the UCSC genome browser. Peak summits 

were visually observed in the regions 1 kb upstream of the ena1 gene start and in the 

intergenic regions at all pH conditions, thereby confirming PacC binding to ena1 from 

the ChIPseq analysis. As observed in the ChIPQPCR (Figure 6.4), the peak summit within 

1 kb upstream of the ena1 gene start site revealed a FE=5 at pH 5, while FE=10 at pH 7 
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and FE=12 at pH 8 relative to the input control (See supplementary electronic document 

S2). 

Figure 6.5: Overview of peak summits on the upstream, downstream, and coding regions, for 
pH 5, pH 7 and pH 8 conditions. A-C) Percentage of total peak summit locations in the genomic 
regions. D-F) Number of peak summit regions and the respective fold enrichment (FE) scores 
relative to the input control in the genomic regions. 
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6.3.1.3 Gene ontology analysis of genes enriched by A. fumigatus PacC 

To assess which functional categories of genes are significantly enriched by PacC 

binding, the genes within 1 kb of the peak summits (FE>=3 relative to input control), 

(Table 6.4), were processed for significantly enriched FunCat categories using FungiFun2 

(as explained in Section 6.2). 

 At pH 5, 6 functional categories were significantly enriched (p-value <0.05) comprising 

of 364 genes, namely carbohydrate metabolism (over 53%, 263 genes), electron 

transport (21%, 108 genes), biosynthesis of lysine and glycine as well as FAD/FMN and 

NAD/NADP binding (Figure 6.6 A).  

Interestingly, at pH 7, only two functional categories were significantly enriched (p-value 

<0.05) comprising of 178 genes. Of the assigned genes, 133 genes (over 73%) belonged 

to processes related to transcriptional control and the remaining 48 genes related to 

homeostasis of metal ions (eg: sodium, potassium, calcium), such as the sodium P-Type 

ATPase, calcium ATPase and siderophore iron transporter genes (Figure 6.6 B).  

At pH 8, 355 genes associated with 8 functional categories were significantly enriched 

(p-value <0.05), of which 223 genes (38%) related to transcriptional control, 47 genes 

related to transcription factor regulators, 68 genes were assigned to transcription 

activation and remaining genes to DNA modification, cell growth categories (such as 

growth regulators, cell aging, cell morphogenesis) as well as GTPase activators. The cell 

aging and cell fate categories included kinase genes such as the kinase yak1 involved in 

the initiation and maintenance of hyphal growth in C. albicans (Goyard et al., 2008), the 

MYB family conidiophore development proteins (flbD, flbA, flbC) (Xiao et al., 2010), and 

multiple chitin synthase genes (Figure 6.6 C).  

Conclusively, although electron/ion transport was common to all pH conditions, unique 

functional categories were significantly enriched at each pH condition, with metabolism 

related categories at acidic pH, whereas transcriptional activity, iron uptake and cell 

development categories were observed at neutral and alkaline pH conditions.  

Despite this gene annotation to enriched functional categories, at least 50% of PacC 

target genes were not assigned a category in each of the pH conditions due to lack of 

gene annotation. 
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Figure 6.6: Gene ontology-based functional categorization of the PacC bound genes (FE>=3) 
for significantly enriched FunCat categories at A) pH 5, B) pH 7, C) pH 8. FungiFun2 was used to 
identify significantly enriched functional categories (p-value>0.05) associated with the genes 
enriched by PacC binding. 
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6.3.1.4 A. fumigatus PacC binds to 123 transcription factor genes, including those of 
the epithelial regulators 

Binding of a transcription factor (TF) to a gene implies a direct interaction and regulatory 

activity of the gene. Further, TFs are known to work in a hierarchy forming a co-

ordinated regulatory network (Mancera et al. 2021).  Since PacC is the only TF governing 

both cell damage and cell lysis during in vitro infection with epithelial cells (Chapter 4), 

it was hypothesised that PacC establishes as a higher order TF working in co-ordination 

with other TFs including the regulators of epithelial damage (Table 4.1 and 4.2). 

In order to identify the A. fumigatus TFs bound by PacC, the 484 A. fumigatus TF genes 

(Furukawa et al., 2020) were examined for binding peaks (FE=>3 relative to input 

control) within 1 kb of the gene start site. A total of 123 TF genes exhibited PacC enriched 

peak summit regions at pH 5, 131 at pH 7 and 269 at pH 8 conditions (Figure 6.7). No 

TFs were uniquely bound by PacC at pH 5, whereas 30 TFs were uniquely bound at pH 7, 

and 99 at pH 8. All TFs bound at pH 5 were also bound at pH 7 and pH 8. A total of 54 TF 

genes were bound by A. fumigatus PacC at all pH conditions (Figure 6.7). 

Figure 6.7: Venn diagram showing the number of TF genes enriched at each pH condition. TF 
genes were examined for PacC enrichment (FE>=3) within 1 kb of the gene translational start 
site, at each pH condition. Blue circle= pH 5, red rectangle= pH 7 and green rectangle= pH 8.
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Among the 54 TF genes bound by PacC at all pH conditions, 13 TFs have been previously 

characterised (Figure 6.7), including the gliotoxin regulator GliZ (Bok et al., 2006), 

sulphur metabolism regulator MetR (Amich et al., 2013), iron homeostasis regulator 

HapX (Schrettl et al., 2010), nitrogen metabolism regulator AreA (Hensel et al., 1998), 

asexual development regulator StuA (Sheppard et al. 2005), and hypoxic response 

regulator SrbA (Willger et al., 2008). These 54 TF genes bound at all pH conditions 

indicates PacC mediated regulation of these TFs is independent of pH. Surprisingly, the 

pacC gene was also significantly enriched at all the conditions (pH 5, pH 7 and pH 8), 

suggesting PacC self-binding and direct regulation independently of the pH environment 

(See supplementary electronic document S2). 

In the list of TFs bound by PacC (at least one pH condition) are the previously 

characterised TFs reported to alter virulence in vivo, including the conidiation 

transcription factor BrlA (Han and Adams, 2001; Shin, Kim, and Yu, 2015), carbon 

catabolite repressor CreA (Beattie et al., 2017), CCAAT-binding transcription factor 

subunit HapB (Hortschansky et al., 2017), sexual development transcription factors 

NsdD (Szewczyk and Krappmann, 2010), and NsdC (Alves de Castro et al. 2021). 

This study had previously identified 17 A. fumigatus TFs governing epithelial cell 

damage, with PacC modulating both phases of epithelial damage during infection 

(Chapter 4). Hence, it was postulated that PacC directly bound with the identified 

epithelial regulator genes. Aligning with this hypothesis, 14 of the 17 identified epithelial 

regulator genes (Table 4.1 and 4.2) were bound by PacC (at least one pH condition) 

within 1 kb of the gene start site with a high FE score >=3 relative to the input control 

(Table 6.5).  Further, a unique PacC enrichment profile was observed for the epithelial 

regulator genes dependent on pH condition, for example, although the TF genes for 

1H12 (AFUB_033470) and 1H10 (AFUB_031980) exhibited PacC enrichment at pH 5 and 

pH 8, no enrichment was observed at pH 7, whereas the gene for 3E5 (AFUB_078520) 

showed enrichment only at pH 7 and not at pH 5 and pH 8 and SltA/Ace1 showed 

enrichment at both pH 7 and pH 8, while not being enriched at pH 5 (Table 6.5).  

Taken together, results from this study suggest PacC binds TFs uniquely at different pH 

conditions. Further, PacC is most likely a higher order regulator of TFs involved in 

epithelial damage, implying a significant role for PacC in co-ordinating epithelial cell 

invasion. 
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Table 6.5: Fold enrichment scores for the epithelial regulators at pH 5, pH 7 and pH 8 

6.3.1.5 Validation of the epithelial regulators bound by A. fumigatus PacC 

In order to validate PacC binding to the epithelial regulator genes, primers were 

designed to amplify regions +/- 50 bp of the peak summit location (Table 6.3). 

Considering the peak locations were observed in both the promoter and coding regions 

of the genes (Figure 6.5), selected peak regions in the 1 kb upstream sites of ndsD, pacC, 

ace1/sltA genes as well as peak regions within the coding sites of pacC, hapX and areA

genes were examined for enrichment with the FLAG tagged PacC strain. Further, to 

discern if the enrichment profile is independent of the epitope tag, an S-tag PacC strain 

(generated by Dr. Takanori Furukawa similar to FLAG tag PacC strain) was examined. 

ChIPed DNA from the FLAG- and S-tag PacC strains were analysed by ChIPQPCR, and 

percentage input was calculated for each gene (as explained in Section 6.2).  

PacC enrichment was observed in the upstream of the pacC and sltA/ace1 genes and 

was significantly different to that of the actA gene for both the FLAG tag and S-tag PacC 

DNA (Figure 6.8 A, B). Although enrichment was observed for the coding regions of pacC,

hapX and areA genes in the FLAG tag DNA, it was not significantly different to that 

AFUB number

TF number 
/Generic 
name Main Function 

ph5_merged
_fold_enrich

ment

ph7T_merged
_fold_enrichm

ent

ph8_merged
_fold_enrich

ment
AFUB_046160 2E4 Unknown #N/A #N/A #N/A
AFUB_027530 1G11 (creA) Carbon catabolite repression 2.07 3.58 3.88
AFUB_019830 5E12 Unknown 2.95 3.33 4.90
AFUB_035330 2A7 (nsdD) Early stage of mating 2.64 6.46 4.45
AFUB_037210 2B5 (pacC) pH response, epithelial invasion 4.74 4.84 3.45
AFUB_031000 1H8 Unknown #N/A #N/A #N/A
AFUB_096370 7G8 (areA) Nitrogen utilization 4.87 4.16 6.25
AFUB_033930 2A3 (BGC12)Secondary metabolite production #N/A #N/A #N/A
AFUB_089440 5H5 (nsdC) Early stage of mating 2.83 2.20 3.74
AFUB_005510 1A12 Unknown 4.31 2.55 5.10

AFUB number

TF number 
/Generic 
name Main Function 

ph5_merged
_fold_enrich

ment

ph7T_merged
_fold_enrichm

ent

ph8_merged
_fold_enrich

ment
AFUB_052420 2G3 (hapX) Iron homeostasis 5.13 4.97 5.36
AFUB_033470 1H12 Unknown 3.49 #N/A 4.28
AFUB_031980 1H10 Unknown 3.47 #N/A 5.20
AFUB_041100 2C7 (sltA) Cell wall architecture #N/A 5.71 2.77
AFUB_078150 3E3 (atfD) Stress response to conidia 2.61 1.95 3.40
AFUB_078520 3E5 Unknown #N/A 5.28 #N/A
AFUB_037210 2B5 (pacC) pH response, epithelial invasion 4.74 4.84 3.45
AFUB_015750 1D11 Unknown 2.60 2.88 3.69

CELL DETACHMENT TFs

CELL LYSIS TFs



233 

observed for the actA gene site. No enrichment was noted for the S-tagged DNA in the 

actA site or the coding regions (Figure 6.8 A, B). 

The above findings confirm PacC binding upstream of the selected epithelial regulators. 

However, the PacC enrichment profile at the actA gene site may be dependent on the 

tags. Moreover, the peak summits observed in the coding region of the FLAG tag 

enriched DNA could be to some extent non-specific and needs further validation by 

alternate approaches (as discussed in Section 6.4).

Figure 6.8: Validation of enrichment at selected epithelial regulators gene sites of A) FLAG 
tagged and B) S-tagged PacC. Enrichment at peak summit regions in the upstream and coding 
regions of the epithelial regulators were validated by ChIPQPCR. Upstream regions were chosen 
for ndsD, pacC, ace1/sltA, actA and coding regions were chosen for pacC, hapX and areA.
Percentage input was calculated at each of the gene sites of the epithelial regulators relative to 
actA gene. Error bars show ±SD. Data was analysed by one-way ANOVA with Fishers’ LSD 
multiple comparisons test relative to actA. **p<0.01, *p<0.1. 
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6.3.2 Genome-wide transcriptomic profile of A. fumigatus PacC 

6.3.2.1 Differentially regulated genes in the absence of PacC at acidic and neutral pH 

Following the CHIPseq experiment to understand direct genome-wide binding profile of 

A. fumigatus PacC (Section 6.3.1), a previously published RNAseq dataset (Gsaller et al., 

2018), was leveraged to analyse PacC genome-wide gene expression profile. To this end, 

the DESeq2 output of A. fumigatus ΔpacC (dP) and the WT (A1160p+) strains cultured 

using identical experimental conditions (18 h mycelia cultured for 4 h at pH 5 or pH 7 

shift) to that of the ChIPSeq experiment conditions was reanalysed. Differentially 

regulated genes (DEGs) in the lack of pacC relative to WT at pH 5 (dp5vsWT5) and at pH 

7 (dp7 vs WT7) were defined as those having an adjusted p-value <0.05, with 

upregulated genes (log2 fold change>=2) and downregulated genes (log2 fold change =<-

2) relative to the WT (as explained in Section 6.2).  

A total of 797 genes were differentially regulated at acidic pH in the absence of pacC

(dp5vsWT5), with 490 genes upregulated and 307 genes downregulated (Section 6.6, 

Figure S4). FunCat analysis of the DEGs for significantly enriched functional categories 

(p<0.05), assigned the down regulated DEGs into 8 functional categories and the 

upregulated DEGS into 15 categories (Section 6.6, Figure S4). A total of 848 genes were 

differentially regulated at pH 7 in the absence of pacC (dp7vsWT7), with 519 genes 

upregulated and 329 genes downregulated (Section 6.6, Figure S4). FunCat analysis of 

the DEGS for significantly enriched functional terms (p<0.05) assigned the 

downregulated DEGS into 12 functional categories and the upregulated DEGS into 20 

categories (Section 6.6, Figure S4). Examination of genes differentially regulated when 

pacC is lacking at pH 5 and pH 7, revealed not only a unique cohort of DEGS exclusively 

at each pH, but also 158 upregulated genes and 194 downregulated DEGS at both pH 

conditions (Section 6.6, Figure S4).  

To understand if the A. fumigatus PacC gene expression profile reported in this study, 

correlated with the PacC expression profile from previous observations (Bertuzzi et al., 

2014; Loss et al., 2017; Espeso and Arst, 2000), a selection of previously reported PacC 

regulated genes were examined for the gene expression profile in this study.  

The gliotoxin pathway genes (gliM, gliT, gliZ, gliH) formed part of DEGs at both pH 5 and 

pH 7, with almost all of them being downregulated in the absence of pacC. Additionally, 
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genes of secreted proteases such as di- and tri-peptidyl peptidases (dpp3, dpp4, dpp5, 

sed4, sed1) and secretory component proteins (shr3, shr2) were differentially regulated 

in one or both pH conditions. Further, the global regulator of secondary metabolism, 

laeA, is also downregulated at both pH 5 and pH 7 in the absence of pacC gene (Figure 

6.9). Moreover, cell wall genes (chitinases, transferases such as gel2, gel3 and xlnD) 

were also dysregulated in the lack of pacC. These observations agree with previously 

reported microarray analysis reporting PacC regulation of secreted products during 

murine infection (Bertuzzi et al., 2014). 

Figure 6.9: Heat map showing a selection of previously reported genes downregulated or 
upregulated at acidic or at neutral pH or at both conditions. Selected marker genes regulated 
by PacC, and the log2 fold change relative to the WT at pH 5 (dp5vsWT5) and pH 7 (dp7vsWT7). 
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Moreover, alkaline phosphatases were downregulated, whereas acid phosphatases 

were upregulated in the absence of pacC (Figure 6.9), reiterating PacC is an activator of 

alkaline expressed genes and a repressor of acid expressed genes, aligning with reports 

from A. nidulans (Espeso and Arst, 2000). Additionally, the alkaline expressed sodium P-

type ATPase (ena1) was upregulated at acidic pH and downregulated at alkaline pH 

emphasising PacC regulation of the gene at alkaline pH (Loss et al., 2017). In addition to 

the above genes, virulence associated genes, such as the conidial hydrophobin (rodA), 

major allergens (aspf2, aspf3, aspf4), genes involved in siderophores mediated iron 

uptake (sid and mir) were regulated by PacC, aligning with previous reports in A. nidulans

(Eisendle et al., 2004). 

6.3.2.2 Transcription factors differentially regulated by A. fumigatus PacC  

TFs most likely work in co-ordination, with more than one TF involved in a cell process 

and at times regulating each other to facilitate gene expression or repression, thereby 

forming a cohesive network of TFs (Mancera et al. 2021; Nobile et al., 2012).   

To identify the TFs differentially regulated in the absence of pacC at acidic and alkaline 

pH environments, the 484 A. fumigatus TF genes (Furukawa et al., 2020), were examined 

for dysregulation at pH 5 (dp5vsWT5) or at pH 7 (dp7vsWT7). Downregulation of a TF 

gene in the absence of pacC implies PacC is an activator of the TF, while upregulation of 

a TF gene in the absence of pacC implies PacC is a repressor of the TF.  

At pH 5, 36 TF genes were differentially regulated, with 12 being downregulated, and 24 

TF genes upregulated (Figure 6.10 A). At pH 7, 35 TF genes were differentially regulated, 

with 15 downregulated, and 20 TF genes upregulated in the absence of pacC (Figure 

6.10 B). Of them, 17 TF genes were differentially regulated uniquely either at pH 5 or at 

pH 7, for example, metZ and flbD were upregulated at pH 7 and not at pH 5, suggesting 

pH specific PacC regulation of the TFs. Additionally, 18 TF genes were differentially 

regulated at both pH 5 and at pH 7 (Figure 6.10 C), suggesting pH independent regulation 

of the TFs by PacC. 



237 

Figure 6.10: List of transcription factor genes differentially regulated in the absence of pacC gene and the corresponding log2 fold change relative to the 
WT at A) pH 5, B) pH 7, C) pH 5 and pH 7.  
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Among the 18 TF genes dysregulated at both pH conditions (pH5 and pH7) in the absence of 

pacC were the previously characterised genes of gliotoxin regulator gliZ (Bok et al., 2006), 

sexual development regulator nscR (Szewczyk and Krappmann, 2010), as well as secondary 

metabolite regulators fumR (Dhingra et al., 2013) and hasA (Yin et al., 2013), revealing PacC 

activates the TFs GliZ and NscR and represses the TFs FumR and HasA, at both acidic and 

alkaline pH environments (Figure 6.10 C).  

Only one of the 17 identified A. fumigatus regulators of epithelial damage (Table 4.1 and 4.2), 

NsdD (AFUB_035330), involved in early stage of mating (Szewczyk and Krappmann, 2010; 

Alves de Castro et al., 2021), was identified in this study to form part of PacC’s transcriptomic 

profile. This could be attributed to the difference in experimental conditions between the 

epithelial cell damage screening (infection scenario) or pH shift conditions (without infection 

scenario), which may likely have an impact on PacC’s gene expression profile.  

Taken together, the results indicate PacC regulates TFs uniquely at acidic and neutral pH 

environments, with unique cohorts of TFs mediated by PacC exclusively at each pH condition, 

as well as a unique cohort of TFs mediated by PacC independent of pH. Further analysis 

integrating the genome-wide transcriptomic profile of PacC along with PacC’s genome-wide 

binding profile will unravel the A. fumigatus TFs directly under PacC’s regulation. 

6.3.3 Overlap of binding and transcriptomic profile of A. fumigatus PacC  

In order to understand the relationship between genome-wide binding and gene expression 

profile of PacC and to identify genes directly regulated by PacC (also referred to as “PacC’s 

regulon”), the enriched genes and the DEGs from the ChIPseq and RNAseq datasets 

respectively, were integrated and examined. Downregulation of a gene in the absence of pacC

implies PacC acts is an activator of the gene, while upregulation of a gene in the absence of 

pacC implies PacC is a repressor of the gene, under the specified pH. 

 At pH 5, a total of 199 genes were both bound and regulated by PacC (Figure 6.11 A), of which 

119 were repressed (upregulated genes) and 80 were activated (downregulated genes) 

(Section 6.6, Figure S5). At pH 7, a total of 149 genes were both bound and regulated by PacC 

(Figure 6.11 B), of which 74 were repressed (upregulated genes) and 75 were activated 

(downregulated genes) (Section 6.6, Figure S5). In the absence of a gene expression profile 

for PacC at pH 8 under similar setting, PacC binding at pH 8 was integrated with the DEGS at 
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pH 7 revealing a total of 477 genes both bound and regulated by PacC (Figure 6.11 C), of which 

290 were repressed (upregulated genes) and 187 were activated (downregulated genes) 

(Section 6.6, Figure S5).  

Examining the number of overlapping genes between ChIPseq and RNAseq revealed, of the 

2313 genes bound by PacC at pH 5, only 199 genes (9%) showed differential mRNA levels. 

Similarly, at pH 7, of 1631 genes bound by PacC, only 149 genes (9%) showed differential 

mRNA levels and of the 4933 genes bound by PacC at pH 8, only 477 genes (9%) showed 

differential mRNA levels at pH 7 (Figure 6.11 A, C, E). These results suggest that binding of 

PacC alone to a gene is not always sufficient to elicit regulatory function on the gene. 

Figure 6.11: Relationship of the binding and gene expression profile of A. fumigatus PacC. Venn 
diagram showing the overlap in the numbers of DEGS (identified by RNAseq) and PacC binding 
(identified by ChIPseq) at A) pH 5, B) pH 7, C) pH 8 and the overlap of number of genes both 
differentially regulated and bound by PacC.

To identify the significantly enriched functional categories for genes in PacC’s regulon, 

overlapped genes (both bound and regulated) from the ChIPseq and RNAseq datasets (Figure 
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6.11), were examined for significantly enriched FunCat categories (p<0.05) using FungiFun2. 

Strikingly, at least 40% of genes examined for FunCat categories were unannotated at each 

pH condition and hence not categorised. 

Figure 6.12: FunCat categories for genes differentially regulated as well as bound by PacC. FunCat 
analysis for significantly enriched GO terms (p<0.05) for the genes both regulated (identified by 
RNAseq) and also bound by PacC (identified by ChIPseq) at A) pH 5, B) pH 7, C) pH 8. 
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Of the 199 genes directly regulated by A. fumigatus PacC at pH 5 (Figure 6.11 A), 60 genes 

were assigned to two significantly enriched categories of secondary metabolism and non-

vesicular cellular import (Figure 6.12 A), wherein PacC directly repressed genes for secondary 

metabolism and biosynthesis/ degradation of phenylalanine and activated genes for 

extracellular polysaccharide degradation (Section 6.6, Figure S6).  

Of the 149 genes directly regulated by PacC at pH 7 (Figure 6.11 B), 55 genes significantly 

enriched for categories were assigned to six functional categories (Figure 6.12 B), with PacC 

directly activating secondary metabolites, carbohydrate transport and metabolism, cellular 

import, transport, and homeostasis of ions (Section 6.6, Figure S6).  

Of the 477 genes directly regulated by PacC at pH 8 (Figure 6.11 C), 210 genes significantly 

enriched for categories were assigned to twelve functional categories (Figure 6.12 C), with 

secondary metabolism in both upregulated and downregulated categories, indicating a 

unique regulatory profile of secondary metabolite genes being activated and repressed by 

PacC (Section 6.6, Figure S6).  

The sodium P type ATPase (ena1) was directly activated by PacC at pH 7 and pH 8, whereas 

acidic-expressed GABA permease was directly repressed by PacC; and the opposite was 

observed at pH 5. This confirmed a direct regulatory control of alkaline and acid expressed 

genes under the relevant pH condition by A. fumigatus PacC and re-affirms observations from 

A. nidulans studies (Espeso and Arst, 2000; Peñalva et al., 2008) (See supplementary 

electronic document S2). 

6.3.3.1 Cell wall and secreted products directly regulated by A. fumigatus PacC  

Examination for cell wall associated A. fumigatus genes in PacC’s regulon revealed several cell 

wall genes including hydrophobins (rodA and rodB), conidial pigment biosynthesis genes and 

oxidases, GPI anchored proteins, chitinases and cell wall proteins (such as the gel proteins) 

were directly activated by PacC at pH 7 and pH 8 (See supplementary electronic document 

S3).  

Moreover, examination for A. fumigatus genes associated with secreted products revealed 

secondary metabolites such as the gliotoxin genes (gliJ and gliL repressed and gliZ and gliT

activated), biosynthesis of pseurotin A, fumagillin, and fumiquinazolines as well as 
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biosynthesis of conidial pigments such as DHN-melanin and of fumipyrrole (a brown pigment 

that is involved in growth and conidiation consisting of genes fmpH, fmpE) formed part of 

PacC’s regulon at at least one pH condition (See supplementary electronic document S3). 

Additionally, several proteases, peptidases (including dpp4, dpp5), lipases, hydrolases, pectin 

lyases, acetyltransferases as well as iron and zinc transporters were also directly activated. In 

particular, genes for allergens (aspFs), iron transporters (mirB, sidG), dipeptides (dpp4 and 

dpp5) and peptidases (lap2, mep) were directly activated, while a gene cluster that mediates 

conidiation (brlA, flbC and nsdD) was repressed (See supplementary electronic document 

S2). 

Collectively, the above functional categories and genes directly under PacC’s control 

(associated with each pH condition), reiterated previously reported role of A. fumigatus PacC 

in virulence associated biological processes (Bertuzzi et al., 2014; Loss et al., 2017), with this 

study identifying more functional categories associated at neutral and alkaline pH conditions 

than at an acidic pH. 

6.3.3.2 A. fumigatus PacC directly regulated 26 transcription factors  

In order to identify the A. fumigatus TFs directly regulated by PacC at acidic, neutral, and 

alkaline pH environments, genes of the 484 A. fumigatus TFs (Furukawa et al., 2020), were 

examined in the overlapped genes of ChIPseq and RNAseq at pH 5, pH 7 and pH 8 (Figure 6.11 

A, B, C).  

At pH 5, 113 TFs were only bound by PacC and not differentially regulated (Figure 6.13 A).  

Similar to pH 5, a large portion of the TF genes were only bound and not differentially 

regulated (116 and 243 genes were only bound and not differentially regulated at pH 7 and 

pH 8 respectively) (Figure 6.13 B and C). This observation reiterated that binding of PacC to 

the TF gene was not always an indication of regulation of the TF by PacC under the 

experimental conditions. 

At pH 5, 10 TFs were directly regulated by PacC. At pH 7 and pH 8, 15 TFs and 23 TFs were 

directly regulated by PacC respectively (Figure 6.13). Only 5 TFs were regulated at all pH 

conditions (AFUB_095180, AFUB_086770, AFUB_035590, AFUB_096500, AFUB_075680/gliZ) 

(Section 6.6, Figure S7), of which only one TF, GliZ (Bok et al., 2006), has been previously 

characterised. All except AFUB_096500 were activated at pH 5 and pH 7 (Figure 6.13 D), while 
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PacC was a repressor for AFUB_096500 independent of pH (Figure 6.14). The 5 TFs (Section 

6.6, Figure S7), directly regulated by PacC at all pH conditions imply these TFs are controlled 

by PacC independent of pH. 

Of the 484 A. fumigatus TFs, a total of 26 TFs formed PacC’s regulon, some specific to each 

pH condition (Figure 6.13 D). Of them, only 9 TFs have been previously characterised 

comprising of BrlA, FlbC and FlbD involved in conidiation (Han and Adams, 2001; Shin, Kim, 

and Yu, 2015; Xiao et al., 2010), HasA regulator of secondary metabolites (Yin et al., 2013), 

MetZ regulating sulphur metabolism (Amich et al., 2013), GliZ involved in gliotoxin 

biosynthesis (Bok et al., 2006), FumR in biosynthesis of fumagillin (Dhingra et al., 2013), and 

NscR and NsdD (Szewczyk and Krappmann, 2010; Alves de Castro et al., 2021), regulators of 

sexual reproduction.  

Examination of the activation and repression profile of the 26 TFs under direct PacC control 

(Figure 6.13 D), revealed a unique and specific regulatory pattern at each pH condition. For 

example: A. fumigatus PacC repressed AFUB_090250 and activated AFUB_044670 exclusively 

at pH 5, while AFUB_029400 was activated at both at pH 5 and pH 7 but was repressed at pH 

7. Interestingly, of the 7 TFs directly regulated at pH 8, PacC repressed AFUB_085820, 

AFUB_047310, HasA and MetZ while activated AFUB_010720, AFUB_084670 and 

AFUB_062000. Interestingly, NscR is activated by PacC at pH 5 and pH 8 whereas 

AFUB_078120 repressed by PacC under the same conditions. An overlap of 8 TFs were directly 

activated at both pH 7 and pH 8 (wherein PacC activated AFUB_020110, AFUB_020080, NscR, 

TFs and repressed AFUB_077130, BrlA, FumR, NsdD and FlbD) (Figure 6.14). 

In summary, the above results suggest there are unique TFs forming A. fumigatus PacC’s 

regulon dependent on the pH environment. Further, specific activation/repression profile for 

each of the TFs is mediated by PacC dependent on the pH encountered. Astonishingly, only 

one epithelial regulator, NsdD (AFUB_035330), involved in A. fumigatus mating (Szewczyk and 

Krappmann, 2010; Alves de Castro et al., 2021), (Table 6.5), was directly regulated (repressed) 

by PacC at alkaline and neutral pH. 
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Figure 6.13: Transcriptional regulators bound and regulated by A. fumigatus PacC at acidic and 
alkaline pH. Venn diagram showing the overlap in the numbers of PacC regulated TFs (identified by 
RNAseq) and PacC bound TFs (identified by ChIPseq) at A) pH 5, B) pH 7, C) pH 8, D) Heatmap showing 
the log2 fold change relative to WT (From RNAseq analysis) of the TFs, depicting upregulation or 
downregulation at acidic and alkaline pH.
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Figure 6.14: Schematic model showing the A. fumigatus TFs bound and regulated by PacC at pH 5, pH 7 and pH 8.  26 A. fumigatus TFs formed part of PacC’s 
regulon (at least one pH condition). Unique regulators were activated or repressed, with an overlap of 5 TFs, directly regulated irrespective of pH condition. 
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6.3.3.3 Validation of the A. fumigatus transcription factors forming part of PacC’s regulon 

In order to validate PacC binding to the A. fumigatus TFs putatively forming part of PacC’s 

regulon, primers were designed (Table 6.3) to amplify regions +/- 50 bp of the peak summit 

location within 1 kb upstream of the translational start site (TSS) for selected characterised TF 

genes (gliZ, hasA and fumR), and QPCR was performed on the ChIPed DNA and input DNA. 

Further, to discern if the enrichment profile is independent of the epitope tag, the validations 

were performed on DNA prepared from the FLAG tagged and the S-tagged PacC strains and % 

input was calculated for each gene site and enrichment was examined relative to actA (as 

explained in Section 6.2). 

PacC enrichment was observed for the upstream gene sites of gliZ, hasA and fumR for the 

FLAG tagged DNA and was significantly higher than that observed for the actA gene site 

(Figure 6.15 A). However, the S-tagged PacC DNA showed significantly more enrichment only 

for the hasA gene compared to the actA site, albeit the enrichment for gliZ and hasA was 

higher than the actA site (Figure 6.15 B). Overall, validation of selected peak summit sites for 

the PacC’s regulon by ChIPQPCR confirmed PacC binding at the chosen gene sites. 

Figure 6.15: Validation of PacC enrichment at upstream gene sites of selected TF genes. Percentage 
input of selected transcriptional regulators forming part of PacC’s regulon checked by QPCR for FLAG 
tagged and S-tagged PacC strains. Enrichment at selected peak summit regions in the upstream 
regions of the regulators were validated by ChIPQPCR for A) FLAG tag and B) S-Tag DNA and verified 
for enrichment relative to actA enrichment. Error bars show ±SD. Data was analysed by one-way 
ANOVA with Fishers’ LSD multiple comparisons test relative to the actA.**p<0.01, *p<0.1. 
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6.4 Summary and discussion 

Next generation sequencing (NGS) approaches enable an understanding of genome-wide 

gene expression profile of a microorganism modulated via specific transcription factors (TF) 

in response to environmental signals. Previous studies on the pH responsive TF, PacC, and 

components of the pH regulatory pathway have not only highlighted the critical importance 

of adaptation to environmental pH for virulence in fungi (including in Aspergillus spp.) but 

also uncovered the importance of PacC in biological processes beyond that of alkaline 

adaptation (Davis et al., 2000; Bignell et al., 2005; Bertuzzi et al., 2014). By associating A. 

fumigatus PacC genome-wide binding (using ChIPseq), with genome-wide RNA expression 

levels of ΔpacC mutants relative to the parental isolate (using RNAseq) (Gsaller et al., 2018), 

this chapter has identified functional categories of genes and regulatory network directly 

regulated by A. fumigatus PacC under acidic, neutral, and alkaline pH environments. 

6.4.1 A. fumigatus PacC expression profile at acidic, neutral, and alkaline pH  

Expression of A. fumigatus PacC was analysed at acidic, neutral, and alkaline pH via 

immunoprecipitation, which is one of the critical steps to a successful ChIPseq experiment 

(Landt et al., 2012). Immunoprecipitation allows specific elution of a protein, performed by 

tagging the protein of interest with an exogenous epitope that can be detected by an epitope-

specific antibody, hence enabling ease in capture and detection of expressed protein forms. 

Considering the unprocessed PacC protein (PacC72), undergoes proteolytic cleavage leading 

to removal of C-terminal residues (Orejas et al., 1995; Mingot et al., 1999), a 3x FLAG tag was 

inserted at the N-terminal end of A. fumigatus PacC (Figure 6.1 and Figure S1). However, 

tagging may introduce concerns on altered protein expression levels and activity of a TF. 

Identical phenotype (no changes to colony morphology, pigmentation, or sporulation) of the 

FT strain to the untagged PacC strain (WT), under pH and cationic stress indicated no 

alterations in growth contributed by the presence of 3x FLAG tag in the FT strain (Figure S2).

No immunoprecipitated PacC forms in the A. fumigatus WT protein observed by western blot 

proved stringent and specific immunoprecipitation by the anti-FLAG antibody for the PacC 

protein (Figure 6.3), while at least one PacC isoform was observed in the FT strain. A stronger 

band observed visually at alkaline pH in comparison to acidic pH in the western blot implied 

increased processed PacC forms at alkaline pH relative to the acidic and neutral pH (Figure 



248 

6.3 B and C). This observation agrees with previous EMSA experiments showing low and high 

mobility retardation complexes of A. fumigatus PacC at both acidic and alkaline pH conditions, 

with increase in the high mobility forms upon shifting to alkaline conditions (Bertuzzi et al., 

2014, Loss et al., 2017).  Intriguingly, the size of the PacC protein observed in our western blot 

was not at the expected protein size depicting the PacC isoforms (72, 53 and 27 kDa), rather 

the protein size shifted to around 37 kDa, with two bands that could correlate to the 

intermediate isoform of 53 kDa and processed isoform of 27 kDa. This abnormal 

electrophoretic mobility of PacC protein has been reported in previous western blots 

visualising PacC isoforms in A. nidulans with the processed forms located around the 40 kDa 

region (Mingot et al., 1999; Galindo et al., 2007). The inconsistency in the protein size 

observed in the blot is attributed to reduced mobility in SDS-PAGE by the highly basic N-

terminal zinc-finger region which affects mobility by altering SDS binding to the polypeptide 

in SDS-PAGE (Mingot et al., 1999). Another possible explanation for a change in the protein 

size in our study could be due to the increased length of the 3x FLAG tag (having more charged 

amino acids than the 1x FLAG tag, HA tag or Myc tag), that may potentially interfere more 

strongly on SDS gels.  

Minimal amounts of processed PacC were still observed at acidic pH (pH 5) in the FT and the 

P strains (Figure 6.3). Similar to this observation, another recent study also reported minimal 

amounts of processed PacC forms visualised at acidic pH in A. fumigatus ΔpalH strains but not 

in alkaline pH (Toledo et al., 2022). This is plausible as pH independent PacC processing has 

been reported at acidic pH in A. nidulans (Mingot et al., 1999). There is also a possibility that 

additional pH sensors could be involved at acidic pH contributing to initiation of PacC 

processing, but this hypothesis has not been explored by the research field yet. Nevertheless, 

lack of the palH gene in the FT strain negated processing of PacC under alkaline pH (pH 8), 

validating expression of PacC in the FT strain. Collectively, our findings are consistent with the 

conserved pH-responsive mode of PacC activation in alkaline environmental conditions and 

validated the A. fumigatus FT strain for ChIPseq. 

6.4.2 Genome-wide binding and transcriptional profile of PacC 

ChIPseq for discovery of protein-DNA interactions (such as TF binding, or histone 

modifications) has only been employed from the last two decades (Ho et al., 2011). Alternate 
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approaches to indicate interaction of PacC with a gene have been indirect, either by 

inspecting differential regulation of the gene in the transcriptional profile of a ΔpacC strain 

relative to the parental strain (Bertuzzi et al., 2014; Loss et al., 2017), or via searching for 

presence the PacC consensus motif (5’GCCARG) (Tilburn et al., 1995), in the cis-regulatory 

elements of the PacC regulated genes (Chen et al., 2018; Barda et al., 2020). A recent study 

implied direct PacC regulation in the 54% of the genes differentially regulated in Magnaporthe 

oryzae ΔpacC strain (relative to WT), that possessed one or more GCCARG motifs in the 

promoter region of the gene (Li, Chen, and Tian, 2022). However, the PacC motif could be 

encountered simply by a random probability of 6 sequence of nucleotides present together, 

hence the occurrence of a particular motif may not indicate direct binding. Moreover, motifs 

may possibly be recognized by a large family of TFs (Shelest, 2017), hence not indicative of 

binding by only one TF. Although gene site mutations would allow a precise validation of 

direct binding, as done previously in A. nidulans (Espeso et al., 1997; Espeso and Arst, 2000),

the approach is usually complex, does not account for binding facilitated by alternate 

consensus binding motifs and cannot be performed on a genome-wide scale. Therefore, 

ChIPSeq addresses the above drawbacks and provides insights into direct interaction of the 

TF with the genes on a genome-wide scale. 

Aligning with the guidelines from the ENCODE consortium (Landt et al., 2012),  several criteria 

were employed in the ChIPseq experiment, such as 1) a control ChIP was prepared from every 

sonication batch for each pH condition to maintain consistency, 2) Hiseq4000 sequencer that 

offered at least 6 million reads per sample was employed to reach ENCODE guidelines of a 

minimum sequencing depth of 2 million for TFs of this category (Landt et al., 2012),  3) two 

independent biological replicates were employed to ensure reproducibility for binding site 

analysis, as previous RNA polymerase II ChIPseq experiments showed that more than two 

replicates did not significantly improve site discovery (Rozowsky et al., 2009),  4) enriched 

DNA was compared with the input control providing a fold enrichment score for each peak 

summit region, which may imply the binding strength, 5) quality control of the enriched DNA 

was performed by ChIPQPCR, thereby confirming enrichment upstream of the alkaline 

expressed PacC regulated ena1 gene, relative the actA site at pH 7 and pH 8 (Figure 6.4).  

A remarkably large number of total peak summit regions were detected for all pH conditions 

(Table 6.4), an observation contrary to other ChIPseq studies of A. fumigatus TFs (Ries et al., 
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2017; Picazo et al., 2020; Alves de Castro et al., 2021; de castro et al., 2014; Colabardini et al., 

2022). This raised concerns if all the binding events were true which was answered by 

targeted ChIPQPCR experiment or can be followed up by performing ChIPseq analyses using 

an alternate tagged PacC strain in the future. The increased peak summit regions at pH 8 and 

pH 7 in comparison to pH 5 (Table 6.4), aligns with current knowledge of increased processed 

PacC form at alkaline pH conditions (Loss et al., 2017), that may have directly attributed to 

greater genome-wide PacC binding.  

A striking observation is the distinctive genome-wide binding profile of A. fumigatus PacC 

with, genomic location of the enriched peak summits with the highest percentage (>60%) 

within the gene, while only 13-28% of enriched regions located upstream (1kb) of the 

translational start site (TSS) of the gene (in the promoter region) (Figure 6.5). In contrast, 

previous studies on genome-wide occupancy of A. fumigatus TFs report at least 50% of 

ChIPseq peaks within 1-1.5 kb upstream of the TSS. For example: SrbA shows 83% of peaks 

within 1 kb upstream of the gene (Chung et al., 2014), A. fumigatus CrzA reported 50% peaks 

within promoter regions, 28% peaks local to coding regions, 11% peaks in introns, and only 

11% peaks located to intergenic regions (de Castro et al., 2014), and ~70% of A. fumigatus

NctA-binding peaks within 1.5 kb upstream of gene TSS (Furukawa et al., 2020). Moreover, 

peaks with high FE scores were observed irrespective of the genomic location and 

independent of pH (Figure 6.5 D, E, F); however, owing to several one and two FE values 

detected in all genomic regions justified a stringent FE threshold (FE= 3 and over relative to 

input control) for downstream analysis.  

Nonetheless, binding of TF to a coding region cannot be considered unreal. Firstly, because 

over 90% of the binding peaks of bacterial TFs are in coding regions, with several TFs bound 

in the coding region also regulating the transcription of the binding or adjacent genes (Hua et 

al., 2022). Further, motif comparison of the TF binding sites revealed coding regions to share 

similar characteristics with those found in intergenic regions, indicating the same biological 

role of the TFs irrespective of their genomic binding locations (Hua et al., 2022). Likewise, the 

yeast TF Gcn4 reported half of their binding peaks in exonic regions that can activate full-

length transcripts from the same or adjacent genes (Rawal et al., 2018), indicating functional 

TF binding is not confined merely to the upstream of the gene. Hypothesising that binding of 

PacC to the coding region would repress transcription, the transcriptional profile of a ΔpacC 
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strain relative to the WT (Gsaller et al., 2018), was inspected for random genes bound in the 

coding region, however, there was not enough evidence to suggest this trend. Secondly, PacC 

binding within the gene maybe possibly due DNA coiling, wherein the TF binding sites must 

reach much closer to a gene. Another possibility is the impact of culture conditions used in 

this study influencing the binding profile of TFs to the DNA; however, this is only an 

assumption until tested. A final possibility tested in this study is non-specific binding 

contributed by the presence of the epitope tag. Validation of enriched peak summit locations 

in the coding region of selected epithelial regulators of the FLAG tag PacC and S-tag PacC DNA 

using QPCR suggests similar enrichment profile in the coding region sites as that for the actA

gene site (Figure 6.8). The enrichment at the actA gene site in the FLAG tag PacC DNA not 

observed in the S-tag strain, implies background non-specific enrichment of the ChIPed DNA, 

possibly be contributed by the presence of the FLAG tag epitope. Nonetheless, no enrichment 

was observed for the DNA immunoprecipitated using the IgG antibody for FLAG tag PacC and 

S-tag PacC DNA at the above gene sites including the actA gene site, confirming stringent 

immunoprecipitation (Section 6.6, Figure S8). 

To complement examination of the binding profile of A. fumigatus PacC, genome-wide gene 

expression profile (DEGS at each pH condition as well as functional categories of genes 

uniquely expressed genes at each pH), of the ΔpacC strain relative to the WT under acidic and 

alkaline pH conditions (Gsaller et al., 2018) was performed (Section 6.6, Figure S5). 

Differential regulation of GABA permeases and alkaline phosphatases substantiated A. 

fumigatus PacC’s alkaline, and acid expressed gene profile (Espeso and Arst, 2000), while 

secondary metabolites and cell wall genes in the DEGS (Figure 6.9), reiterated observations 

from the previous microarray analysis performed in murine lung environment (Bertuzzi et al., 

2014). 

Examination of the overlap between genome-wide PacC occupancy and mRNA levels by 

comparing the ChIPseq and the RNAseq data sets at each pH condition, revealed only 10% of 

the genes bound by PacC were functional (exhibiting differential gene regulation) (Figure 6.11 

A, C, E), compared to a higher 22% observed for NctA (Furukawa et al., 2020). These findings 

are in contrast to only 97 genes bound by SrbA, but a large number of genes differentially 

expressed in the absence of srbA (Chung et al., 2014). A low overlap between gene targets 

bound and transcript levels of genes appears to be the norm rather than the exception in 



252 

fungal transcriptional networks (Hughes and de Boer, 2013), also observed in C. albicans TF 

ChIPseq-RNAseq overlap studies (Mancera et al., 2021). Hence, observations from this study 

indicated binding of PacC to a gene does not always enable gene expression and suggests the 

requirement of several co-factors, likely other TFs and several other genomic factors likely 

contributed to mRNA generation (Latchman, 2008). Of the 17 TFs regulating epithelial 

damage, 14 TF genes show PacC enrichment (Table 6.5) indicating co-ordination of PacC with 

the regulators, this is reasonable since PacC is a broad domain regulator that may influence 

several other TF genes.  

6.4.3 Virulence associated biological processes directly regulated by A. fumigatus PacC  

ChIPseq analysis in combination with RNAseq analysis is a well-accepted approach to identify 

biological processes and genes directly regulated by a TF, performed previously in other fungi

(Leach et al., 2016; Liu, Bergenholm and Nielsena, 2016; Do et al., 2020), and in A. fumigatus

(Chung et al., 2014; Hagiwara et al., 2017; Furukawa et al., 2020; Ries et al., 2020). 

Observations from this study revealed PacC’s regulon not only consisted of pH homeostasis 

genes, but also included several gene categories related to virulence factors such as cell wall 

biosynthesis, growth, ion tolerance and acquisition, secreted proteases, and secondary 

metabolites. These findings aligned with previous observations of PacC’s gene expression 

profile in C. albicans and A. fumigatus (Lamb and Mitchell, 2003; Bertuzzi et al., 2014).  

A. fumigatus produces several toxic secondary metabolites that have been attributed to play 

critical role in host cell damage and to counter host immune response (Table 1.3). Absence of 

LaeA, a global regulator of secondary metabolism (regulating 10% of the A. fumigatus

genome) (Bok et al., 2006), strongly affected secondary metabolite production and 

attenuated virulence in neutropenic mice (Perrin et al., 2007; Kwon-Chung and Sugui, 2009). 

This study indicates LaeA is directly activated by PacC at both pH 5 and pH 7, corroborating 

PacC-dependent mode of LaeA regulation (Bertuzzi et al., 2014). Gliotoxin, the most 

extensively studied A. fumigatus secondary metabolite (Scharf et al., 2012), possesses several 

immunomodulatory and immunosuppressive properties, as well as inducing host cell death 

(Table 1.3). A. fumigatus TF expression and function during invasion of the mammalian lung 

revealed 700–10,000-fold increase in expression of gliG and gliP and a 40-fold up-regulation 

of gliZ (Liu et al., 2021), and PacC regulated glitoxin synthesis genes in a mammalian infection 
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(Bertuzzi et al., 2014). This study validated involvement of PacC in directing the gliotoxin 

genes (gliM, gliT, gliZ, gliH), with gliZ directly activated at all pH environments. Another 

secondary metabolite cluster directly regulated by PacC reported in this study is the 

Fumagillin and Pseurotin A (Dhingra et al., 2013), with a striking 15 of the 21 genes part of 

PacC’s regulon at alkaline pH (See supplementary electronic document S3). Fumigillin 

associates with Pseurotin A that inhibits chitin synthase and is also an inducer of nerve-cell 

proliferation (Maiya et al., 2007). Hence observations in this study aligns with previous 

findings indicating differential expression of Fumagillin and Pseurotin A gene cluster during 

initiation of murine aspergillosis (McDonagh et al., 2008).  

A novel finding in this study is A. fumigatus PacC’s direct regulation of conidial pigment 

biosynthesis genes such as DHN-melanin and of fumipyrrole in the bio-synthetic gene clusters 

(Bignell et al., 2016). A. nidulans ΔpacC isolates suffer growth defects in alkaline conditions, 

as well as poor conidiation and overproduction of a brown pigment, assumed to be melanin 

(Tilburn et al., 1995). However, the A. fumigatus ΔpacC strains does not exhibit any difference 

in the conidial pigment colour of the spores (Bertuzzi et al., 2014), indicating other factors 

involved in A. fumigatus pigment synthesis. The above findings confirm PacC is a direct 

regulator of genes assigned to secondary metabolism in all pH conditions, with a unique and 

specific regulatory profile of secondary metabolite genes under each pH condition.

A. fumigatus can synthesise a broad range of degradative enzymes, such as elastases and 

proteases, to assist with invasion of host tissue and nutrient acquisition (Monod, Jousson and 

Reichard, 2009). Elastin and collagen constitute major components of mammalian lung 

tissues, and a direct correlation between elastase production in A. fumigatus strains and 

virulence has been reported (Kothary, Chase and MacMillan, 1984).  This study revealed PacC 

directly activated (under neutral and alkaline environments), several peptidase, proteases, 

and elastases such as (dpp4, dpp5), lipases, hydrolases, pectin lyases, acetyltransferases 

peptidases (lap2, mep) which form part of series of degradative catabolic enzymes to assist 

with invasion of host tissue (Kogan et al., 2004; Monod, Jousson and Reichard, 2009). Another 

virulence factor part of the PacC regulon, at both pH conditions, are the allergen AspF 

proteins, implied in invasion and remodelling of lung tissue (Robinson et al., 1990; Namvar et 

al., 2015).  The involvement of PacC in cell wall functions was reaffirmed with the cell wall 

organisation and biogenesis category as enriched functional categories with associated genes 
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(chitinases, gel2, gel3 and xlnD), observed as part of PacC’s regulon predominantly at neutral 

and alkaline pH (See supplementary electronic document S3). Aligning with this observation, 

the pH-Responsive TFs YlRim101 and Mhy1 have been reported to regulate alkaline pH-

Induced filamentation in dimorphic yeasts, with the TFs positively coregulating seven cell wall 

protein genes at alkaline pH, including ylphr1 and five cell surface adhesin-like genes, three 

of which appear to promote filamentation (Shu et al., 2021).  Since the fungal cell wall is 

dynamic and responsive to changes in the external environment, a shift in pH sensed by the 

PacC pathway may play a critical role in regulating the host–pathogen interaction through 

modulation of the fungal cell wall.  

Since early and late A. fumigatus mediated damage is driven by contact-mediated and 

secreted factors respectively (Chapter 5), PacC’s regulon comprising of cell wall associated 

genes and secreted factor genes, evidence the reason why PacC is both a regulator of early 

and late mechanisms of A. fumigatus mediated damage. 

One of the striking aspects from the A. fumigatus PacC’s regulon was the presence of several 

genes involved in metabolism (biosynthesis of lysine and glycine as well as FAD/FMN and 

NAD/NADP binding, glycolysis genes forming part of the Tricarboxylic Acid cycle), largely at 

pH 5 (See supplementary electronic document S2). Further, PacC activated degradation of 

extracellular polysaccharides and repressed pyruvate, lysine metabolism genes and 

biosynthesis of phenylalanine at acidic pH (Figure 6.11). The Tricarboxylic Acid (TCA) cycle is 

an important aerobic pathway for the final steps of the oxidation of carbohydrates and fatty 

acids and a recent study implies acetate utilization in A. fumigatus via the TCA and glyoxylate 

cycles impacts virulence traits and pathogenicity (Ries et al., 2021), a phenomenon also 

reported in A. nidulans (Hynes et al., 2011), and S. cerevisiae (McCammon, 1996). Another 

category common in Pac’s regulon at acidic and alkaline pH is ion transport and nutrient 

uptake. PacC directly activated non-vesicular cellular import, transport and homeostasis of 

ions (sodium, potassium, calcium) and homeostasis of metal ions (Figure 6.11). This 

observation is in alignment with A. fumigatus ΔpacC murine transcriptomics upregulating 

genes involved in the uptake, mobilisation and utilisation of crucial ion and nutrients (Bertuzzi 

et al., 2014).  Reiterating PacC’s role in iron assimilation in A. nidulans (Eisendle et al., 2004), 

PacC bound to siderophore iron transporter genes. However, the RNAseq profile did not show 

differential regulation of all the bound siderophore genes, replicating the previous gene 
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expression profile of the A. fumigatus ΔpacC (Bertuzzi et al., 2014). Additionally, this study 

revealed the TF SreA, the main regulator of siderophore biosynthesis pathway (at low iron 

levels) (Schrettl et al., 2008), was directly bound by PacC at alkaline pH but the gene was not 

differentially regulated in the RNAseq data, however, two critical iron uptake genes (sit1 and 

mirB) formed part of PacC’s regulon (See supplementary electronic document S2). The link 

between pH regulation and zinc homeostasis has been documented with zinc solubility 

decreasing around neutral pH (Amich, Leal and Calera, 2009), which explains activation of zinc 

uptake genes predominantly in the neutral and alkaline conditions. Although this study 

identified binding of PacC to zrfC and asp2, required for fungal growth in alkaline and extreme 

zinc-limiting conditions (Amich et al., 2010), the transcriptional profile of the genes was not 

differentially regulated. A possible explanation for the above observations is functional 

expression of iron and zinc synthesis genes may involve relevant nutrient deplete conditions. 

Collectively, in addition to the discovery of PacC’s regulon, suggesting pH environment driven 

biological processes, the relevance of alkaline environment in vitro and in a murine lung 

environment during infection is demonstrable with similar biological processes mediated by 

PacC in this data set as observed in previous transcriptomic studies of in murine models of IA 

(Bertuzzi et al., 2014; Liu et al., 2021; McDonagh et al., 2008).

6.4.4 Transcriptional regulators directed by A. fumigatus PacC  

A prominent observation is the increased transcriptional regulators being bound by PacC at 

neutral and alkaline pH conditions, with up to 75% of the significantly enriched gene 

annotation belonging to transcriptional activation and control (Figure 6.6). Irrespective of 

environmental pH, PacC bound to 54 TFs including iron homeostasis (HapB, HapX), nitrogen 

uptake (AreA), sulphur metabolism (MetR, MetZ), hypoxia response (SrbA), Carbon catabolite 

repressor (CreA) as well as secondary metablosim (GliZ) (Figure 6.7), validating PacC’s 

involvement in processes beyond alkaline homeostasis.  

However, RNAseq analysis revealed fewer TFs differentially regulated by the lack of pacC

relative to WT (Figure 6.10). Moreover, PacC binding did not always reflect with 

transcriptional regulation with unique cohorts of TFs differentially regulated but not bound 

(Figure 6.12). This observation is also reflected in the epithelial regulators, with 14 of the 17 
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regulators bound by PacC, but only one TF, NsdD (involved in early stage of mating) (Szewczyk 

and Krappmann, 2010), with differential mRNA levels (Figure 6.10). This is plausible because 

TFs may work in combination with several other TFs and other co-factors for transcription to 

initiate, so binding is not an evidence of gene functionality.  

Integrating the ChIPseq and RNAseq data not only discovered genes directed by PacC, but 

also revealed regulatory patterns for each transcription factor (i.e., positive, or negative 

regulation). Results from this study constructed a putative regulatory network governed by 

PacC upon encountering acidic, neutral, and alkaline pH conditions (Figure 6.13). A greater 

number of TFs formed part of PacC’s regulon at neutral and alkaline conditions compared to 

the acidic pH. Nevertheless, 26 TFs formed part of PacC’s regulon at acidic, neutral, and 

alkaline pH, including 5 TFs directly regulated irrespective of pH condition (Figure 6.12), 

discovering A. fumigatus PacC’s genome-wide regulatory network (Figure 6.13).  

A. fumigatus asexual reproduction involves three key regulators behaving as a cascade 

activating each other in sequential order: BrlA, an essential activator; AbaA, responsible for 

hyphal differentiation into phialides; and WetA, important for conidial maturation (Alkhayyat, 

Chang Kim and Yu, 2015), with deletion of brlA impairing abaA and wetA transcript production 

(Tao and Yu, 2011). Further the upstream activators Flb A-E have also been reported to play 

a role in the genetic control of conidiation (Xiao et al., 2010). The deletion of A. fumigatus flbB

resulted in delayed/reduced sporulation, precocious cell death, the lack of conidiophore 

development altered expression of brlA and abaA, and blocked production of gliotoxin (Xiao 

et al., 2010).  Although NsdC is a regulator of sexual reproduction (Kim et al., 2009), deletion 

of nsdC in both mating partners was found to completely abolish not only sexual 

development, but also depressed asexual conidiation in liquid medium and regulated NsdD 

required during an early stage of mating (Alves de Castro et al., 2021). The NsdD TF has also 

been implicated in hyphal fusion, necessary for heterokaryon formation (Szewczyk and 

Krappmann, 2010). Interestingly, regulators involved in conidiation and asexual/sexual 

development (FlbC, FlbD, NsdD, NsdC and BrlA) were repressed by PacC, at neutral and 

alkaline conditions. The pH-Responsive TFs YlRim101 and Mhy1 co-regulate alkaline pH-

Induced filamentation in in dimorphic yeasts (Shu et al., 2021), indicating PacC could have 

critical functions in cell growth and differentiation. Taken together, PacC’s regulon composed 
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of the regulators involved in asexual/sexual production, conidiophore formation and hyphal 

development suggesting A. fumigatus growth may likely be directed by PacC.  

A fascinating discovery is PacC bound to itself in all pH conditions (with high FE scores relative 

to input control) (See supplementary electronic document S2). Although previous studies 

suggest the active PacC isoform (PacC27) is an alkaline expressed gene (Peñalva et al., 2008; 

Loss et al., 2017), recent studies indicate PacC72 isoform acts as a repressor of PacC in acidic 

media with the participation of pacX gene (Bussink et al., 2015). Nevertheless, findings from 

this study revealed an auto-regulatory positive feedback loop for regulation of PacC 

irrespective of pH environment.  Another novel finding in this study is PacC’s distinctive 

repression/activation profile for regulators of secondary metabolites, demonstrated by 

activation of GliZ, involved in gliotoxin production (Bok et al., 2006), and of NscR, whose 

product governs synthesis of neosartoricin (Chooi et al., 2013), while repression of FumR, 

which governs production of fumagillin (Dhingra et al., 2013; Wiemann et al., 2013), and of 

HasA which controls production of hexadehydroastechrome (Yin et al., 2013). Validation by 

ChIPQPCR confirmed enrichment at the gene sites relative to actA in both FLAG tag and S-tag 

PacC DNA (Figure 6.14). The above findings are identical to previous gene expression 

observations in a murine lung where gliZ and nscR are upregulated and fumR and hasA are 

downregulated (Liu et al., 2021). Therefore, distinct subset of mycotoxins is directed by PacC 

at a neutral and alkaline in vitro pH conditions with direct concordance to the host lung.  



258 

6.5 Conclusion  
This study for the first time has explored the genome-wide binding profile of the A. fumigatus

pH PacC at acidic, neutral, and alkaline pH environments and probed a previously published 

genome-wide transcriptomic profile of PacC to identify biological processes and the TFs under 

direct PacC control at each pH condition as well as the core regulon independent of pH. 

Interestingly, PacC interacts with 14 of the 17 epithelial regulators, confirming PacC as a 

master regulator, working in coordination with the epithelial regulators to direct epithelial 

cell damage. Overall, this study has enhanced our insight into PacC-mediated virulence 

mechanisms and delivered a panoramic view of the transcriptional network directed by A. 

fumigatus PacC that will undoubtedly further our understanding of the critical role of pH and 

PacC during invasive fungal infections. However, considering the possibility of non-specific 

binding contributed by the FLAG epitope, future work must involve ChIPseq using an S-tag 

PacC strain.
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6.6 Supplementary  

Figure S1: Validation of FLAG tagged PacC (FT) and palH KO FLAG tagged PacC strains (P) by 
molecular biology approaches. a) PCR gel confirming FLAG insertion in the FT strain using primers sets 
PacC1-PacC2; PacC3-4 and PacC3-PacC5 b) PCR gel confirming insertion of the pyrithiamine cassette 
and deletion of the palH gene in the P strain using primers sets ptrAF-ptrAR and palHF-palHR and P1 
and P4 respectively.

Figure S2: Validation of FLAG tagged PacC (FT) and palH KO FLAG tagged PacC (P) strains by 
phenotypic approaches. 1x103 spores from the WT (A1160p+), FT and P strains were grown on AMM 
agar with and without the presence of salt stress and at pH 5, pH 6.5 and pH 8 conditions. 
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Figure S3: Performance of replicates for each pH condition from the ChIPseq analyses. Venn diagram 
showing the overlap of the peak summit locations called by MACS2 for a) pH 5 b) pH 7 c) pH 8.  d) Fold 
enrichment distribution for each of the biological replicates at pH 5 and pH 8 e) PCA plot showing the 
behaviour of the replicates from the ChIPseq dataset showing the biological replicates at pH 5, pH 7 
and pH 8 conditions explained by PC1 and PC2.
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Figure S4: DEGS and enriched functional categories in the lack of A. fumigatus pacC. a) Volcano plot 
showing the transcriptomic profile at acidic pH in the ΔpacC strain relative to the WT strain. Of the 
797 DEGS, 307 genes were downregulated (red) and 490 genes were upregulated (blue) relative to 
the WT. b) FunCat analysis for significantly enriched functional terms (p<0.05) for the DEGS revealed 
genes distributed into 8 downregulated categories (red) and 15 upregulated categories (blue). c) 
Volcano plot showing the transcriptomic profile at neutral pH in ΔpacC strain relative to the WT strain. 
Of the 848 DEGS, 329 genes were downregulated (red) and 519 genes were upregulated (blue) relative 
to the WT. d) FunCat analysis for significantly enriched functional terms (p<0.05) for the DEGS revealed 
genes distributed into 12 (red) and 20 categories(blue) enriched within upregulated and 
downregulated genes, respectively. e) Venn diagram showing overlap of the DEGS at acidic and neutral 
pH, with 158 genes downregulated (red) and 194 genes upregulated (blue) at both acidic and neutral 
pH relative to the WT strain. 



  262 

Figure S5: Overlap of number of genes upregulated or downregulated in the A. fumigatus PacC’s 
regulon at a) pH 5, b) pH 7, c) pH 8 
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Figure S6: FunCat categories in the overlap of genes upregulated and downregulated in the PacC’s 
regulon. Gene ontology analysis for significantly enriched FunCat categories, in the overlap of genes 
upregulated and downregulated in the PacC’s regulon showing either PacC mediated activation or 
repression at a) pH5, b) pH7, c) pH8. 
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Figure S7: Overlap of A. fumigatus TFs forming PacC’s regulon at all tested pH conditions 

Figure S8:  PacC enrichment at selected genomic region checked by QPCR for FLAG-tagged and S-
tagged PacC strains immuneoprecipitated using the IgG antibody. %Input at selected peak summit 
regions validated by QPCR using primers designed to amplify regions in the +/- 50 bp of the peak 
summit for a) FLAG tag DNA and b) S-Tag DNA
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CHAPTER 7

7. General discussion and future work 

Invasive fungal infections not only cause significant morbidity, but also excessive in-patient 

medical costs, and despite efforts with antifungal therapy, end in mortality in 50-95% of 

reported cases, accounting for over 1.5 million annual human deaths worldwide (Brown et 

al., 2012). From the estimated 400 fungal species reported to cause human disease, only 

candidiasis, aspergillosis, cryptococcosis, histoplasmosis, mucormycosis, and pneumocystis 

caused by Candida, Aspergillus, Cryptococcus, Histoplasma, Mucorales and Penumocytosis 

respectively, turn into invasive infections (Gullo, 2009; Schmiedel and Zimmerli, 2016).

Remarkably, although the above invasive fungi are phylogenetically dis-similar, they all are 1)

unhelpfully ubiquitous in the environment or in close association to humans, predisposing 

humans to invasion, 2) thermo-tolerant, satisfying the pre-requisite to be a human pathogen, 

and 3) exhibit morphological plasticity, enabling immune evasion, host dissemination and 

morphotype specific host assault. Nevertheless, hundreds of environmental fungal species 

that grow at human core temperatures and are polymorphic can infect a sufficiently 

immunocompromised host without tissue invasion; highlighting invasive fungi possess a 

unique mechanistic profile to invade the host. 

On entering an immunocompromised host, all invasive fungi invade epithelial cells, the first 

host cell type they interact with, resulting in damage to the primary host cellular barrier 

comprising of the pulmonary epithelium in cases of A. fumigatus, Mucorales spp., 

Histoplasma spp., Pneumocystis spp. and C. neoformans and intestinal or oral epithelium in 

C. albicans. Thereby, damage to the host epithelium is hallmark of invasive disease, 

subsequently leading to penetration of this host epithelial barrier and invasion of the vascular 

endothelium allowing for fungal dissemination and systemic infection.  Hence, the initial 

interaction of Aspergillus fumigatus with the airway epithelial cells (AECs) is critical to the 

course of either fungal clearance or host invasion. However, the regulatory control of lung 

epithelial cell damage has not been previously explored in any Aspergillus spp. In this study, 

A. fumigatus mediated pathogenicity during interaction with AECs was investigated via 

identifying and characterising the transcriptional regulators controlling alveolar epithelial 

damage during in vitro infection and the hierarchy of the epithelial regulators was explored.  
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7.1 Two high throughput format epithelial damage assays were established for 
A. fumigatus in vitro infection studies. 

Studies understanding interactions between the inhaled A. fumigatus spores and host lung 

epithelial cells have identified a bi-phasic mode of fungus-induced epithelial cell damage in 

vitro, commencing with cell detachment at early phases of infection followed by cell lysis at 

late phases (Bertuzzi et al., 2014; Okaa et al., 2023). The above studies have employed the 

epithelial cell detachment assay to assess A549 cell detachment at 16 h and epithelial cell lysis 

at 24 h post infection by A. fumigatus (Bertuzzi et al., 2014; Okaa et al., 2023).  However, both 

the assays were performed in in a low throughput 24 well plate format and have not been 

previously employed in A. fumigatus studies for large scale screenings.  In this study, two 

epithelial damage assays were optimsed for use in high throughput (HTP) to enable screening 

of the A. fumigatus TFKO strain collection (Furukawa et al., 2020), using an in vitro alveolar 

cell model of A549 cells (Chapter 3). 

Firstly, a multi-well format plate comprising of suitable materials (plastic for the LDH assay 

and glass bottom for the detachment assay) was examined for formation of confluent A549 

monolayers by 48 h of growth. This was an important criterion since over-confluent or under-

confluent monolayer would interfere with the performance and reliability of the cell 

detachment and LDH assays.  Moreover, the optimal A. fumigatus spore inoculum for 

detachment assay in a larger 96 well plate format was determined. Although suitable to 

observe the detachment phenotype of the A. fumigatus ΔpacC stran (Bertuzzi et al., 2014), in 

this assay, it must be acknowledged that the spore inoculum size of 2.85 spores per A549 cell 

may not be the same spore inoculum encountered by the lung epithelium on inhaling the 

spores of A. fumigatus from the environment.  

Not done previously in most A. fumigatus infection studies, the detachment and cell lysis 

assays were adjusted to account for any spore counting errors in OD measurements by using 

serial dose response analyses, and a mathematical correction was devised. This ensured the 

detachment and LDH assay output was calibrated according to the A. fumigatus spore 

concentration used for infection. This was an important purpose since spore inoculum size is 

critical determinant of epithelial damage in the assays used.   Further, although LDH is often 

used to quantify in vitro host cell damage by several fungi including in A. fumigatus, none of 

the studies have observed if LDH is released by fungi. Our study validated LDH as a suitable 
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marker released solely in the presence of A549 cells and no LDH released by A. fumigatus at 

24 h confirmed suitability of the LDH assay for A. fumigatus epithelial damage studies. 

Following the above optimizations, the performance of the cell detachment and cell lysis 

assays in HTP plate format (of 96 well plate and 384 well plate respectively) was similar to 

observations in the low throughput plate format. Moreover, automation in visualizing A549 

cell detachment in the center of a 96 well plate (Rahman, Thomson and Bertuzzi, 2021), 

improved the previous approach of manual imaging thereby removing bias in imaging of the 

monolayer as done previously (Bertuzzi et al., 2014; Okaa et al., 2023). 

This optimization of HTP format epithelial damage assays in A. fumigatus will allow for a 

greater number of strains to be tested in the same plate, hence reducing the number of plates 

and associated variability in large scale screenings, but will also contribute to saved time, 

resources, and expenses, while also maintaining efficiency of the assays. Further, these 

validated HTP format assays can be employed for analyzing epithelial damage by other 

invasive fungi or for small molecules, providing the fungal field with a valuable methodology 

for large scale screenings. Although several factors were considered during optimization of 

the assays, there could also be an involvement of A549 cell characteristics such as the passage 

number and the effect of claudins in maintaining cell proliferation and adherence to culture 

plates to form monolayers (Lu et al., 2015). 

Although A549 cells are morphologically and functionally similar to the lung type 2 alveolar 

epithelial cells, the A549 monocellular model is not representative of the entire alveolar 

barrier. Further, despite the formation of confluent monolayers in culture, A549 cells are 

deficient in functional tight junctions and are permeable (Foster et al., 1998), unlike the lung 

alveolar surface. Despite these limitations, the A549 cell line is the most commonly used and 

easily available alveolar epithelial model for large scale in vitro screenings, allowing us to 

define the outcome of AECs-A. fumigatus interactions at the human lung interface.  

It is important to note that the exact clinical and physiological relevance of epithelial cell 

detachment and cell lysis in lung airway pathology is still not clear. Hence, future 

methodologies could focus on in vivo analysis capturing epithelial shedding and lysis of airway 

epithelium on A. fumigatus infection, enabling us to better corroborate that seen in in vitro

studies. 
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7.2 Distinct cohorts of A. fumigatus transcription factors modulate epithelial 
cell detachment and cell lysis.  

Studies examining null mutants of PrtT (Sharon, Hagag and Osherov, 2009), and GliZ (Bok et 

al., 2006; Schoberle et al., 2014), depict the important role of transcription factors (TFs) in 

regulating the secretome of A. fumigatus during invasive infection. Further, a genetic 

component to epithelial invasion has also been revealed with mutants of A. fumigatus TFs 

(such as ΔpacC, ΔmedA and ΔnctA) with a reduced capacity to cause damage to epithelial cells 

in vitro and the ΔpacC unable to cause epithelial invasion in murine models of IA. Thereby, 

studies examining the TFs represent a powerful entry point to understanding A. fumigatus

mediated pathogenicity. However, despite the central importance of transcriptional 

regulation in driving expression of virulence determinants, and the translational potential of 

inhibiting this process (Bahn, 2015), very few transcriptional regulators have been annotated 

for their role in host-pathogen interactions (Table 1.3). This is the first study to screen 479 

strains from the A. fumigatus transcription factor knock-out (TFKO) collection (Furukawa et 

al., 2020), for epithelial cell damage using validated HTP format epithelial detachment and 

cell lysis assays (Chapter 4).  

Several modifications to the experimental set-up of the HTP screens were implemented to 

minimise between-plate variability and to increase confidence in the output. For example: 

biological and technical replicates were undertaken as independently arrayed collections of 

multiple mutants rather than co-localising replicates on the same multi-well plate.  Although 

the sample size for the detachment assay relied upon a low magnitude of difference in 

adherent cells between the parental strain (WT) and ΔpacC infection, the ΔpacC strain 

maintained the reduced detachment phenotype (Bertuzzi et al., 2014; Okaa et al., 2023), in 

each of the plates, as well as in the entire screen relative to the WT strain. Further, the 

detachment assay output revealed normal distribution among all the plates and replicates 

and hence an ANOVA method of comparison with the parental strain infection in the plate 

was sufficient to identify A. fumigatus TFKO strains with significantly altered capacity to cause 

epithelial damage relative to the WT strain.   

A majority of the cell lysis/LDH screening (Screen I) was performed in 96 well plates prior to 

the optimisation to the HTP format of 384 well plates (Screen II and Screen III), hence 

approaches were taken retrospectively to correct for variability in the LDH screen. The ΔpacC
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strain revealed reduced cell lysis relative to the WT infection (Bertuzzi et al., 2014; Okaa et 

al., 2023), when considering the entire screen, however, several 96 well individual plates were 

unable to show ΔpacC with significantly reduced (p<0.1) cell lysis phenotype relative to WT 

infection. Hence, to remove inconsistency of the controls and variability in LDH values 

between the plates (due to individual standard curves in each plate), a bioinformatic 

modelling approach was sought for the LDH screen to identify A. fumigatus TFKOs with 

significantly altered capacity to cause epithelial cell lysis relative to the WT strain. A previous 

HTP format LDH screen in C. albicans used a density-based spatial clustering with noise 

(DBSCAN) algorithm to categorize C. albicans mutants into clusters with similar behaviour 

based on the tested parameters of epithelial damage, epithelial integrity, and fungal 

translocation strains (Allert et al., 2018). The bioinformatic approach in this study involved 

modelling the data using t- distributions wherein the mean difference in LDH value between 

a TFKO mutant and the respective WT strain on the assay plate was compared to identify 

significance based on a 95% confidence interval. This approach not only reduced the 

variability in the phenotypic behaviour of the ΔpacC strain, but also reduced the effect of the 

outliers in the individual plates. In addition to the HTP format screening, A. fumigatus TFKOs 

exhibiting reduced epithelial cell damage capability were tested again in a low throughput 

format setting. A vast majority of the identified TFKOs from the HTP format screen did not 

replicate (the reduced damage phenotype) in the follow-up low throughput assay, with less 

than 50% of a reproducibly rate for the assays. However, confirmation of the damage 

phenotype by both high and low throughput approaches increased confidence in the 

identified A. fumigatus TFKOs deficient in causing damage. It must be conceded that the 

mutants dropped from the final set of hits might deliver reproducible data upon re-screening. 

Our study focused upon the TFKOs demonstrating reduced epithelial damage in vitro, 

however, future work could involve characterizing the A. fumigatus TFKOs causing increased 

epithelial damage relative to the WT strain. 

A total of 17 A. fumigatus TFKOs with reduced capacity to cause epithelial damage relative to 

the WT strain were identified, of which 9 were newly annotated in this study and 8 previously 

characterised. The previously characterised A. fumigatus TFs identified as mediators of 

epithelial damage by this study also exhibit attenuated virulence in vivo models of infection. 

For example, the loss of A. fumigatus CreA, a regulator for catabolism of carbon sources in 
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response to carbon starvation and hypoxia adaptation, resulted in significant reduction in 

virulence in a triamcinolone model of IA and 100% mortality compared to WT infection in a 

neutropenic model of IA (Beattie et al., 2017); ΔareA, caused slower IA development, as well 

as partially attenuated virulence in a murine neutropenic model of IA (Krappmann and Braus, 

2005); ΔnsdC strain exhibited attenuated virulence in a murine model of IA relative to the WT 

and re-constituted strains (Alves de Castro et al., 2021); the Δhapx strain demonstrated 

attenuated virulence in murine models of IA (Schrettl et al., 2010; Gsaller et al., 2014). The 

above observations concur with the notion that the capacity to cause epithelial invasion likely 

contributes to virulence in the host. Hence, it is most probable that the 10 of the 17 newly 

characterised A. fumigatus TFs could also reveal an effect on virulence when tested in in vivo

infection scenarios. However, the role of TFs in virulence may depend on the context of the 

host immune status and microenvironmental conditions.  

This study discovered distinct A. fumigatus transcription factors to regulate epithelial damage 

via epithelial cell detachment and cell lysis, 10 for cell detachment and 8 for cell lysis. Only 

one TF, the A. fumigatus pH-responsive transcription factor PacC (AFUB_037210), was 

identified to drive the two modes of epithelial damage in this in vitro lung infection model 

supporting previous observations (Bertuzzi et al., 2014). Any other TFKOs with defects in 

detachment did not exhibit a reduced ability to cause cell lysis relative the parental strain and 

vice versa. This finding highlights that distinct A. fumigatus genes could be employed at each 

infection phase as the fungus proceeds to establish its niche in the host, aligning with 

observations in C. albicans wherein the early and late infection phases are regulated by 

distinct cohort of genes (Xu et al., 2015). Further, since the two mechanistically distinct 

processes, namely contact mediated and a secreted factors mediated damage occur in a 

temporal pattern (Bertuzzi et al., 2014), unique regulators could be required for each mode 

of damage, except for one TF PacC which mediated both the contact mediated and secreted 

factor mechanisms. 

TFs are evolutionarily distinct between fungi and humans making them putative selective 

drug targets. A number of modalities such as natural or synthetic chemicals or 

peptidomimetics, polyamides, small interfering RNAs, TF decoy oligonucleotides, synthetic 

peptides and TF-targeting small molecules have been suggested to target TFs (Bahn, 2015; 

Pais et al., 2016). Thus, this study identifying A. fumigatus TFs regulating epithelial invasion 
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during the early host-pathogen interplay will could serve as potential novel antifungal targets 

paving the way for new therapies, potentially resolving the problems associated with 

currently available drugs (Table 1.1).  Consequently, the functional characterization of fungal 

TFs focusing on their role in pathogenicity is a promising field. 

7.3 A. fumigatus regulators of epithelial cell detachment and cell lysis mediate 
damage via cell wall mediated and secreted products respectively.  

Several fungal attributes contribute to A. fumigatus mediated pathogenesis during 

establishment of infection (Dagenais and Keller, 2009; Latgé and Chamilos, 2020). However, 

an overview of the pathogenic determinants of A. fumigatus at early and late phases of lung 

epithelial cell damage is incomplete. Hence, the 17 A. fumigatus transcription factors 

regulating epithelial damage were investigated for growth defects, adhesion capacity to A549 

cells, spore uptake by A549 epithelial cells, fungal cell wall aberrations and soluble factors 

mediated damage (Chapter 5). 

Growth defects in the A. fumigatus TFKOs strains were determined by analyzing the 

germination and hyphal growth of TFKO strains over time using microscopy. All four TFKOs 

(ΔpacC, ΔcreA with an early delay of spore germination, ΔhapX and ΔareA with not all spores 

germinated), exhibiting a germination defect were plausible, explained by observations of 

growth profile from previous studies. Similar to findings in this study, the A. cabonarius ΔpacC

strain exhibits a delay in start of germination at both acidic and neutral pH conditions (Barda 

et al., 2020). The ΔcreA, ΔhapX and ΔareA with a germination defect in our study are mutants 

of A. fumigatus TFs controlling metabolic processes of carbon catabolism, iron and nitrogen 

assimilation respectively, previously reported to display a growth defect due to alterations of 

the nutrient in the growth media (Beattie et al., 2017,Gsaller et al., 2014; Schrettl et al., 2010, 

Hensel et al., 1998). Thereby, the growth media (with alterations in iron content, nitrogen, 

and carbon source) (Section 2.1.3) used in our study may have influenced spore germination. 

Further, it is probable that the presence of A549 cells could have an influence on the growth 

of the fungus contributed by various aspects of host effector responses. For example, the A. 

fumigatus ΔcalA strain exhibited normal conidial germination in Sabauroud broth similarly to 

the WT strain but exhibited delayed germination (after 6 h and resolved by 12 h) when grown 

with A549 cells (Liu et al., 2016). Therefore, future work to understand fitness defects of the 
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A. fumigatus TFKOs could involve an examination of fungal growth in media with varied 

nutrient sources, in an in vitro infection setting as well as in vivo.  

This study noted a strong trend of reduced hyphal extension rates of the A. fumigatus TFKOs, 

highlighting the critical nature of hyphae in causing epithelial cell damage, as seen in other 

invasive species of C. albicans and Mucor spp. (Desai, 2018; Mogavero and Hube, 2021). The 

morphological phenotype of the ΔpacC strain observed in our study is similar to ΔpacC isolates 

in A. fumigatus CEA10 and ATCC46645 (Bertuzzi et al., 2014), and the ΔpacC A. cabonarius, 

exhibiting hyper-branching and compact stunted hyphae relative to the WT colony growth 

independent of pH (Barda et al., 2020). Previous observations using high-resolution live-cell 

confocal microscopy, 3D rendered imaging and transmission electron microscopy revelaed 

germination, morphology and growth of A. fumigatus were significantly impaired upon 

internalisation by alveolar and bronchial lung epithelial cells compared to un-internalised 

fungus (Seidel et al., 2020). Further, Seidel et al. reported hyphal exit from the host cell in a 

non-lytic manner without penetration of the host cytoplasm suggesting cells of lung 

epithelium survive fungal hyphae penetration (Seidel et al., 2020). 

No universal reduction in the capacity of the A549 cells to internalize spores was noted in the 

A. fumigatus TFKOs, nor were all TFKOs defective in their adherence capacity to A549 cells. 

This observation was contrary to our initial hypothesis expecting cell detachment mutants to 

be involved in early pathogenic attributes of adhesion and internalization. However, adhesion 

is critical prior to invasion and is applicable by both the spore and hyphal fungal forms and 

uptake is a critical host immune response by epithelial cells that stretches over time as the 

fungus establishes infection (Bertuzzi, Hayes and Bignell, 2019). Hence it is plausible that both 

adhesion and internalisation could not be ascribed to a temporal mode of damage  

Cell wall sensitivity to calcofluor white was detected in 15 of the 17 A. fumigatus TFKOs 

indicating cell wall aberrancies in the strains, reiterating the cell wall as a critical virulence 

factor of A. fumigatus involved in mediating epithelial cell damage. However, only the cell 

lysis (7 of the 8 TFKOs), and not the cell detachment TFKOs (1 of the 10), were predominantly 

reduced in their capacity to cause epithelial damage via mature culture filtrate secretions. If 

reductions in hyphal lengths of the TFKOs was a credible reason for reduction in damage via 

hyphal mediated secreted products, then both the cell lysis and cell detachment mutants 

would show reductions in cytolytic damage. However, all the cell detachment TFKOs except 
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ΔpacC exhibit similar damage capacity via secreted factors as seen in the WT strain. Therefore, 

the above results clearly indicate cell detachment and cell lysis regulators mediated host 

damage distinctly, either via cell wall mediated mechanisms or via secreted factors 

respectively, a finding in concordance with previously established early and late phase of 

damage driven by A. fumigatus (Bertuzzi et al., 2014). The affect of growth rates was not 

accounted for generation of the secreted products from the TFKOs, hence in future studies 

the assay can be improved to include measurement of biomass prior to collection of culture 

filtrates. This approach will ensure epithelial cell lysis was due to the lack of secreted products 

and not due to the lack of growth of the TFKO strain. Further,future work could involve 

analysing the secretome of the A. fumigatus TFKOs to identify universal cytolytic secreted 

products lacking in the cell lysis TFKOs and present in the cell detachment TFKOs, that could 

be inciting cytolytic damage on the epithelial cells. 

A unique pattern of phenotypic defect in each of the A. fumigatus TFKOs potentially 

responsible for the reduced epithelial damage was identified, indicating a cumulative effect 

of specific temporal epithelial interactions leading to epithelial invasion. This finding 

authenticates the belief that A. fumigatus mediated virulence is multifactorial (Dagenais and 

Keller, 2009; Earle et al., 2023), contributed by a combination of fungal attributes prompting 

epithelial invasion.  Future work can examine the role of host effector responses (such as the 

release of cytokines by A549 cells), post infection with A. fumigatus TFKO strains, that could 

incite host pathogenicity. The A. fumigatus Δ2E4 (AFUB_046160) strain deficit in causing cell 

detachment did not show any phenotypic defect or pathogenic attribute implying there could 

be other untested virulence attributes from this study likely driving epithelial cell damage. 

Future work examining the Δ2E4 strain for other phenotypic attributes might reveal factors 

contributing to the regulator modulating damage.  Only three TFKOs (ΔsltA/Δace1, ΔpacC and 

Δ3E5) demonstrated a defect in all the tested attributes including a defect in secreted factors 

mediated damage. However, only PacC was involved in both the early and late phases of 

epithelial damage and was also critical for several virulence attributes contributing to host 

pathogenicity. This clearly implied a substantial role for A. fumigatus PacC during host 

interactions employing multiple virulence attributes to establish invasive infection in the host. 
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7.4 A. fumigatus PacC binds regions of 14 of the 17 TFs that moderate epithelial 
damage, establishing a regulatory hierarchy controlling epithelial cell damage. 

One of the stresses encountered by a microbe in the host niche is the pH of different cellular 

compartments, organs, and body fluids, which is usually tightly regulated by the acid-base 

homeostatic process. By definition, the term ‘acidity’ is linked with pH ranging from 1 to 6.9, 

‘neutral’ refers to pH of 7, and the term ‘alkalinity’ is in the range of pH from 7.1 to 14 (Oxford 

University Press). In humans, the pH of blood is usually slightly basic with a pH of 7.35-7.45, 

referred to as physiological pH, while within the mammalian cell, pH ranges from pH 4.5 in 

the lysosomes to pH 7.2 in the cytosol and pH 7.5 in the mitochondrial matrix. Thereby, any 

change in environmental ambient pH may strongly impact different aspects of microbial 

physiology, including fungal morphogenesis, expression of secreted proteins and nutrient 

uptake. This is apparent with mutant of the A. fumigatus pH regulator PacC, exhibiting 

attenuated virulence in murine models of IA (Bertuzzi et al., 2014; Bignell et al. 2005). Among 

the 17 A. fumigatus TFs identified and characterised in previous chapters, PacC was chosen 

for further analysis because PacC was the only regulator of both epithelial cell detachment 

and cell lysis and possessed several virulence attributes. Hence, it was hypothesised that PacC 

could be a master regulator mediating both the cell detachment and cell lysis regulators. To 

address this, the genome-wide regulon of A. fumigatus PacC under acidic, neutral, and 

alkaline pH conditions was explored using NGS approaches (Chapter 6). 

Firstly, the A. fumigatus PacC protein expression profile at acidic (pH 5) and alkaline pH (pH 

8), was confirmed using a FLAG tag PacC expressing A. fumigatus strain. Immunoprecipitated 

protein observed on western blots revealed processed forms at pH 5, pH 7 and pH 8, with 

visually stronger processed PacC forms at alkaline pH. This observation aligns with Bertuzzi et 

al. detecting low mobility and high mobility A. fumigatus PacC retardation complexes at both 

acidic and alkaline pH, with the quantities of the high mobility complexes increased at alkaline 

pH relative to growth at acidic pH (Bertuzzi et al., 2014). Similarly, Loss et al. noted processed 

PacC (high mobility) in both acidic and alkaline shifted media with abundance of A. fumigatus

PacC complexes after a shift to an alkaline medium relative to the unshifted control (Loss et 

al., 2017). Hence, findings from this study are consistent with the conserved pH-responsive 

mode of PacC activation in alkaline environmental conditions and also validated the epitope-

tagged strain for ChIPseq. 
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Previously, interaction of PacC to genes has been usually implicated indirectly by studying the 

gene expression profile in the lack of pacC or via presence the PacC consensus motif 

(5’GCCARG) (Tilburn et al., 1995), in the promoter regions upstream of the gene (Chen et al., 

2018; Barda et al., 2020). This study provided the first genome-wide binding profile of A. 

fumigatus PacC after ChIPseq at acidic (pH 5), neutral (pH 7) and alkaline (pH 8). ChIPseq and 

downstream analyses were performed in accordance with the guidelines and working 

standards for ChIPseq experiments published by the ENCODE and modENCODE consortia, 

emphasizing on immunoprecipitation specificity, quantity, and quality of ChIPed DNA, DNA 

sequencing depth, appropriate control experiments and biological replication as well as 

scoring and evaluation of the data (Landt et al., 2012). While the ChIPseq data investigated 

the strength and location of PacC-DNA interactions identifying genome-wide PacC binding 

sites that may possibly initiate gene expression by the PacC, it failed to provide the entire 

picture of PacC’s functional gene expression profile when analysed on its own. 

Two previous transcriptomic approaches determined the A. fumigatus PacC transcriptional 

profile using the ΔpacC strain. The first study was performed by microarrays using 12 

competitive hybridisations and 12 flip-dye experiments to determine A. fumigatus

transcriptional profile across a time series in murine pulmonary infection relative to 

ungerminated (Bertuzzi et al., 2014). The second study again utilised microarrays and 

performed 20 co-hybridisation experiments to characterize A. fumigatus transcriptional 

response to alkaline or calcium shift at 5, 15-, 30-, 45- and 60-min following transfer of freshly 

cultured 14 h germlings from pH 5, to pH 5 or pH 8 relative to time zero (unshifted) sample 

(Loss et al., 2017).  Microarrays used in the above two studies target only a defined subset of 

reference transcripts, whereas the NGS approach of RNAseq provides an in-depth and more 

accurate RNA quantification over a dynamic range with a genome-wide coverage, by 

harnessing high throughput sequencing (Wang, Gerstein, and Snyder, 2009). Further, RNAseq 

technology overcomes drawbacks of array hybridization technology such as background at 

the low-end and signal saturation at the high-end and has greater specificity and sensitivity 

detecting a higher percentage of differentially expressed genes (Wang, Gerstein and Snyder, 

2009).  Hence the RNAseq (performed by Gsaller et al.) after growth of A. fumigatus ΔpacC 

and WT strains for 18 h mycelia in 4 h pH shift to pH 5 or pH 7 (Gsaller et al., 2018) was chosen 

to integrate the findings from ChIPseq analyses. Differentially regulated (activated or 
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repressed) by PacC at pH 5 and pH 7 correlated with previous microarray observations 

(Bertuzzi et al., 2014, Loss et al., 2017), providing confidence in the RNAseq dataset. 

ChIPseq analysis in combination with RNAseq analysis is a well-established and widely 

acknowledged approach to identify genes that are directly regulated by a specific TF. 

Although, direct binding and transcriptomic profile has been examined as separate studies 

for several A. fumigatus TFs (Sheppard et al., 2005; Bok et al., 2006; Moreno et al., 2007; 

Perrin et al., 2007; Twumasi-Boateng et al., 2009; Gsaller et al., 2014; Hagiwara et al., 2016; 

Ries et al., 2017; Picazo et al., 2020; de Castro et al., 2014; Colabardini et al., 2022), the 

combined  approach has been previously performed only for four A. fumigatus TFs, 1) SrbA, 

a positive regulator of genes required for adaptation to hypoxia (Chung et al., 2014),  2) AtrR, 

involved in azole resistance and ergosterol biosynthesis, as well as hypoxia (Hagiwara et al., 

2017), 3) Nct complex (NctA, NctB), regulators of drug resistance directing sterol biosynthesis 

and genes linked to azole susceptibility (Furukawa et al., 2020), and 4) RglT, a newly 

discovered regulator of gliotoxin biosynthesis (Ries et al., 2020). This study is the first in the 

field of fungal research to integrate the binding and transcriptomic profile of the TF PacC, 

thereby identifying the direct regulon of A. fumigatus PacC. 

The biological processes directly regulated by A. fumigatus PacC under acidic (pH 5) and 

neutral pH (pH 7) were similar to that seen in the transcriptional expression of the ΔpacC

strains in C. albicans and A. fumigatus (Lamb and Mitchell, 2003; Bertuzzi et al., 2014). For 

example: a direct regulation of biological processes associated mainly with secreted toxins, 

cell wall characteristics, transcriptional regulation, and ion transport was observed. This 

reaffirmed why PacC is a master regulator of virulence determinants associated with 

epithelial invasion. Further, observations from this study on biological processes directed by 

PacC agree with transcriptomic findings in in vivo murine models of IA (Bertuzzi et al., 2014; 

Liu et al., 2021; McDonagh et al., 2008), emphasising the relevance of alkaline environment 

in vitro to a mammalian lung environment during IA. However, a caveat of enriched GO term 

analysis is currently only around 50% of the A. fumigatus A1163 genome has been annotated, 

therefore several significantly enriched genes in this analyses were not assigned a category 

during FunCat analysis. This challenge highlights the importance of more research on 

functionally annotating the A. fumigatus genome.  
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This study identified a unique pattern of PacC mediated direct transcriptional network at 

acidic, neutral, and alkaline pH comprising of 26 A. fumigatus TFs. The findings of gliZ and 

nscR activated and fumR and hasA repressed by PacC are identical to gene expression in 

murine lung (Liu et al., 2021). This observation has added knowledge to the field indicating 

PacC directs the TFs for production of distinct subset of mycotoxins at a neutral and alkaline 

in vitro pH condition. Moreover, PacC directly regulated TFs involved in conidiation, hyphal 

development and asexual/sexual development (FlbC, FlbD, NsdD, NsdC and BrlA) (Xiao et al., 

2010, Szewczyk and Krappmann, 2010), indicating PacC could be mediating growth of A. 

fumigatus as seen with the other pH responsive TFs (YlRim101 and Mhy1) regulating pH-

Induced filamentation in dimorphic yeasts (Shu et al., 2021). 

Exploring the genome wide-interaction using ChIPseq identified PacC binding with 14 of the 

17 epithelial regulators (Figure 7.1). This finding is in agreement with the initial hypothesis 

that PacC mediated both cell detachment and cell lysis epithelial regulators, implying the 

detachment and cell lysis TFKOs are additive or synergistic in their mode of regulating the 

temporal phases of damage with PacC being the master regulator. However, only one 

epithelial regulator NsdD was differentially regulated in the lack of pacC gene (Figure 7.1). 

This is plausible, as although binding of PacC to a gene reveals hierarchy and interaction of 

the TF with the gene, gene expression maybe dependent on environmental conditions (such 

as the media nutrients, the presence of co-factors, as well as the presence of A549 cells) 

lacking in the experimental conditions of this study. Future work could involve observing the 

transcriptional profile of the epithelial regulators (Table 4.1 and 4.2), during the early and late 

phases of infection in the presence of A549 cells. The transcriptional response of SltA/Ace1 

under alkaline conditions, studied in A. nidulans reported SltA as a positive regulator of the 

PacC-dependent ambient pH regulatory pathway, with SltA controlling pacC and palF gene 

expression (Picazo et al., 2020). This recent observation suggests a co-ordination between 

PacC and SltA/Ace1 as seen in this study. Moreover, the discovery of PacC binding to itself in 

all pH conditions reasserts the active PacC isoform (PacC27) is an alkaline expressed gene 

(Tilburn et al., 1995; Orejas et al., 1995) and validate an auto-regulatory positive feedback 

loop for the A. fumigatus PacC, irrespective of pH environment. PacC was used as a control 

for the optimisation of the high throughput format assays (Chapter 3) and the behaviour of 

PacC was used to control for the analysis of the assay output (Chapter 4), hence, it is likely 
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PacC formed the central node in the generation of the epithelial damage regulatory network 

(Figure 7.1). 

This study detected a greater number of PacC enriched peak summit regions at pH 7 and pH 

8 in comparison to pH 5, indicating increased processed A. fumigatus PacC form at alkaline 

pH conditions as per previous observations (Loss et al., 2017).  However, a large number of 

total peak summit regions were detected for all pH conditions, with highest percentage of 

peak summit locations within the coding region of the gene. This finding does not align with 

previous observations (of ChIPseq analyses) in other A. fumigatus TFs detecting lesser peak 

summit regions, mostly in the upstream of the gene (Chung et al., 2014; de Castro et al., 2014; 

Furukawa et al., 2020).  Moreover, PacC enrichment at the actA gene site (confirmed using 

QPCR validation) in the FLAG tag epitope strain and not the S-tag epitope PacC strain, suggests 

possible background non-specific enrichment of the ChIPed DNA contributed by the presence 

of FLAG tag. Hence, future work could involve exploring the genome-wide PacC binding profile 

of an A. fumigatus S-tagged PacC strain to reveal differences contributed by the epitope.  

An additional control for future experiments could involve ChIP from an un-tagged strain to 

recognize artifacts associated with ChIPseq or any non-specific elution during ChIP, 

manifested as noise in the dataset. However, the amount of DNA generated from an un-

tagged strain is expected to be far less, which may lead to library complexity for sequencing. 

Further analyses, beyond the scope of this project, could involve examining for the consensus 

PacC binding motif (5’GCCARG) (Tilburn et al., 1995), as well as interrogation of the presence 

of novel PacC binding motifs in the genome-wide PacC enriched peak summit regions. 

Although our observations on exploring PacC’s genome-wide binding and transcriptional 

profile have proven to be effective in uncovering key biological processes and regulatory 

hierarchy mediated by A. fumigatus PacC, the roles of TFs can vary significantly from species-

species. For example, loss of the A. fumigatus PacC results in a >20-fold increase in flucytosine 

sensitivity in A. fumigatus, however, loss of the orthologue in yeast (RIM101) leads to an 

increase in flucytosine resistance (Gsaller et al., 2018). Hence, future studies on identifying 

the interactome of PacC in other fungi will reveal the universal nature of biological processes 

and transcriptional regulators mediated by PacC. 
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Figure 7.1: Schematic model showing the Aspergillus fumigatus epithelial regulators interacting with PacC. Epithelial regulator genes bound by PacC 
(revealed by ChIPseq) are highlighted in pink squares. Epithelial regulator genes with differential expression in the lack of pacC (revealed by RNAseq) are 
highlighted in black squares.
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8. Conclusions from this study  

In conclusion, this study has successfully validated two high throughput format screens for 

analysing in vitro epithelial damage during A. fumigatus infection. The study has also 

identified the A. fumigatus transcriptional regulators controlling epithelial cell detachment 

and cell lysis during in vitro infection. Further, this study has validated a unique mechanistic 

profile of A. fumigatus mediated epithelial cell damage driven by the epithelial regulators at 

the temporal phases of infection. Finally, the study has discovered the A. fumigatus

transcriptional network and hierarchy of the A. fumigatus epithelial regulators controlled by 

the master regulator PacC. 
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