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 Mucormycosis and aspergillosis are invasive fungal infections with very limited 

treatment options and extremely high mortality rates. During both pulmonary 

mucormycosis and aspergillosis, inhaled fungal spores must adhere to and invade airway 

epithelial cells in order to establish infection. The molecular mechanisms governing these 

interactions in the context of each disease are not completely understood. 

 Mucormycoses are caused by fungi belonging to the Order Mucorales, with ~70% 

of all cases caused by Rhizopus species. To better understand the molecular mechanisms 

of fungal invasion during mucormycosis, an unbiased survey of the host transcriptional 

response to Mucorales infection in in vitro and in vivo murine models of pulmonary 

mucormycosis using RNA-seq was performed. Network analysis revealed activation of 

host receptor tyrosine kinase (RTK) signaling pathways and progesterone (PG) signaling 

pathways. By combining established models of mucormycosis, transcriptomics, cell 

biology, and pharmacological approaches, we demonstrated that Mucorales activate 

epidermal growth factor receptor (EGFR), erb-b2 tyrosine kinase 2 (ErbB2), and platelet-

derived growth factor receptor (PDGFR) signaling to induce fungal uptake into airway 

epithelial cells. Furthermore, we demonstrated that inhibition of EGFR signaling with 

existing FDA-approved cancer drugs significantly increased survival following Rhizopus 



 

delemar infection in mice. We also demonstrated that inhibition of progesterone receptor 

(PGR) signaling decreases R. delemar invasion of airway epithelial cells in vitro. These 

studies enhance our understanding of how Mucorales invade host cells during the 

establishment of pulmonary mucormycosis and provide a proof-of concept for 

repurposing FDA-approved cancer drugs that target RTK function. 

 Aspergillus fumigatus is responsible for 90% of all aspergillosis cases. To better 

understand how A. fumigatus senses and responds to airway epithelial cells during 

pulmonary aspergillosis, we used RNA-seq to analyze the transcriptomes of two 

commonly used clinical A. fumigatus isolates, Af293 and CEA10, during an in vitro 

infection model of airway epithelial cells. In this analysis, we identified 47 genes that 

were up-regulated in both strains and enriched for genes involved in iron acquisition, a 

mechanism required for A. fumigatus virulence in the mammalian host. Knowledge 

gained from this work could aid in the identification of therapeutic and prevention targets 

to combat mucormycosis and aspergillosis. 
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Chapter 1:  Introduction 
 

Background 
 
General 
  
 Fungi are a diverse group of microorganisms that can live as part of the 

environment or the normal flora of humans and animals and can cause infections ranging 

from mild superficial infections to life-threating invasive infections [1]. Invasive fungal 

infections (IFI) are those that occur when fungi have invaded deeply into host tissues 

thereby causing prolonged illness [1]. Humans are exposed to fungi from the 

environment via inhalation, ingestion, and/or inoculation of wounded skin or mucosa [2]. 

Most human-fungal encounters are asymptomatic and less than 100 of the estimated 5 

million fungal species have been associated with disease [2]. However, the number of 

IFIs is on the rise mainly driven by increases in the number of individuals with 

compromised immune systems due to organ transplantation, cancer therapy, and 

HIV/AIDS [2-4]. Ninety percent of all IFIs are demonstrated to be caused by three 

groups of fungi: Candida spp., Aspergillus spp., and Mucorales spp. [5]. Mucorales spp. 

and Aspergillus spp. belong to the Zygomycota and Ascomycota phyla, respectively. 

Figure 1.1 shows the phylogenetic relationship of major phyla within the fungal kingdom 

using Homo sapiens as an out-group. It is estimated that these Zygomycota and 

Ascomycota diverged approximately 938 million years ago (MYA) [6]. My dissertation 

work aims to characterize and understand the interactions between the host and 

Mucorales spp. that cause mucormycosis and Aspergillus fumigatus which causes 

aspergillosis using a combination of in vitro and in vivo models (Figure 1.2), 

transcriptomics, cell biology, and pharmacological approaches. 
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Credit:  Ma, L.J., et al., Genomic analysis of the basal lineage fungus Rhizopus oryzae reveals a 
whole-genome duplication. PLoS Genet, 2009. 5(7): p. e1000549. 	

	
	
	
Figure 1.1:  Phylogenetic relationship between major fungal phyla. 
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Figure 1.2:  Transcriptomics Approach. Schematic showing the experimental designs 
for (a) the in vitro and in vivo models of mucormycosis (top) along with the negative 
control experiments (bottom) that were done in parallel and (b) the in vitro model of 
aspergillosis (top) along with the negative control experiments  (bottom) that were done in 
parallel.  
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Mucormycosis 

 Mucormycosis is an increasingly common, life-threatening, IFI that is caused 

by various fungal species belonging to the subphylum Mucormycotina, order Mucorales 

[7, 8]. Mucorales are fast-growing, thermotolerant fungi that are ubiquitous in soil, on 

fruit, dust and decaying vegetation worldwide [9, 10]. They are commonly found in 

homes and one study from researchers in Denmark indicated that Mucorales species were 

present in 98% of samples taken from home dust [11, 12]. Mucorales are considered 

opportunistic pathogens, requiring a suppressed immune system to cause disease, and are 

the third most common cause of IFIs in immunocompromised patients [5, 10, 13, 14]. 

Fatal mucormycosis infections can be initiated by inhalation, ingestion, or contamination 

of wounds with easily aerosolized spores from the environment [13]. These infections 

progress rapidly and often result in significant, irreversible tissue damage, or death. 

Inhaled or inoculated dispersed spores swell and germinate producing fast-growing 

hyphae that can penetrate from the epithelium, down to the endothelial layers [15]. The 

first documented report of human mucormycosis came in 1885 by Paltauf, who reported a 

disseminated infection in a rhinocerebral patient caused by angioinvasive hyphae [16]. 

Histopathologic examination of infected tissue from mucormycosis patients often shows 

broad, ribbon-like, non-septate hyphae surrounded by necrotic tissue [7, 17, 18]. 

 

Aspergillosis 

 Aspergillosis is also a life-threatening IFI caused by Aspergillus spp. and is the 

second most common IFI [19]. Aspergillus spp. are filamentous fungi that cause a wide 

spectrum of infections in humans, including hypersensitivity reactions, pulmonary and 



	 6	

life-threatening infections [20]. Like Mucorales, Aspergillus spp. are ubiquitous, 

saprophytic molds often found on decaying organic matter [3, 21]. Aspergillus spp. are 

also regarded as opportunistic pathogens, and less than 20 of the ~200 Aspergillus spp. 

have been associated with human disease [3]. A. fumigatus isolates are responsible for 

90% of invasive aspergillosis (IA) infections in humans [3, 22, 23]. Aspergillus spp. 

release many spores that can reach the alveoli in the lung when inhaled [21]. In the 

absence of a functional immune system, the spores swell and germinate in the lung, then 

produce hyphae that can further invade lung tissue and disseminate hematogenously to 

other organs such as the brain, kidneys, heart, and eyes [21]. A. fumigatus can cause 

severe allergic responses in atopic individuals as well as life-threatening infections in 

immunocompromised patients [3, 22, 24]. The first recorded human infection attributed 

to aspergillosis came in the midst of the 1789 French Revolution when a soldier, Jacques 

Thibault, was admitted to a Paris hospital to have a fungal mass that filled part of his 

mouth and entire right nostril excised [25]. Histopathologic examination of infected 

tissue from aspergillosis patients often shows branching, septate hyphae [23, 26]. 

 

Epidemiology 

General 

 IFIs were uncommon during the early 20th century when the world was plagued 

with bacterial epidemics; however, fungi have now evolved as a major global health 

problem as the numbers of immunocompromised individuals increase as the success of 

organ transplants and cancer chemotherapies increases [1, 27]. Life-saving treatments 

may breach normal immune defenses or allow susceptible patients to survive long enough 
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to become infected by fungal pathogens [2]. There have also been many reports of IFIs in 

immune competent individuals indicating that IFIs are potential health threats in the 

present century [1]. 

 

Mucormycosis 

 Mucormycosis infections are associated with high morbidity and mortality, >50% 

and approaching 100% with disseminated infection despite aggressive tissue debridement 

and antifungal therapy [28, 29]. Generally, mucormycoses will spread widely and cause 

extensive tissue damage by the time it is suspected and diagnosed [28, 29]. Mucorales 

generally establish infection in immunocompromised individuals with predisposing risk 

factors including uncontrolled diabetes resulting in hyperglycemia and ketoacidosis 

(DKA), chemotherapy, hematological disease, organ transplantation, elevated blood iron, 

deferoxamine or corticosteroid therapy, among others [30]. Mucorales can also cause 

lethal infections in a broader and more heterogeneous population than other opportunistic 

molds including injection drug users, patients receiving prolonged antifungal treatment 

lacking activity against Mucorales (ex. Voriconazole), and those exposed to recent 

hospital construction [13, 31-33]. Immunocompetent victims of natural disasters 

(earthquakes, tsunamis, tornados, etc.) and traumatic accidents such as those resulting 

from burns and military-related combat are also susceptible to mucormycosis [34, 35]. 

The observation that immunocompetent individuals can also be infected by Mucorales 

suggests that these fungi have a greater pathogenic potential than other molds [36]. 

 Unlike Aspergillosis, the etiological agents of mucormycosis represent a more 

heterogeneous group of organisms encompassing the genera Rhizopus, Mucor, and  
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Lictheimia [19, 37]. Combined, these genera account for 70-80% of all mucormycosis 

cases [38]. However, Rhizopus species alone are the most common causative agents of 

mucormycosis, accounting for ~70% of all cases and are the most common organisms 

isolated from patients with mucormycosis [7, 8, 35, 39, 40].  

Although infections caused by species of Mucorales are relatively rare when 

compared to other fungal pathogens, the number of mucormycosis incidences is 

increasing and is estimated to be 500 cases per year in the United States [7, 13]. A 

prospective surveillance study of nearly 17,000 transplant recipients performed in 23 

institutions during 2001-2006 reported that mucormycosis was the third most common 

IFI in stem cell transplant recipients with invasive aspergillosis (IA) and invasive 

candidiasis being the first and second most common, respectively [41, 42]. The National 

Institute of Allergy and Infectious Disease (NIAID) now classify mucormycosis as an 

emerging infectious disease [43, 44]. However, the true prevalence of mucormycosis 

cases is difficult to determine. Since there is no national surveillance in the United States, 

a lack of accurate diagnostic assays, and a declining rate of autopsies in high-risk 

populations, the true prevalence of mucormycosis infections is likely to be severely 

underestimated [33, 35, 41, 45]. The first documented instance of natural disaster-

associated mucormycosis occurred following the 1985 volcanic eruption in Colombia 

resulting in 8 patients with necrotizing lesions caused by Rhizopus spp. [46]. In the US, 

there were 13 documented mucormycosis cases resulting after the Joplin, Missouri 

tornado in May 2011 [47]. 

Mucormycosis outbreaks in hospital settings have also been reported. Hospital-

acquired mucormycoses may spread by way of air-conditioning but has also been 
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associated with contaminated bandages and medication patches, intravenous catheters, 

blood glucose monitoring equipment, hospital bed linen and laundry carts, and tongue 

depressors [13, 29, 32, 48, 49]. In fact, in September 2015, one of the largest hospital 

transplant units in the US, the Cardiothoracic Intensive Care Unit at the University of 

Pittsburgh, was shut down due to the deaths of two patients from hospital-acquired 

mucormycosis [50]. Such incidences show an alarming shift in mucormycosis from 

mainly a community-acquired to a hospital-acquired infection [32]. A recent study by 

Sundermann et al. set out to determine the extent to which freshly-laundered hospital 

linen delivered to US transplant and cancer centers were contaminated with Mucorales 

spp. [49]. These researchers performed fungal cultures on linens at 15 transplant and 

cancer centers and found that Mucorales were recovered from greater than 10% of the 

linens [49]. This same study revealed that the linens also tested culture positive for other 

pathogenic fungi including Aspergillus spp. [49]. 

 

Aspergillosis 

 Like mucormycosis, infections caused by Aspergillus species are associated with 

high morbidity and mortality [20]. IA has a 50% mortality rate even with antifungal 

treatment; however, with delayed diagnosis and treatment, the mortality rate approaches 

100% [51]. A. fumigatus is the most common causative agent of IA followed by A. flavus, 

A. terrus, A. niger, and A. nidulins [21-23]. Individuals at highest risk for IA are 

immunocompromised individuals including solid organ and stem cell transplant 

recipients and immunosuppressive therapy recipients [3, 22]. Furthermore, like 

mucormycosis, aspergillosis is not a reportable infection in the US, and as a result, the 
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true prevalence of IA is difficult to determine and is likely underestimated [52]. A 

laboratory surveillance study conducted in the San Francisco Bay Area during 1992-1993 

estimated 1-2 aspergillosis cases per 100,000 people [52]. This rate is likely much higher 

now with the increase in high risk groups susceptible to aspergillosis. 

 The pulmonary form of IA is a life-threatening infection that occurs primarily in 

neutropenic patients and is associated with a 25-35% mortality rate despite current 

antifungal therapy [53, 54]. Aspergillus spores are ubiquitous in the environment world-

wide, and it is estimated that the average person inhales ~200 Aspergillus spores per day 

[22]. In a hospital survey, A. fumigatus represented 1% of airborne mold spores but 

accounted for nearly 50% of patient isolates [3]. Amongst over 2.3 million Aspergillus-

related diseases occurring annually in Europe alone, most cases initiate in the respiratory 

tract via spore inhalation [55]. Most aspergillosis infections are sporadic, but outbreaks 

have been associated with natural disasters. After the 2011 Great East Japan and the 2004 

Indian Ocean earthquakes and tsunamis, Aspergillus spp. were identified as agents 

causing meningitis and pulmonary infections in previously healthy near drowning victims 

and other survivors [46, 56, 57]. Outbreaks of IA have also occurred in hospital settings 

and have primarily been associated with construction resulting in severely 

immunocompromised patient populations being exposed to increased amounts of 

aerosolized Aspergillus spp. [58]. 
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Pathogenesis 

General 

 Humans are constantly exposed to many fungal species and those that can survive 

in the human body can establish different interactions from symbiotic to pathogenic [59]. 

Both Mucorales and A. fumigatus are opportunistic fungal pathogens that require a breach 

in the immune system [24, 37, 60]. In order for these fungi to establish infection in the 

human host, they must be able to adapt to growth at 37oC. They must also be able to 

circumvent or penetrate host surface barriers in order to reach internal tissues, lyse or 

absorb tissue, evade and/or withstand immune defenses including elevated body 

temperatures and other factors that contribute to the often hostile environment of the 

mammalian host [61, 62]. Both Mucorales and Aspergillus spp. have evolved 

mechanisms that allow just that. In immunocompetent individuals, fungi are killed and 

cleared by immune cells of the host [3, 15]. However, when the immune system is 

weakened, as is the case with those with hematological malignancies and those 

undergoing solid-organ and hematopoietic stem cell transplants, fungal colonization and 

uncontrolled growth occurs followed by dissemination to other organs via the blood 

stream [3, 15, 22]. During dissemination, hyphal fragments break off in the blood and 

invade the endothelium at other tissue sites [22]. 

 The invasion and stimulation of endothelial and epithelial cells are key steps in 

fungal pathogenesis and are required for invasive disease [63, 64]. For both pulmonary 

mucormycosis and aspergillosis, these fungi will interact with and invade the epithelial 

cells of the lung and evade the immune system in order to initiate and establish infection. 

Epithelial cells that line the airways and alveoli are among the first host cells to encounter 
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inhaled fungal pathogens [63]. In most cases, host cell invasion and/or stimulation of a 

pro-inflammatory response is induced when proteins or carbohydrates on the fungal cell 

surface bind to receptors on the host cell surface resulting in activation of host cell 

endocytosis mechanisms and internalization of the fungus [63].   

 The fungal cell wall is required to maintain shape and integrity, and its molecules 

are involved in tissue adherence, immune system evasion, and stimulation of host 

defenses [65, 66]. The fungal cell wall is composed of the polysaccharides β-1,3- and/or 

1,6-glucan and chitin bound to protein or other polysaccharides [65]. It also contains 

enzymes that can be secreted to release nutrients from host tissues [65]. The fungal cell 

membrane also has structural and signaling functions and is enriched in a variety of lipids 

including sterols, glycerophospholipids, and sphingolipids and proteins including 

transporters [67]. Lipids have recently been identified as regulators of fungal virulence 

[68]. Some glycosphingolipids, such as glucosylceramide (GlcCer), have been shown to 

be involved in the regulation of virulence in fungi affecting plants and humans [68, 69]. 

GlcCer has been shown to be essential for the growth of some fungi in host extracellular 

environments but not in host intracellular environments such as the phagolysosomes of 

macrophages, which tend to be acidic [70]. 

 

Mucormycosis 

Hallmarks of mucormycosis are angioinvasion and tissue necrosis that aid in 

fungal dissemination through the blood stream causing deeper infections and resulting in 

poor penetration of anti-fungal agents to the site of infection [5, 13, 48]. The 

pathogenesis of mucormycosis infections is less understood than that of infections caused 
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by other fungi [7, 10]. Mucormycosis is commonly acquired by inhalation of spores that 

have been released in the air resulting in rhino-orbital (primarily in diabetic patients with 

ketoacidosis) or pulmonary mucormycosis (primarily in neutropenic patients) [71].  

Mucorales are thermotolerant, fast growing and likely outcompete the host 

immune system when it is in a state of suppression [15, 37]. Mucorales which germinate 

to form hyphae at faster rates such as Cunninghamella bertholletiae, are significantly 

more virulent than species with slower germination rates such as Rhizopus oryzae and 

Mucor circinelloides [15]. Hyphal growth has also been shown to be essential for 

virulence in yeast-locked mutants of Mucor circinelloides [15]. 

An essential step in initiating pulmonary mucormycosis involves interaction of 

spores with nasal or lung epithelium and penetration through (invasion) and damage of 

the epithelium. In the absence of functional phagocytes and because of the vascular 

tropism of Mucorales spp., mucormycosis infections will often progress into 

hematogenously disseminated disease and spread to other organs rapidly [17, 30, 37]. 

Like other intracellular microbial pathogens, fungi can invade non-phagocytic host cells 

by binding to one or more surface receptors resulting in internalization of the fungi [63, 

73]. The endothelial cell glucose-regulated protein 78 (GRP78), expressed on the host 

endothelial cell surface, has been shown to bind the fungal ligand CotH3, a Mucorales 

protein expressed on both spores and hyphae [39, 74]. The CotH gene family has been 

shown to be universally and uniquely present in Mucorales spp., and have been identified 

as the first mold invasins that facilitate invasion of host cells by Mucorales spp. [43, 75]. 

Polyclonal antibodies against GRP78 or CotH3 partially protected mice from 

mucormycosis, highlighting the feasibility of using antibody-based therapy to treat 
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mucormycosis [39, 74]. The interaction between GRP78 and CotH3 provides important 

insight as to why some patient groups are more susceptible to mucormycosis than others. 

Notably, during conditions of low pH, and elevated glucose and iron levels in vitro 

(conditions consistent with DKA patients) host expression of GRP78 and fungal 

expression of CotH increase to facilitate fungal binding to cells and subsequent tissue 

invasion [37]. Despite the advances that have been made in understanding the 

mechanisms used by Mucorales spp. to invade endothelial cells, little is known about the 

mechanisms used by Mucorales spp. to initiate infection by binding to, gaining entry, and 

causing damage to the airway epithelium [43]. This gap in knowledge is the basis for part 

of my dissertation work. 

Iron is important in fungal development and is supported by the observation that 

fungi undergo apoptosis during conditions of iron deprivation [37, 76]. Further support 

comes from the report that Rhizopus species use iron as a growth factor [17]. Fungi can 

acquire iron from the host using low molecular weight, high affinity iron chelators 

(siderophores) or high affinity permeases (Ftr1p) and ferrioxamine receptors (Fob1 and 

Fob2) [37, 77]. The higher rate of infection by Mucorales spp. in patients with high levels 

of free iron in serum highlights the central role of iron metabolism in fungal pathogenesis 

[76]. In DKA patients, low blood pH disrupts the ability of transferrin to bind and 

sequester free iron resulting in higher levels of free iron in the blood [78]. Elevated free 

iron levels in blood also facilitates fungal growth by impairing the function of the first 

immune cells to respond to fungal infection, phagocytes [37]. Fungal uptake of 

radiolabeled iron in the presence of deferoxamine, an “older” iron chelator used to treat 

iron overload in humans, is 8 to 40 fold lower in Candida spp. and Aspergillus spp. than 
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Rhizopus spp. suggesting this mechanism is unique to Rhizopus spp. [79]. Ferrioxamine 

use is known to increase susceptibility to mucormycosis, and data support that Mucorales 

can use this iron-rich form of deferoxamine as a xenosiderophore to obtain iron [17, 37]. 

However, the “newer” iron chelators, deferasirox and deferiprone, are not associated with 

increased risk for mucormycosis, do not supply iron to fungi, and have been shown to be 

cidal against Mucorales in vitro [17, 80]. These newer iron chelators have higher affinity 

constants for iron than deferoxamine resulting in iron deprivation and fungal growth 

inhibition [17, 80, 81].  

Studies also reveal other factors that contribute to Mucorales adaptation to 

mammalian hosts and increased virulence. Clinical epidemiological data indicate 

increased risk for mucormycosis after exposure to voriconazole, an antifungal often 

prescribed for prophylaxis of IFIs [37, 72]. Voriconazole exposure appears to increase the 

virulence of Rhizopus and Mucor strains resulting in increased lung fungal burdens and 

reduced survival in animal models of mucormycosis [37, 72]. It should be noted that 

voriconazole is an effective treatment against Aspergillus spp. [20, 82]. Genetic studies 

have also revealed evolutionary changes in Mucorales that contribute to their virulence. 

Sequencing of Rhizopus arrhizus strain 99-880 (reclassified as R. delemar) isolated from 

a diabetic patient with fatal cerebral mucormycosis revealed a whole genome duplication 

event resulting in 2-10x fold increase in gene families related to fungal cell membrane 

and cell wall synthesis, respiratory electron transport, virulence factors, iron assimilation 

from host, among others [33]. These genetic factors likely contribute to the observed 

rapid fungal growth in vivo, adaptations to the host immune response, enhanced 

angioinvasion, and reduced activity of antifungal drugs [33]. These duplication events 
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could also provide explanation as to why antifungals have poor activity against R. 

delemar [33]. The more commonly isolated Mucorales genera from patients with 

mucormycosis, Rhizopus, Mucor, and Lictheimia, have 3-7 copies of the CotH gene while 

species that rarely cause disease have fewer copies, 1-2 [43]. As discussed earlier, the 

CotH gene family facilitates endothelial cell adhesion and invasion. 

 

Aspergillosis 

 Clinical hallmarks of IA are similar to mucormycosis and include the rapid onset 

of tissue necrosis, angioinvasion, and thrombosis [83]. IA and mucormycosis also share 

major clinical manifestations of disease:  rhinocerebral, pulmonary, gastrointestional, 

cutaneous, and disseminated that may follow any of the four previously listed forms. Like 

mucormycosis, aspergillosis is primarily acquired when fungal spores are inhaled. The 

severity and increased occurrence of IA necessitates a better understanding of the 

interactions between host and fungi that contribute to Aspergillus pathogenesis [22]. 

More is known about how Aspergillus spp. interact with respiratory epithelia than is 

known for Mucorales spp. It is known that A. fumigatus invades pulmonary epithelial 

cells and vascular endothelial cells by inducing its own endocytosis [60]. Interaction 

between A. fumigatus cell wall protein, CalA, with integrin α5β1 on the surface of 

alveolar epithelial cells induces fungal endocytosis [60]. Integrins are a family of 

heterodimeric integral membrane proteins composed of alpha and beta subunits that 

function in cell surface adhesion and cellular responses including migration, 

differentiation, and proliferation [84]. Both A. fumigatus conidia and hypha induced 

endothelial cell microfilament rearrangement followed by its endocytosis [21]. 
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 Just like with Mucorales, A. fumigatus has characteristics that contribute to its 

pathogenicity allowing it to adapt inside of the human host. A. fumigatus also has specific 

genetic adaptations that enhance its ability to cause invasive disease in mammalian hosts: 

rapid germination and hyphal growth, increased melanin content (protects from oxidative 

stress and host defenses), and increased resistance to oxidative damage [3]. 

 A. fumigatus spore (2-3 µm) size is ideal for infiltrating deep into the alveoli 

space of the lung, whereas the larger spores of A. flavus and A. niger can be removed 

more easily by mucociliary actions of the upper respiratory tract [22]. A. fumigatus is also 

more thermotolerant than other Aspergillus species, growing well at 37oC but also 

growing well at temperatures above 50oC [3, 22]. Fungi encounter temperatures above 

50oC commonly when growing on decaying vegetation [22]. A. fumigatus has factors 

such as sialic acid that contribute to its enhanced ability to adhere to and colonize 

epithelial cells [3, 22]. Studies show that pathogenic species of Aspergillus, including A. 

fumigatus, display more sialic acid residues on spores than nonpathogenic Aspergillus 

species [3, 22]. This could contribute to its increased virulence. A. fumigatus also encodes 

degradative enzymes that support growth on plant matter that very well may also be 

involved in pathogenesis in the mammalian host since degrading surrounding tissue to 

obtain or synthesize nutrients necessary for invasive growth is also required for 

adaptation to the mammalian host [3, 22]. A. fumigatus also produces and secretes 

gliotoxin to degrade these host tissues. Gliotoxin is known to cause epithelial cell 

damage, slow ciliary beating in the lung (reducing the host’s ability to clear fungal 

pathogens in the lung), and contribute to host immunosuppression in part by inhibiting 

macrophage function and antigen presentation [3, 22]. 
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 Iron is important in Aspergillus development just as it has been shown to be for 

other fungi including Mucorales, making the ability to acquire iron from the host a 

necessary virulence factor for A. fumigatus [3, 37, 76]. Iron acts as a cofactor in 

enzymatic reactions and as a catalyst in important cellular processes such as electron 

transport systems [22]. A. fumigatus utilizes siderophores to acquire iron from the host 

environment but lack systems to acquire iron from host-specific sources like heme or 

ferritin [3, 22, 62]. The lack of such a system is consistent with A. fumigatus being a plant 

saprobe and an accidental pathogen of humans [62]. Aspergillus spp. can secrete 

fusaricine C and triacetylfusaricine C to chelate extracellular Fe, while ferricrocin and 

hydroxyferricrocin are involved in hyphal and spore intracellular iron storage [22]. 

 

Host-Response to Fungi 

 The mucociliary clearance mechanism prevents inhaled pathogens from coming 

in contact with epithelial cells and reaching the alveoli cavities preventing invasive 

disease of the sinus or lung [18, 85]. In immunocompetent people, fungi that are not 

removed by mucociliary clearance and reach the alveoli space encounter alveolar 

macrophages, the primary resident phagocytes in the lung [22]. The immune response to 

fungi is complex and the outcome of the disease depends less on fungal virulence and 

more on the host factors [1]. The first defenses against fungal infections are the physical 

barriers of the innate immune system: epithelia membranes of the skin and the mucosal 

epithelial surfaces existing in the mouth, and respiratory, gastrointestional, and genito-

urinary tracts which are constantly coming into contact with environmental microbes [86, 

87]. Epithelial cells have the critical role of discriminating pathogenic and non-
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pathogenic microbial organisms [87]. Epithelial cells form tight junctions to prevent 

invasion by environmental pathogens, while mucous layers provide protection as cilia 

and mucous work to physically remove microbes [88]. The epithelia and mucous 

membranes also secrete and have antimicrobial substances on their surfaces as well as 

commensal microflora that impede colonization by pathogenic microorganisms [86, 88]. 

Major antimicrobial products secreted by epithelial cells include lysozyme, defensins, 

and lactoferrin [89]. Once fungi overcome the non-specific barriers [59] 

(epithelial/mucosal layers), the second and the most important line of host defense 

against invading fungi is encountered, cellular members of the innate immune system: 

mononuclear cells, macrophages, and neutrophils (most abundant type of leukocyte in the 

blood) (Figure 1.3) [15, 30, 37, 86]. These cells work together to mediate the killing of 

fungi, prevent fungal growth and dissemination through the secretion of antimicrobial 

peptides and deprivation of essential nutrients [4, 18]. Monocytes and macrophages are 

able to ingest and kill fungal spores [4]. Once spores have germinated, neutrophils and 

monocytes can kill or damage hyphae using oxidative mechanisms and defensins, a 

family of antimicrobial peptides with broad spectrum activity against a variety of 

microbes (Figure 1.3) [4, 22, 30]. Disease is established with failure of the innate immune 

system to kill fungal spores and prevent fungal germination and growth [30].  

 Immune effector cells recognize fungal pathogens using pattern-recognition 

receptors (PRRs) that recognize pathogen-associated molecular patterns (PAMPs), cell 

wall polysaccharides, proteins, and nucleic acids found on fungal surfaces [18]. Toll-like 

receptors (TLRs) and C-type lectin receptors (CLRs) are the PRRs that recognize fungal 

pathogens [18]. Dendritic cells (DC) are an important connection between the innate and 
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adaptive immune system. DC cells function to keep the infection localized by ingesting 

fungal pathogens and presenting antigens in the early stage of infection to prime the 

adaptive immune system [18, 30, 37, 59, 86]. Vertebrates added the adaptive immune 

system to respond quickly to foreign pathogens using memory and recall [62]. Successful 

fungal clearance involves balance between Th1 and Th17 response and regulatory T cells 

(Tregs) [88]. The Th1 response provides protective immunity by enhancing phagocyte 

function through the production of IFNγ and promoting B cell antifungal antibodies [88]. 

The Th17 response activates epithelial cells and fibroblasts to produce chemokines to 

recruit phagocytes to the site of infection [88]. 
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adapted from Ghuman, H. and K. Voelz, Innate and Adaptive Immunity to Mucorales. J Fungi 
(Basel), 2017. 3(3). 
	
	
	
Figure 1.3:  Innate immune response to Mucorales. 
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 Fungi also employ strategies to evade recognition by phagocytes by concealing 

cell wall-associated PAMPs, as well as other mechanisms to evade being killed [4, 90]. A. 

fumigatus uses the external hydrophobic layer of resting spores to mask the underlying 

PAMPs [4]. Melanin, which protects A. fumigatus spores from sunlight and oxidative 

stress, also blocks phagolysosomal acidification inside of human alveolar macrophages 

[62]. Resting Mucorales spores are also resistant to phagocytic killing, whereas swollen 

spores and hyphae are susceptible to damage and degradation by macrophages and 

neutrophils (Figure 1.3) [15, 30]. This is because resting spores retain melanin that 

induces phagosome arrest, allowing them to remain dormant inside of the nascent 

phagosome of alveolar macrophages and avoid killing [90]. Fungi, including A. fumigatus 

and Mucorales, can also induce their uptake into endothelial and epithelial cells to 

potentially escape phagocytes [4, 64]. Once internalized, intracellular pathogens are 

protected from the host immune system and have access to preformed nutrients [27]. 

 When immune cells are unable to perform their roles efficiently, individuals 

become susceptible to disease. Impairments to neutrophil function or number are major 

risk factors for IFIs [18]. This condition, neutropenia, can result from various factors 

including immunosuppression and corticosteroid use which impedes oxidative burst, 

lysosomal activity, and decrease immune cell mobility [18]. Other previously discussed 

conditions also impair phagocyte functions including hyperglycemia, acidosis, and iron 

overload. 
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Current Diagnostics and Therapies 

General 

 Due to the conservation of many fundamental eukaryotic biochemical and 

biological processes between fungal pathogens and their mammalian hosts, therapeutic 

doses of antifungals currently used are associated with host toxicity [7, 92, 93]. When 

used at therapeutic doses, antifungals have serious side effects including kidney and liver 

damage [1, 13, 51, 94]. The emergence of fungal strains (including Mucorales and 

Aspergillus spp.) that are resistant to current antifungal therapies further limits the 

number of effective treatment options especially in patients who require long-term 

treatment or who are receiving antifungal prophylaxis [93, 95, 96]. Therapeutic options 

for the treatment of IFIs are limited to only three classes of molecules, and only one new 

class of antifungal drugs has been developed in the last 30 years [92]. Azoles and 

polyenes target ergosterol in the fungal cell membrane, while echinocandins impair β-D 

glucan synthesis in the fungal cell wall [1, 18]. The poor efficacy of antifungal therapy 

and the lack of broad-spectrum potency provide a clear mandate to identify novel drug 

targets and therapies to combat IFIs. One exciting option to this is to study host-fungal 

interactions with the hopes of identifying novel drug and treatment targets [30, 63]. In the 

past, anti-infective strategies focused on drugs that inhibit pathogen growth, but recent 

animal studies demonstrate the efficacy of blocking signaling through host receptors 

utilized by fungi to invade [39, 63, 74, 97]. Chapter 2 of this dissertation will discuss my 

published data supporting that inhibition of host EGFR signaling protects from 

mucormycosis [97]. Genomic studies are also needed to identify core and species-specific 

fungal genes that could be used as drug targets and targets to develop rapid molecular-
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based diagnostic tools that could aid in early management of disease [75, 98]. 

 In recent decades, there have been many efforts to develop vaccines against 

various fungal infections caused by Candida spp., A. fumigatus, etc. [87]. A major 

limitation to develop a vaccine against a fungal pathogen stems from the fact that IFIs 

primarily affect individuals with impaired immune systems who would not be able to 

mount an effective response against a vaccine [87]. 

 In general, diagnosis of IFIs is challenging because current diagnostic tools lack 

sensitivity and specificity or take too long to be clinically useful resulting in delays in 

treatment [99]. Traditionally, diagnosis of fungal infections relied primarily on direct 

microscopic examination of fungi cultured from clinical samples, histopathology, and 

fungal-specific stains [99]. Currently, fungal culture from a clinical sample is the gold 

standard for diagnosis of fungal infections, and if positive, it offers the opportunity to do 

direct anti-fungal susceptibility testing [99]. Radiological methods lack the sensitivity to 

distinguish mucormycosis from aspergillosis (or any other mold infections), and are often 

only identifiable at an advanced stage of disease [5, 17, 75]. Because of these issues, 

there is increased interest in the use and development of non-culture-dependent 

molecular-based and antigen detection-based methods for the rapid and 

species-level diagnosis of fungal infections [99, 100]. Some clinical laboratories utilize 

PCR amplification of fungal 18S and 28S ribosomal DNA and internal transcribed spacer 

1 and 2 (ITS1 and ITS2) regions using primers targeting conserved ribosomal regions 

followed by Sanger sequencing for fungal identification [100-102]. However, this method 

can not be used on complex clinical material that may contain more than one fungal 

species and, for some fungi, there is not enough specificity in ribosomal loci to 
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discriminate different species [99, 101, 103, 104]. As a result, sequencing of secondary 

markers like β-tubulin and calmodulin (for Aspergillus) and elongation factor 1α (for 

Mucorales) has also been employed to further aid in fungal identification [99, 105]. 

Filamentous fungal genes encoding metabolic and structural proteins are generally 

conserved with the protein-coding regions being more highly conserved than the 

relatively short intronic regions [106]. Several groups have also published results from 

assays using Luminex technologies that allow for the detection of the most common 

clinically relevant fungi with demonstrated multiplex capability from culture isolates, 

respiratory samples, and blood [107, 108]. 

 There are also non-nucleic acid-based molecular-based fungal diagnostic tools 

currently in use and being further developed. The fastest growing and most popular of 

these is matrix-assisted laser desorption ionization–time of flight mass spectrometry 

(MALDI-TOF MS); however, fungal reference databases used to aid identification are 

still limited [99, 105, 109, 110]. This method can generate unique species-specific spectra 

that provide a signature based on protein and lipid profiling [99, 109]. Despite advances 

in this technology, challenges remain for mold identification and for use directly on 

clinical samples [107]. Antigen detection assays (immunoassays) have also been 

successful in detection of fungal polysaccharides or proteins that may be shed into body 

fluids over the course of infection [99].  

 

Diagnosis: Mucormycosis 

 As the pathophysiology, mode of acquisition, and underlying risk factors for 

mucormycosis and aspergillosis are similar, clinical distinction between the two fungal 
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diseases is very difficult yet crucial because treatment against Aspergillus spp. is not 

effective against Mucorales spp. [5, 17]. Molecular detection tools are also few and have 

not undergone extensive clinical validation [17]. As a result, routine clinical non-culture-

based molecular-based methods as a single approach for mucormycosis diagnosis is not 

recommended [17].  

 It is important to note that there are no biomarkers identified to detect 

mucormycosis [17]. The β-D-glucan and galactomannan assays do not detect components 

of the Mucorales cell wall. Current diagnosis of mucormycosis relies heavily on 

morphological identification from cultures, radiology, and histopathology [75]. 

Immunohistochemical reagents that detect Mucorales in tissue are currently available, but 

these methods are limited in that they do not give species-level identification [31]. In 

tissue, Mucorales hyphae can be distinguished from other more common opportunistic 

molds like Aspergillus spp. by their broad (3- to 25 µm diameter), thin-walled, mostly 

aseptate [8, 17]. Even when hyphae are seen by histopathology, fungal cultures are only 

positive in 50% of cases because of the friable nature of aseptate hyphae, which are often 

damaged during tissue manipulation [17]. These hyphal elements often accompany tissue 

necrosis and fungal angioinvasion [7, 17]. Other problems associated with these methods 

have already been discussed. 

 Species-level identification is important because clinically relevant Mucorales 

(Mucor, Rhizopus, and Lictheimia species) show varying resistance to antifungals [110]. 

The importance of early differentiation of Mucorales from other mold infections has 

generated great interest and need in the development of non-culture- and non-

histopathology-dependent diagnostic tests such as detection of specific fungal antigens or 
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nucleic acids by PCR. Nucleic acid sequencing of PCR fragments is being used 

increasingly to identify different Mucorales [111]. Baldin et al. has demonstrated that 

PCR amplification of CotH genes, spore coat proteins, that are universally and uniquely 

present in Mucorales, is a promising target for a sensitive, reliable, and simple method for 

the early detection of mucormycosis [39, 43, 75]. This same study demonstrated that 

CotH genes can be PCR-amplified from plasma, urine, and BAL samples 24h post 

infection from mice infected intratracheally with R. delemar, R. oryzae, M. circinelloides, 

L. corymbifera, and C. bertholletiae as well as in urine samples of patients with proven 

mucormycosis [75]. 

 

Treatment:  Mucormycosis 

 The standard therapy for mucormycosis includes reversal of the underlying 

predisposing factors (if possible), wide-spread surgical debridement of the infected areas, 

and antifungal therapy [7, 43]. In the absence of surgical removal of the infected focus, 

antifungal therapy alone is rarely curative [43, 98]. Early diagnosis allows surgical 

removal of small, focal lesions before they progress to involve critical structures and 

disseminate [5].  

 Limited treatment options for mucormycosis are partly due to the lack of 

understanding mucormycosis pathogenesis [15]. Currently, there are few antifungal 

agents approved by the FDA for treating mucormycosis. Amphotericin B (AmB) has 

been used to treat these infections for the last six decades but causes serious 

nephrotoxicity [7]. Recently, Isavuconazole was approved but has had even less clinical 

success, and Posaconazole was approved for salvage therapy, resorted to when preferred 



	 28	

therapies have failed, for mucormycosis [94, 114, 115]. New therapies that target the 

mechanisms used by fungi for invasion and to cause damage also need to be developed 

underscoring the need for more research to characterize the molecular pathogenesis of 

mucormycosis. Such therapies could also target the host rather than the fungi and, as a 

result, will less likely result in fungal resistance [63]. Recent studies support that 

neutralization of CotH with antibodies protects and increases survival in murine models 

of mucormycosis [39]. Recovery of normal blood pH in mice with β-hydroxy butyrate 

(BHB)-induced acidosis through bicarbonate treatment significantly increased survival in 

murine models of mucormycosis [116]. This study highlights the importance of 

controlling acidosis to manage mucormycosis infection. 

 

Diagnosis: Aspergillosis 

 Early and targeted systemic antifungal treatment is the most important predictive 

factor for a successful outcome in immunocompromised individuals [20]. IA is also 

difficult to diagnose because of the low sensitivity of mycological assays [20]. As a 

result, clinicians also need to have a high index of suspicion for populations at risk for IA 

and to rapidly manage disease [23]. The symptoms of aspergillosis are also similar to 

other lung conditions caused by other microbes [23, 117]. IA is primarily found in the 

lungs but may hematogenously disseminate to other organs primarily the brain [23]. 

Signs and symptoms depend on which organs are affected, and may include cough, 

hemoptysis, dyspnea, chest pain, skin lesions, or neurological symptoms [20].  

Diagnosis may include imaging of the chest (X-ray or CT scan), which can reveal a 

fungal mass as well as signs of IA. Microscopic examination of respiratory secretion 
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(sputum) for Aspergillus filaments can also be done [23]. Due to the absence of a single 

“gold standard” test for the diagnosis of IA, different mycological assays are employed 

and combined with clinical, radiological, and histological methods [20]. Just as is the 

case in general, fungal cultures for IA are often delayed and microscopic identification 

can be difficult to distinguish from other molds. Mycological diagnostic approaches for 

IA include fungal culture from bronchoalveolar lavage (BAL) and biopsies; 

immunodetection of the cell wall component galactomannan (GM) in serum, BAL, and 

urine; detection of the cell wall component 1,3-β -D -glucan (BDG) in serum; detection 

of Aspergillus-specific siderophores in BAL or urine; detection of an Aspergillus-specific 

cell wall protein; and PCR detection of Aspergillus-specific DNA in blood and BAL [20, 

23]. However, for example, GM detection does not give species-level identification, 

which is important because Aspergillus spp. vary in their antifungal susceptibility profiles 

[100]. 

 

Treatment: Aspergillosis 

 Treatment of IA is difficult due to issues with early and accurate diagnosis and 

toxicity of treatment drugs [27]. Recent guidelines recommend voriconazole and/or 

isavuconazole for the primary treatment of IA, with liposomal AmB as the first 

alternative [20]. Whenever it is possible, immunosuppressive therapies should be 

discontinued or decreased after IA diagnosis [118]. Surgical debridement of necrotic 

tissue may also be necessary [23]. 

 Recent data identify CalA, a fungal cell wall component that mediates A. 

fumigatus endocytosis in both endothelial and epithelial cells, as a potential therapeutic 
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target for IA [60]. Treatment with an anti-CalA antibody improved survival of mice with 

pulmonary IA [60]. 

 

Study Design 

 In order to gain insight into the molecular basis of pulmonary mucormycosis and 

aspergillosis, the Bruno laboratory performed dual species RNA-seq analysis on in vitro 

and in vivo models of mucormycosis and aspergillosis. The mucormycosis study began 

with an in vitro model of pulmonary mucormycosis where human airway epithelial cells 

(A549 cell line) were independently infected with three strains of Mucorales representing 

two different clades based on previous phylogenetic analysis (Figure 1.4) (Table 1.1) 

[43]. The A549 cell line was first developed in 1972 from the culturing of cancerous lung 

tissue from a 58 year old Caucasian man and has been a mainstay as a model for studying 

respiratory research for nearly four decades [119, 120]. This cell line has morphologic 

and biochemical features of pulmonary alveolar type II cells including synthesis and 

secretion of surfactant, a complex mixture of lipid and protein that prevents the alveoli 

from collapsing [120-122]. The collected host and microbial total RNA were then 

processed for RNA-seq analysis. Follow-up in vivo studies were done in established 

murine models of pulmonary mucormycosis where neutropenic mice were infected with 

R. delemar for 14h and 24h. The lung tissue was then processed for RNA-seq. 

Appropriate controls were done for both in vitro and in vivo models: time-matched 

uninfected human airway epithelial cells and uninfected neutropenic mice. Similarly, to 

study pulmonary aspergillosis, human airway epithelial cells were infected with two well-
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characterized A. fumigatus strains, AF293 and CEA10 (Table 1.1) for 6h and 16h. 

Appropriate time-matched uninfected airway epithelial cells were also used for controls. 

 The above mentioned in vitro and in vivo infection experiments were completed 

prior to my joining the Bruno laboratory, and the resulting RNA-seq data sets became the 

basis for my dissertation research. The in vitro and in vivo mucormycosis host response 

data sets were analyzed to identify host pathways predicted to be modulated following 

fungal infection using IPA (Ingenuity Pathway Analysis) 

(https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis/). Analysis 

of fungal RNA-seq data sets was performed using tools available at FungiDB 

(http://fungidb.org/fungidb/). For the mucormycosis data sets, selected signaling 

pathways were selected to study pathway involvement in pathogenesis based on the 

availability of inhibitors of the pathways. The involvement of these pathways was 

determined by assessing the effect of these inhibitors on Mucorales invasion and host cell 

damage. 
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Credit:  Chibucos, et al. An integrated genomic and transcriptomic survey of mucormycosis-causing 
fungi. Nature Communications 2016. 
 
 
 
Figure 1.4:  Phylogenetic Relationships among Mucorales. 
All strains are clinical isolates unless otherwise indicated by a black circle to be an 
environmental isolate. 
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Chapter 2:  Inhibition of EGFR signaling protects from mucormycosis1 
 

Abstract 

 Mucormycosis is a life-threatening, invasive fungal infection that is caused by 

various species belonging to the order Mucorales. Rhizopus species are the most common 

cause of the disease, responsible for approximately 70% of all cases of mucormycosis. 

During pulmonary mucormycosis, inhaled Rhizopus must adhere to and invade airway 

epithelial cells in order to establish infection. The molecular mechanisms that govern this 

interaction are poorly understood. We performed an unbiased survey of the host 

transcriptional response during early stages of R. arrhizus var. delemar (R. delemar) 

infection in a murine model of pulmonary mucormycosis using RNA-seq. Network 

analysis revealed the activation of the host epidermal growth factor receptor (EGFR) 

signaling. Consistent with the RNA-seq results, EGFR became phosphorylated upon in 

vitro infection of human alveolar epithelial cells with several Mucorales and this 

phosphorylated, activated, form of EGFR co-localized with R. delemar spores. Inhibition 

of EGFR signaling with Cetuximab or Gefitinib, specific FDA-approved inhibitors of 

EGFR, significantly reduced the ability of R. delemar to invade and damage airway 

epithelial cells. Furthermore, Gefitinib treatment significantly prolonged survival of mice 

with pulmonary mucormycosis, reduced tissue fungal burden and attenuated the 

activation of EGFR in response to pulmonary mucormycosis. These results indicate that 

EGFR represents a novel host target to block invasion of alveolar epithelial cells by R. 

delemar and inhibition of EGFR signaling provides a novel approach for treating 

mucormycosis by repurposing an FDA-approved drug. 

____________________________________________________________________________________________________________________________________ 

1Text and figures adapted from Watkins, T.N., et al., Inhibition of EGFR Signaling Protects from 
Mucormycosis. MBio, 2018. 9(4). 
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Importance 
 

 Mucormycosis is an increasingly common, highly lethal fungal infection with 

very limited treatment options. Using a combination of in vivo animal models, 

transcriptomics, cell biology and pharmacological approaches, we have demonstrated that 

Mucorales fungi activate EGFR signaling to induce fungal uptake into airway epithelial 

cells. Inhibition of EGFR signaling with existing FDA-approved drugs significantly 

increased survival following R. arrhizus var. delemar infection in mice. This study 

enhances our understanding of how Mucorales fungi invade host cells during the 

establishment of pulmonary mucormycosis and provides a proof-of-concept for the 

repurposing of FDA-approved drugs that target EGFR function. 

 

Introduction 

Mucormycosis is an invasive fungal infection of humans caused by species of the 

order Mucorales, subphylum Mucormycotina [7, 8]. Rhizopus spp. are the most common 

etiological agent of mucormycosis and are responsible for approximately 70% of all cases 

[7, 8, 123]. The primary risk factors for mucormycosis include neutropenia, diabetes 

mellitus resulting in hyperglycemia and ketoacidosis (DKA), solid organ or bone marrow 

transplantation, treatment with corticosteroids, deferoxamine therapy, trauma and burns 

(e.g. wounded soldiers in combat) and malignant hematological disorders [7, 35].  

The most common forms of mucormycosis, based on anatomical site, are rhino-

orbital/cerebral, pulmonary, cutaneous, gastrointestinal and disseminated. Rhino-

orbital/cerebral mucormycosis is found almost exclusively in DKA patients while 

pulmonary disease is mainly found in neutropenic patients [124]. Cutaneous necrotizing 
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mucormycosis outbreaks in healthy individuals have also been reported and often follow 

natural disasters or severe trauma (e.g. infections following the tsunami that devastated 

South East Asia in 2004 and the tornadoes that occurred in Joplin, Missouri, USA in June 

2011) [125, 126]. Since there are no federal requirements to report fungal infections, the 

true prevalence of mucormycosis is likely to be much higher than currently reported. 

There are very few antifungal agents approved by the USA FDA for treating 

mucormycosis. The first is amphotericin B (AmB), which has been used to treat 

mucormycosis for the last six decades. AmB has significant nephrotoxicity, other adverse 

effects and very limited clinical success [7, 127]. Although Isavuconazole and 

Posaconazole have been recently approved to treat mucormycosis, neither is considered 

to be superior to AmB treatment [127, 128]. In the absence of surgical removal of the 

infected focus (for example, excision of the eye in patients with rhinocerebral 

mucormycosis), antifungal therapy alone is rarely curative. Even when surgical 

debridement is combined with high-dose antifungal therapy, the mortality associated with 

mucormycosis is >50%. In patients with prolonged neutropenia or disseminated disease, 

mortality is 90-100% [129, 130]. The limited treatment options coupled with the high 

mortality and morbidity rates and the frequently disfiguring surgical therapy, provide a 

clear mandate to explore alternative approaches to treat this infection. 

In the case of pulmonary mucormycosis, infection is generally acquired by 

inhalation of spores that are ubiquitous in nature. As lung epithelial cells are among the 

first host cells that interact with Mucorales spores during pulmonary infection, a 

molecular understanding of how these cells sense and respond to the pathogen is essential 

to understanding the pathogenesis of pulmonary mucormycosis. While the invasion of 
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endothelial cells by Rhizopus arrhizus var. delemar (referred to from here on as R. 

delemar) is known to be mediated by the interaction between the fungal-encoded CotH3 

and the host-encoded GRP78 [39, 74], the specific interactions that govern adherence and 

invasion of lung epithelial cells are poorly understood. 

In this study, we used RNA-seq to examine the host transcriptional response to R. 

delemar infection in a well-established in vivo murine model of pulmonary 

mucormycosis. Network analysis of the data set revealed the modulation of host 

pathways that were not previously linked to the host response to mucormycosis. We 

provide evidence that the epidermal growth factor receptor (EGFR) pathway is activated 

by R. delemar and other Mucorales infection and that this activation mediates invasion of 

lung epithelial cells by these fungi. Importantly, Gefitinib, an FDA-approved drug that 

inhibits EGFR, protected mice from mucormycosis. These results suggest that inhibition 

of EGFR signaling provides a novel therapeutic approach for treating mucormycosis. 

 

Results 

RNA-seq analysis of a murine model of mucormycosis 

We analyzed the host transcriptional response to R. delemar in a DKA murine model of 

pulmonary mucormycosis due to R. delemar infection. At 14 and 24 hours post-

inoculation, animals were sacrificed and the lungs were harvested for extraction of total 

RNA for subsequent transcriptome analysis using RNA-seq. These time points were 

chosen because they represent early stages of infection, prior to the onset of massive 

tissue damage and necrosis which might complicate interpretation of transcriptome 

analyses. The early time points also allowed us to focus on the initial response of the lung 
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tissue during adhesion of spores to and subsequent invasion of the airway epithelium. 

From each of the 12 sequencing libraries, we obtained an average of 96.4 ± 15.8 million 

reads that mapped to the mouse reference genome (Supplemental Table 2.1) (see 

appendix). The inclusion of a poly (A) enrichment step in the RNA-seq protocol, as 

predicted, resulted in the detection of transcripts from the infecting fungus. However, a 

robust analysis of the R. delemar transcriptome was precluded by the lack of sufficient 

reads that mapped to the R. delemar reference genome (6,488 reads combined from all 

six infected samples). Therefore, we focused our analysis of these samples on the host 

response. 

We have previously demonstrated that infection-induced transcriptome changes 

can be used to identify signaling pathways that govern the interaction between host and 

fungal pathogen [43, 131, 132]. Using the Ingenuity Pathway Analysis software 

(Ingenuity systems; http://www.ingenuity.com), we performed an Upstream Regulator 

Analysis on the sets of host genes that were differentially expressed (p < 0.05, 

Supplemental Tables 2.2 and 2.3) (see appendix) between the infection groups and the 

appropriate time-matched negative control groups, which were immunosuppressed but 

not infected.  

This approach was validated by our identification of two pathways that were 

already linked to infection by Mucorales: IL-22 (interleukin 22) and IL-17A (interleukin 

17A) (Figure 2.1A) [133]. Our analysis also predicted the activation of signaling 

pathways that have not been tied to mucormycosis but have been associated with the host 

response to fungal infection including: CSF2 (colony stimulating factor 2), ERK 

(extracellular signal-regulated kinases), MYD88 (Myeloid Differentiation Primary 
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Response 88), and JNK (JUN N-Terminal Kinase) [134-140] (Figure 2.1A). We also 

noticed a striking temporal dynamic in our data set. Specifically, the majority of the 

pathways were modulated at 14 hours post-inoculation (h.p.i.) and returning to normal 24 

h post infection. Furthermore, a smaller subset of pathways was modulated only at 24 h 

post infection. Of particular interest was the significant overlap and returning to normal 

24 h post infection. Furthermore, a smaller subset of pathways was modulated only at 24 

h post infection. Of particular interest was the significant overlap between genes that are 

differentially expressed 14 hours post inoculation with R. delemar and the known 

transcriptional targets of the epidermal growth factor receptor (EGFR) signaling pathway 

(p-value of overlap: 9.57 x 10-6). Specifically, R. delemar infection induced the 

expression of 18 genes that are known to be activated by EGFR signaling (Figure 2.1B), 

providing evidence for the activation of EGFR protein in response to R. delemar 

infection. 

Further support of the activation of EGFR signaling was provided by the 

predicted activation of mir-21 (p-value overlap: 8.6 x 10-15, Figure 2.1A), a microRNA 

that governs the expression of genes involved in many different biological processes 

[141-146]. EGFR activation enhances the expression of mir-21 in lung epithelial cells 

[147]. Our sequencing approach, which is geared toward the detection of long transcripts, 

does not allow the examination of microRNAs. However, in our infection model, 28 

known repression targets and 5 known activation targets of mir-21 were down-regulated 

or up-regulated, respectively, 14 hours after inoculation relative to the uninfected control 

group (Supplemental Table 2.4) (see appendix). This down-regulation of mir-21 

repressed genes is consistent with an EGFR stimulated increase in mir-21 expression. In 
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the database used to perform the Upstream Regulator Analysis, none of the 33 mir-21 

targets genes are annotated as EGFR targets and are therefore not included in Figure 

2.1C, so the total number of differentially expressed genes that provide evidence of 

EGFR pathway activation is 51. 
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Figure 2.1:  Host response to R. delemar infection in vivo and in vitro. (A) Mouse 
upstream regulators that are predicted to be changed in R. delemar-infected lungs in a 
mouse DKA model of mucormycosis. Red indicates predicted activation (Z score of >2). 
Teal indicates predicted repression (Z score of < −2). Black indicates no predicted effect. 
(B) Expression of known mouse EGFR targets in lungs 14 h post-inoculation of the in 
vivo DKA model. (C) Expression of known human EGFR targets in A549 cells at 6 and 
16 h following inoculation of an in vitro infection. Plotted for panels B and C are the log-
transformed reads per kilobase per million (RPKM) values that have been normalized 
across all samples. Red indicates high gene expression; blue indicates low expression. 
Each column in panels B and C represents an individual sample from a different mouse. 
 

EGFR signaling is activated during in vitro infection of airway epithelial cells.  

 We have previously examined the transcriptional response of A549 human 

alveolar epithelial cells to infection with R. delemar at 6 and 16 h [43]. Upstream 

regulator analysis of this in vitro RNA-seq data set also revealed a significant overlap 

between genes that are differentially expressed following R. delemar infection and the 

known transcriptional targets of the EGFR signaling pathway (Fisher’s Test p-value: 4.33 

x 10-2 and 1.43 x 10-3 for 6 and 16 h respectively). Specifically, R. delemar infection 

induced changes in gene expression of 34 known downstream targets of EGFR signaling 

in a direction that is consistent with the activation of the EGFR (29 activated and 5 

repressed; Figure 2.1C). 

When EGFR is activated by ligand-binding, tyrosine residues at the intracellular 

carboxy-terminus become phosphorylated and the signal is transmitted to a variety of 

downstream signaling pathways [148]. To confirm the EGFR activation by an orthogonal 

approach, we tested whether R. delemar infection of the A549 pulmonary epithelial cell 

line stimulated the phosphorylation of EGFR by immunoblotting. R. delemar infection 

induced the phosphorylation of EGFR on tyrosine residue 1068 when examined 3 hours 

post-infection (Figure 2.2). This phosphorylation was detected using an antibody that  
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Figure 2.2:  Phosphorylation of EGFR in A549 cells infected with 
Mucorales. (A) Representative immunoblot examining tyrosine 
phosphorylation of EGFR residue Y1068 in response to individual 
infection with five different Mucorales fungi. (B) Densitometric analysis of 
the immunoblots. ctrl, control. 
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specifically detects EGFR protein that is phosphorylated on tyrosine residue 1068. The 

same phosphorylation was also induced following infection with four other Mucorales 

species: R. oryzae, Lichtheimia corymbifera, Mucor circinelloides and Cunninghamella 

bertholletiae; (Figure 2.2) indicating that EGFR activation is not a strain- or species-

specific phenomenon. Consistent with these results, we observed that the phosphorylated 

(activated) form of EGFR co-localized with R. delemar spores during in vitro infection of 

A549 cells (Figure 2.3). 

 We did not observe co-localization when R. delemar spores were examined in the 

absence of A549 cells (Supplemental Figure 2.1) (see appendix). Taken together, these 

results are consistent with a model in which Mucorales interacts with EGFR and activates 

signaling in airway epithelial cells. 
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Figure 2.3. Localization of phospho-EGFR in A549 cells infected with R. 
delemar. A549 cells were infected for 30 minutes with 2 x 105 R. delemar 
spores that had been germinated for 1 h. Cells were then stained for phospho-
EGFR (red) and host cell nuclei using Hoechst (blue). 
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EGFR signaling governs the uptake of Mucorales and subsequent damage of airway 

epithelial cells 

 The predicted activation of EGFR and mir-21 signaling early during the infection 

process, the co-localization of activated EGFR with R. delemar as well as involvement of 

EGFR in the invasion by Candida albicans and diverse microbial pathogens [73, 149, 

150] compelled us to explore the possibility that EGFR mediates the invasion of airway 

epithelial cells by R. delemar. Thus, we next tested whether blocking EGFR signaling 

would protect alveolar epithelial cells from invasion by R. delemar. We used Gefitinib, a 

clinically relevant EGFR kinase inhibitor, to study its effect on R. delemar-mediated 

endocytosis by alveolar epithelial cells and their subsequent damage. When A549 cells 

were pretreated for 1h with 25 µM Gefitinib, endocytosis of R. delemar spores was 

significantly reduced compared to pre-treatment with vehicle alone (Figure 2.4A). 

Pretreatment with Gefitinib also significantly reduced R. delemar-induced damage of 

A549 cells, when assayed by LDH assay (Figure 2.4B).  
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Figure 2.4. Effects of EGFR inhibition on invasion of airway epithelial 
cells by R. delemar. A549 alveolar epithelial cells were pre-treated with 
vehicle, 25 µM Gefitinib or 25 µg/ml or Cetuximab for 1h followed by:  (A,C) 
3 h infection in the presence of inhibitor with 2 x 105 R. delemar spores or 
(B,D) 24 h infection (in the presence of inhibitors) with 2 x 106 R. delemar 
spores that were germinated for 1h.  *P<0.0001 or **P<0.01 versus control by 
Wilcoxon rank-sum test. Data are expressed as median ± interquartile range. 
Data represent at least two independent experiments. 
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 To complement our Gefitinib studies, which target the intracellular tyrosine 

kinase domain of EGFR, we examined the ability of Cetuximab to block epithelial cell 

invasion. Cetuximab is a monoclonal antibody that recognizes the extracellular portion of 

EGFR and has been shown to block ligand-dependent activation of EGFR signaling 

[151]. When the same host cells were pretreated for 1 hour with 25 µg/ml Cetuximab, 

endocytosis of R. delemar spores and host cell damage were both significantly reduced 

compared to pre-treatment with an equivalent amount of IgG1 control antibody (Figure 

2.4C, D). Notably, neither Gefitinib nor Cetuximab inhibited R. delemar mycelial growth 

(Supplemental Figure 2.2) (see appendix). Pre-treatment of R. delemar spore 

preparations with Gefitinib or Cetuximab, followed by rinsing, prior to the infection did 

not reduce endocytosis or host cell damage (Supplemental Figure 2.3) (see appendix). 

The concordance between the results of the endocytosis assay and the host cell damage 

assay is consistent with previous observations that endocytosis of R. delemar is a 

prerequisite for inducing host cell damage of endothelial cells [152]. We also found that 

pretreatment with Gefitinib reduced fungal-induced damage of A549 cells following 

infection with R. oryzae, L. corymbifera, M. circinelloides and C. bertholletiae (Figure 

2.5). Collectively, these results indicate that EGFR signaling is required for maximal 

invasion of and damage to alveolar epithelial cells by Mucorales.  

 EGFR signaling has also been shown to facilitate invasion of oral epithelial cells 

by C. albicans, which, like R. delemar, enters cells by induced endocytosis. The EGFR-

dependent invasion of C. albicans requires the activation of the aryl hydrocarbon receptor 

(Ahr) and the subsequent activation of Src family kinases which in turn phosphorylate 

and activate EGFR [73, 153]. To address whether the same mechanism is being 
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employed to facilitate invasion of airway epithelial cells by R. delemar, we measured the 

effect of an Ahr inhibitor (CH-223191) and a Src inhibitor (Src Kinase Inhibitor II) on 

endocytosis. Neither of the inhibitors altered the ability of A549 cells to endocytose R. 

delemar spores (Supplemental Figure 2.4) (see appendix). These results suggest that the 

mechanism of activation of EGFR in epithelial cells is distinct from the activation of 

EGFR by C. albicans. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	 50	

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

	
	
	
	
	
Figure 2.5. Gefitinib inhibits infection-induced damage of 
airway epithelial cells by four different species of Mucorales. 
A549 alveolar epithelial cells were pre-treated with vehicle or 
Gefitinib (25µM or 50µM) for 1-2h followed by 24 h infection (in 
the presence of inhibitors) with 2 x 106 (C. bertholletiae, R. 
oryzae) or 3 x 106 (L. corymbifera, M. circinelloides) spores that 
were germinated for 1h. *P<0.0001 or **P<0.01 versus control 
by Wilcoxon rank-sum test. Data are expressed as median ± 
interquartile range and represent at least two independent 
experiments done in triplicate. 
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Figure 2.6. Gefitinib inhibits EGFR phosphorylation in vivo and protects mice 
from pulmonary mucormycosis. (A) Survival of neutropenic mice (n=20/group 
from two independent experiments with similar results) infected intratracheally with 
R. delemar (average inoculum of 3.8 x 103 spores per mouse) and treated with 
vehicle control (placebo) or 10 mg/kg Gefitinib 4 h post infection for 5 consecutive 
days. *P=0.0084 vs. placebo-treated mice by Log Rank test. (B) Tissue fungal 
burden of lungs and brains of mice (n=10 per group) infected intratracheally with R. 
delemar (5.6 x 103 spores per mouse of confirmed inoculum) and treated with 
vehicle control (placebo) or Gefitinib. Data are presented as median + interquartile 
range. (C) 24 hours post intratracheal infection, lungs of Gefitinib (GEF) treated or 
untreated mice were harvested, sectioned and stained with calcofluor white (CFW) 
and anti-pY1068 antibody. Scale bars 20 µm. Dashed lines (top panel) indicate 
sections in bottom panel. 
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Gefitinib treatment increases survival of mice with mucormycosis 

 We next sought to determine if EGFR signaling governs the establishment and/or 

progression of mucormycosis in a well-established in vivo murine model of 

mucormycosis. Unfortunately, mice harboring deletions in EGFR die within the first 

eight days of life [154] thus precluding our ability to test the receptor in a traditional 

mouse gene deletion experiment. Furthermore, there are no published lung-specific 

deletion models for EGFR. Therefore, we infected neutropenic mice intratracheally with 

R. delemar [155] and treated with 10 mg/kg of Gefitinib [156], or vehicle alone 

(placebo), for 5 consecutive days starting 4 h post infection. We chose to begin the 

intervention at 4 h because invasion of lung epithelial cells is an early event in the 

infection. Placebo-treated mice had a median survival time of 8 days and 85% mortality 

by day 15 post infection (Figure 2.6A). In contrast, mice treated with Gefitinib had a 

median survival time of >21 days and 55% of the mice remained alive by day 21, when 

the experiment was terminated and the surviving mice appearing healthy. Corroborating 

the effects of Gefitinib on survival, mice treated with this drug had ~ 1 log reduction in 

their lungs and brains relative to placebo-treated mice (Figure 2.6B). Consistent with 

these results, we found that infection with R. delemar induced marked tyrosine 

phosphorylation of EGFR in the lung (Figure 2.6C) and that treatment of mice with 

Gefitinib significantly reduced this phosphorylation (Figure 2.6C). These results validate 

our in vitro observations and support the potential of targeting EGFR signaling as a novel 

therapeutic strategy for mucormycosis by immediately repurposing currently FDA-

approved cancer drugs. 
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Discussion 

Invasion of the airway epithelium is a crucial, yet poorly understood, step in the 

initiation of pulmonary mucormycosis. We took an unbiased approach to understand the 

host-side of this interaction by performing RNA-seq analysis of infected lungs harvested 

during early stages of a well-established clinically relevant murine model of 

mucormycosis. A network analysis of differential gene expression in these mice revealed 

the enrichment for genes that are known to be downstream of EGFR and its regulatory 

target, mir-21. Because our analysis was performed on RNA harvested from whole lungs 

of infected mice, we were unable to determine which cell-types responded to the 

infection with the increased gene expression. The predicted activation of EGFR signaling 

at 14 hours, and not 24 hours, could be indicative of a host response to the early stage of 

infection when R. delemar first invades the airway epithelium. Our in vitro analyses of 

human airway epithelial (A549) cells support this idea. Specifically, 34 EGFR-responsive 

genes are modulated during infection with R. delemar and phospho-EGFR colocalized 

with endocytosed spores. Furthermore, pharmacological inhibition of EGFR signaling 

reduced both fungal-induced cytotoxicity and endocytosis of the spores by the A549 

cells. Collectively, these results suggest that EGFR signaling mediates the invasion of 

airway epithelial cells by R. delemar. Hence, EGFR is the first host cell receptor to be 

implicated in the interaction between R. delemar and airway epithelial cells. 

In general, EGFR signaling can be activated by binding to any one of seven 

known host-derived ligands, all of which are expressed as precursor proteins that span the 

plasma membrane and are cleaved by cell surface proteases upon stimulation [157]. Upon 

cleavage, the extracellular domains are released as mature proteins into the extracellular 
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space where they can bind to and activate EGFR on the surface of the same cells or on 

adjacent cells [157]. In addition, many pathogens including viruses, bacteria and fungi 

seem to have evolved the ability to exploit EGFR signaling to gain entry into host cells 

[149] and the mechanism of EGFR activation across these pathogenic microbes varies. 

For example, in the context of viral infection, Hepatitis C virus increases signaling by 

disrupting EGFR recycling to enhance its surface expression [158, 159]. In contrast, 

Campylobacter jejuni bacterium induces lipid-raft formation resulting in clustering and 

subsequent activation of EGFR [160], while meningitic E. coli activates EGFR signaling 

by increasing S1P2 dependent release of HB-EGF [150]. The fungal pathogen, C. 

albicans, expresses two surface proteins, Als3p and Ssa1p, that likely bind to and activate 

EGFR and ErbB2 heterodimers [73]. 

At this point, we do not know the molecular mechanism by which EGFR 

signaling is being stimulated during R. delemar infection. The co-localization of EGFR 

with fungal spores is consistent with an interaction between a fungal cell wall component 

and EGFR. The invasion of A549 cells by a R. delemar strain with attenuated expression 

of CotH3 expression [39], the Mucorales ligand to host GRP78 during interaction with 

human umbilical vein endothelial cells, was not different from A549 cell invasion caused 

by R. delemar wild-type (unpublished data communicated by Ashraf Ibrahim). Thus, 

CotH3 protein is not the fungal ligand by which EGFR is activated. Furthermore, the R. 

delemar genome does not encode a recognizable ortholog of ALS3 or SSA1 and inhibition 

of Src kinase activity or Ahr does not inhibit R. delemar invasion, suggesting that EGFR 

stimulation by Mucorales occurs via a different mechanism than by C. albicans. Further 

experiments are required to determine the molecular nature of the activation. 
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Our in vitro blocking data using EGFR inhibitors did not entirely abrogate the 

ability of R. delemar to invade and damage alveolar epithelial cells. This strongly 

indicates that receptors other than EGFR are involved in the interaction of Rhizopus with 

these host cells. We have previously identified a host cell receptor, GRP78, required for 

R. delemar hematogenous dissemination. Specifically, host glucose regulated proteins 78 

kDa, GRP78, interacts with the Mucorales-specific CotH3 cell wall protein during 

invasion of human umbilical vein endothelial cells [39]. Because of the lack of CotH3 

contribution to invasion of A549 cells (unpublished data communicated by Ashraf 

Ibrahim), it is unlikely that GRP78 acts as a co-receptor with EGFR during interactions 

with invading Mucorales. Alternatively, GRP78 could contribute to Mucorales invasion 

of alveolar epithelial cells through interacting with a fungal ligand(s) other than CotH3. 

These possibilities are the topic of active investigation. 

Since EGFR plays a central role in the progression of several types of cancer, 

significant effort has been put forth into developing therapies that target EGFR function 

[161]. To this end, the availability of Gefitinib, a small molecular inhibitor of EGFR 

kinase activity, and Cetuximab, a monoclonal antibody specific for the extracellular 

domain of EGFR, provide valuable tools to test the role of EGFR in epithelial cell 

invasion by R. delemar. Indeed, in our mouse model of mucormycosis, treatment with 

Gefitinib significantly increased survival and reduced tissue fungal burden of target 

organs. These results are consistent with a model where R. delemar stimulates EGFR 

signaling in vivo to facilitate endocytosis of the fungus by airway epithelial cells and 

raises the exciting possibility of re-purposing an FDA-approved drug to potentially 

control these invasive fungal infections. Since immunocompromised patients are the most 
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susceptible, and likely to develop mucormycosis, the observed efficacy of Gefitinib in 

neutropenic mice adds to the clinical relevance and the potential for our results to 

translate to humans as an adjunctive therapy to current antifungal agents. Furthermore, 

because Gefitinib targets the host and does not affect the growth or morphology of the 

fungus, acquisition of resistance is less likely to occur. 

 To summarize, we have identified host EGFR as a key mediator of early invasion 

of alveolar epithelial cells by Mucorales. Of great clinical importance is our finding that 

inhibition of EGFR function by an FDA-approved drug ameliorates murine 

mucormycosis and is likely to represent a new therapeutic modality as adjunctive therapy 

to lethal mucormycosis. 

 

Methods and Materials 

Fungal strains and host cells 

R. delemar strain 99-880 (a clinical isolate obtained from a patient with rhino orbital 

mucormycosis), R. oryzae strain 99-892, L. corymbifera strain 008-049, M. circinelloides 

strain NRRL3631 and C. bertholletiae strain 175 were grown on PDA plates for 3-5 days 

at 37oC. Spores were collected in endotoxin-free Dulbecco PBS (DPBS), washed with 

endotoxin-free DPBS, and counted with a hemocytometer to prepare the final inocula. To 

form germlings, spores were incubated in yeast-extract-peptone-dextrose (YPD) with 

shaking for 1h at 37oC. Germlings were washed twice with endotoxin-free DPBS. The 

A549 type II pneumocyte cell line was grown in tissue culture dishes in F12k medium 

with L-glutamine plus 10% fetal bovine serum (FBS). 
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Drugs 

 Src Kinase Inhibitor II  [CAS 459848-35-2 Calbiochem (Millipore; catalog # 567806)] 

 

Murine models of Mucormycosis  

For the in vivo RNA-seq experiments, DKA was induced and mice were infected  

intratracheally with a target inoculum of 2.5 × 10
5
 fungal spores of R. delemar 99-880 in 

25 µl as previously described [39]. To test the effect of Gefitinib on mouse survival 

following infection, male ICR mice (20-25 g from Envigo) were immunosuppressed by 

cyclophosphamide (200 mg/kg administered intraperitoneally [i.p.])  and cortisone 

acetate (500 mg/kg, administered subcutaneously) given on days -2, +3, and +9 relative 

to infection. This treatment resulted in 16 days of pancytopenia [162]. To control for 

bacterial infection, immunosuppressed mice received 50 mg/L Baytril (enrofloxacin: 

Bayer, Leverkusen, Germany) ad libitum on Day -3 thorough Day 0, after which Baytril 

was replaced with daily ceftazidime (5 mg/mouse) treatment administered 

subcutaneously through day +13 relative to infection. Mice were infected with 2.5 x 105 

spores of R. delemar 99-880 in 25 µL PBS given intratracheally as previously described 

[162]. Treatment with Gefitinib (10 mg/kg dissolved in dimethylacetamide 

[DMA]:PEG300 [10%:90%] and administered i.p.) started 4 hours post infection and 

continued once daily through Day +4. Placebo mice received DMA:PEG300. Survival of 

mice served as the primary endpoint with moribund mice humanely euthanized. To 

determine the effect of treatment on tissue fungal burden, mice were immunosuppressed 

and infected as above. Gefitinib treatment started 4 h post infection and continued 

through Day +3.  On Day +4, mice were sacrificed and lungs and brains, representing 
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primary and secondary target organs [162], were collected and processed for tissue fungal 

burden by qPCR [163].  Values are expressed as Log10 spore equivalents per gram of 

tissue. 

All animal studies were approved by the Institutional Animal Care and Use 

Committee (IACUC) of the Los Angeles Biomedical Research Institute at Harbor-UCLA 

Medical Center according to the NIH guidelines for animal housing and care.  Approval 

reference number 21125. 

 

Isolation of RNA from lung tissue  

Male ICR mice were immunosuppressed and infected as above. Lungs were harvested 14 

or 24 h post infection and flash frozen in liquid nitrogen prior to extracting total RNA 

using Tri Reagent solution (Ambion).   

 

RNA-seq and gene expression analysis 

Our deep sequencing analysis was performed in triplicate with three lungs per group 

isolated from 3 different mice. Sequencing libraries (non strand-specific, paired end) 

were prepared with the TruSeq RNA sample prep kit (Illumina). The total RNA samples 

were subjected to poly(A) enrichment as part of the TruSeq protocol. 150 nucleotides of 

sequence were determined from both ends of each cDNA fragment using the HiSeq 

platform (Illumina) per the manufacturer’s protocol. Sequencing reads were annotated 

and aligned to the UCSC mouse reference genome (mm10, GRCm38.75) using TopHat2 

[164]. The alignment files from TopHat2 were used to generate read counts for each 

gene, and a statistical analysis of differential gene expression was performed using the 
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EdgeR package from Bioconductor [165]. A gene was considered differentially expressed 

if the P value for differential expression was less than 0.05. To identify modulated signal 

transduction pathways, we used the upstream regulator analytic of IPA (Ingenuity 

Systems) to identify signaling proteins that are potentially activated or repressed during 

the course of infection. This analysis determines the overlap between lists of 

differentially expressed genes and an extensively curated database of regulator-target 

gene relationships. It then considers the direction of the gene expression changes to make 

predictions about activation or repression of specific pathways. 

 

Immunoblot of EGFR phosphorylation in vitro             

The A549 type II pneumocyte cell line (American Type Culture Collection) was grown 

as described [60]. A549 cells in 24-well tissue culture plates were incubated in F-12K 

tissue culture medium supplemented with fetal bovine serum to a final concentration of 

10%.  Prior to infection, the A549 cells were serum starved for 120 min. Spores of R. 

delemar, R. oryzae, L. corymbifera, M. circinelloides or C. bertholletiae were incubated 

in RPMI for 60 min at 37oC, washed, and suspended in F-12K medium. A549 cells were 

infected for 3 hours with an MOI (multiplicity of infection) of 5. Next, the cells were 

rinsed with cold HBSS containing protease and phosphatase inhibitors and removed from 

the plate with a cell scraper. After collecting the cells by centrifugation, they were boiled 

in 2x SDS sample buffer. The lysates were separated by SDS-PAGE, and Y1068 EGFR 

phosphorylation was detected with a phospho-specific antibody (Cell Signaling; #2234). 

The blots were then stripped, and total protein levels and β -actin were detected by 

immunoblotting with appropriate antibodies against EGFR (Cell Signaling; #4267), and β 
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-actin (Cell Signaling; #3700).  The immunoblots were developed using enhanced 

chemiluminescence and imaged with C400 (Azure Biosystems) digital imager. 

Measurement of R. delemar-induced host cell damage  

R. delemar-induced A549 cell damage was quantified using the Pierce LDH Assay with 

slight modifications to the manufacturer’s protocol. Briefly, A549 cells were grown in 

96-well tissue culture plates for 18 – 24 hours. Cells were then pre-treated for 1 hour with 

Gefitinib (25 µM) or Cetuximab (25 µg/ml), and infected with 2 × 106 germlings 

suspended in 150 µl F12K + 10% FBS. For controls, host cells were incubated with 

DMSO (the solvent used to reconstitute the inhibitor) or 25 µg/ml of mouse IgG antibody 

in parallel. After 24 hours of incubation at 37°C, 50 µl of the cell culture supernatant was 

collected from uninfected, infected, and fungi-only control wells and transferred to a 96 

well plate to assay for LDH activity. Lysis buffer was added to all infected wells and 

incubated for 45 min at 37°C. After lysis, 50 µl of cell culture supernatant was transferred 

to a 96 well plate and used for the LDH Assay Kit per protocol. LDH release was 

calculated as follows: % Cytotoxicity = [Experimental release – Fungal Cells 

Spontaneous Control – Host Cells Spontaneous Control]/ [Host Cell Maximum Control – 

Fungal Cells Maximum Control - Host Cells Spontaneous Control] × 100. LDH is a 

cytosolic enzyme but will be released into the cell culture medium upon cell membrane 

damage. The amount of extracellular LDH is proportional to the amount of cell damage. 

 

Measurement of host cell endocytosis  

12-mm glass coverslips were seeded with A549 alveolar epithelial cells. Cells were then 

pre-treated for 1h with Gefitinib (25 µM) or Cetuximab (25 µg/ml). For controls, host 
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cells were incubated with DMSO (the solvent used to reconstitute the inhibitor) or 25 

µg/ml mouse IgG antibody in parallel. Host cells were then infected with 2x105 R. 

delemar spores. After incubation for 3 h, cells were fixed in 3% paraformaldehyde and 

stained for 1 h with 1% Uvitex, which specifically binds to chitin in the fungal cell wall. 

After washing with PBS, coverslips were mounted on a glass slide with a drop of 

ProLong Gold anti-fade reagent (Molecular Probes) and sealed. The total number of cell-

associated organisms (i.e. fungi adhering to the monolayer) per high-powered field were 

determined by phase-contrast microscopy. The same field was examined by 

epifluorescence microscopy, and the number of brightly fluorescent, uninternalized fungi 

were determined. The number of endocytosed organisms was calculated by subtracting 

the number of fluorescent fungi from the total number of visible fungi. At least 400 

organisms were counted per treatment group in at least 15 different fields per coverslip. 

Experiments were performed in duplicate or triplicate on at least two separate days. 

 

Confocal Microscopy 

The accumulation of epithelial cell EGFR and pEGFR around R. delemar was visualized 

using the Zeiss LSM Duo Confocal Microscopy system. 12-mm glass coverslips in 12 

well dishes were seeded with A549 alveolar epithelial cells and infected with 2x105 R. 

delemar. After incubation at 37°C, cells were washed with HBSS and fixed with 3% 

paraformaldehyde. Cells were blocked and incubated with 1:500 mouse anti-EGFR 

(Santa Cruz sc-373746 ) and 1:500 rabbit anti-pEGFR (Cell Signaling 3777). Coverslips 

were washed and counterstained with 1:500 Alexa Fluor 546– labeled goat anti-mouse 

IgG and Alexa Fluor 488—labeled goat anti-rabbit IgG. Host cell nuclei were strained 
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with Hoechst 33342 (Thermo Fisher). After washing, coverslips were mounted on a glass 

slide with ProLong Gold antifade reagent (Molecular Probes) and viewed by z-stacking 

using the Zeiss LSM Duo Confocal Microscopy system. 

 

Immunofluorescence of EGFR phosphorylation in vivo  

CD-1 mice were immunosuppressed with cyclophosphamide (200 mg/kg) and cortisone 

acetate (500 mg/kg) on day -2 relative to infection.  They were inoculated by 

intratracheal injection of 1.0 x 107 cells of R. delemar. After 24 h of infection, the mice 

were sacrificed and the lungs were harvested, snap frozen in optimal cutting temperature 

(OCT).  10 µm-thick sections were cut with a cryostat and fixed with cold 

acetone.  Protein phosphorylation was detected as described elsewhere [153, 166]. 

Briefly, the cryosections were rehydrated in PBS and then blocked with 10 % BSA. 

Sections were stained with a phospho-EGFR antibody (Cell Signaling; #2234), followed 

by a secondary antibody.  The organisms were stained with calcofluor white (Sigma-

Aldrich, # 18909), and imaged by confocal microscopy. 

 

Statistical Analyses.  

In vitro experiments were performed in triplicate on two or three separate days. Data are 

expressed as median ± interquartile range. Treatment groups were compared to controls 

using the Wilcoxon rank-sum test.  For the murine studies, survival of mice was analyzed 

using the Log Rank test, whereas differences in tissue fungal burden were analyzed by 

the Wilcoxon Rank Sum test using Graph pad Prism 6. P values of <0.05 were considered 

significant.  
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Sequencing Data Access. All of the raw sequencing reads from this study have been 

submitted to the NCBI Sequence Read Archive (SRA) under BioProject; accession 

number: PRJNA429656 (url - https:// www.ncbi.nlm.nih.gov/bioproject/ PRJNA429656). 

The specific sample accession numbers are pending and will be presented in Table S1 

upon publication. 
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Chapter 3:  Inhibition of other receptor tyrosine kinases decreases Mucorales-
induced host cell damage and Mucorales endocytosis	
 

Abstract 

 Mucormycosis is a life-threatening, invasive infection caused by fungi belonging 

to the Order Mucorales. Rhizopus species are the most common cause of the disease, 

responsible for approximately 70% of all cases of mucormycosis. During pulmonary 

mucormycosis, inhaled Mucorales spores must adhere to and invade airway epithelial 

cells in order to establish infection. The molecular mechanisms that govern this 

interaction are poorly understood. We performed an unbiased survey of the host 

transcriptional response during early stages of Mucorales infection using an in vitro 

model of pulmonary mucormycosis using RNA-seq. Network analysis revealed activation 

of host receptor tyrosine kinase (RTK) signaling pathways, including ErbB2 and PDGFR. 

 Combining in vitro models of mucormycosis, transcriptomics, cell biology, and 

pharmacological approaches, we have provided experimental evidence that Mucorales 

activate ErbB2 and PGR signaling to induce fungal uptake into airway epithelial cells. 

Furthermore, we demonstrated that inhibition of ErbB2 and PDGFR signaling with 

existing FDA-approved drugs significantly decreased Mucorales-induced host cell 

damage in alveolar epithelial cells. These studies enhance our understanding of how 

Mucorales invade host cells during the establishment of pulmonary mucormycosis and 

provide a proof-of concept for the repurposing of FDA-approved drugs that target RTK 

function. 
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Introduction 
 
 Pulmonary mucormycosis is generally acquired by inhalation of Mucorales spores 

that are ubiquitous in the environment [71]. Since lung epithelial cells are among the first 

host cells to interact with Mucorales during pulmonary infection, an understanding of 

how these cells sense and respond to the fungus is vital to understanding the pathology of 

this fungal disease. We performed an unbiased survey of the host transcriptional response 

of airway epithelial cells to in vitro infection with Mucorales. Network analysis predicted 

modulation of host RTK signaling including epidermal growth factor receptor (EGFR), 

ErbB2, and platelet-derived growth factor receptor (PDGFR) during infection of airway 

alveolar cells with Rhizopus delemar, Rhizopus oryzae, and Mucor circinelloides.  

Chapter 2 discusses network analysis and experimental evidence that revealed activation 

of host EGFR signaling during Mucorales infection. Chapter 2 also provides data that 

supports the assertion that inhibiting signaling through this receptor is protective and 

blocks invasion by R. delemar in both in vitro and in vivo models of mucormycosis. Here, 

we provide experimental evidence that other RTKs, specifically ErbB2 and PDGFR, also 

govern invasion of human airway epithelial cells by Mucorales. 

Both ErbB2 and PDGFR function as growth factor receptors with tyrosine kinase 

activity and are expressed on many cell types [149, 167]. The epidermal growth factor 

family (ErbB family) consists of four members, ErbB1 (EGFR), ErbB2 (HER2), ErbB3, 

and ErbB4 [149, 168]. ErbB receptors are involved in a variety of cellular functions such 

as angiogenesis, migration/invasion, as well as cell survival, growth, and death and are 

implicated in many cancer types [149]. In general, these receptor tyrosine kinases posses 

the following regions: an extracellular ligand-binding ectodomain (ECD), a 
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transmembrane domain, a short juxtamembrane region (JM), a tyrosine kinase domain, 

and a tyrosine-containing C-terminal region [169]. Following ligand binding, homo- or 

heterodimerization of the receptors occurs and autophosphorylation of the C-terminal 

region results [149]. The active receptor then initiates downstream intracellular signaling 

pathways including the mitogen activated protein (MAP) kinase, nuclear factor kappa B 

(NF-κB), PI3 kinase, and janus kinase/signal transducer and activator of transcription 

(JAK/STAT) pathways [149, 168]. In general, activation of ErbB receptors triggers their 

internalization followed by degradation by the proteasomes and lysosomes or recycling 

back to the cell membrane [168]. However, the ErbB2 receptor lacks a specific ligand but 

is stimulated by ligand-dependent heterodimerization with other ErbB family members, 

particularly ErbB1 (EGFR) [168, 170]. 

 Members of the PDGFR family regulate a variety of cellular functions including 

actin reorganization, migration, growth and survival [167]. They consist of two forms, 

PDGFR α and PDGFR β that form homo- or heterodimers upon binding of ligand, 

PDGF, to the extracellular domain resulting in autophosphorylation and downstream 

signaling [171]. PDGFs are serum proteins that stimulate cell migration and have roles in 

angiogenesis [43]. PDGFBB is the principle ligand for PDGFR β but can also bind to 

PDGFR α or the heterodimer PDGFR α/β. Like the ErbB family of receptors, activation 

of PDGFRs triggers their internalization and eventual degradation in proteasomes and 

lysosomes or recycling back to the cell surface [167]. Network analysis of airway 

alveolar epithelial cells infected with R. delemar, R. oryzae, and M. circinelloides has 

identified signaling pathways that are predicted to be activated by Mucorales infection 

based on gene expression levels of its known downstream targets. Pathways predicted to 
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be activated included platelet-derived growth factor BB (PDGFBB) signaling. The 

predicted activation of PDGF signaling during mucormycosis infection is consistent with 

the angioinvasive nature of the disease. 

  

Results 

Transcriptomics 

 RNA-seq was performed on poly A-enriched RNA isolated from uninfected A549 

cells and A549 cells that were infected with R. delemar, R. oryzae, and M. circinelloides 

for 6h or 16h (Figure 3.1a). Differentially expressed genes were defined as those having a 

fold change (FC) greater than or equal to 2 (Fisher’s Exact Test p<0.05) between fungal-

infected host cells compared with uninfected host cells for each time point. Although 

fungal transcriptome analysis was not performed for this dissertation, time-matched fungi 

alone incubated in cell culture medium in the absence of host cells was done to control 

for any transcriptional changes that were not the result of fungi interacting with host 

cells. To gain insight into disease pathogenesis, we looked for modulation in signaling 

pathways due to infection using the Upstream Regulator Analytic from Ingenuity 

Pathway Analysis (IPA) software to identify activated or repressed host pathways. Each 

Mucorales elicited a similar infection signature in the host although there were some 

minor differences that can be seen in the heat map (Figure 3.1b) [43]. Upstream regulator 

analysis of these data predicted ErbB2 and PDGF BB pathway activation during infection 

based on the differential expression of known ErbB2 downstream transcriptional targets 

of these pathways (Figure 3.1b). Several signaling pathways that are known to be part of 

the host response to fungal pathogens were also predicted to be activated:  TNF, IL1a, 
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IL1b, NFκb, MAPK1 [73, 172, 173] as well as other genes known to be part of the host 

response to C. albicans including NEDD9 (neural precursor cell expressed, 

developmentally down regulated 9) and NUPR1 (nuclear protein, transcriptional 

regulator 1) [172-174] (Figure 3.1b). Pathways predicted to be modulated in response to 

both Mucorales and Candida infection may be part of a core host response to fungal 

pathogens. 
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b	adapted	from	Chibucos,	et	al.	An	integrated	genomic	and	transcriptomic	survey	of	mucormycosis-causing	fungi.	
Nature	Communications	2016.	
	
	
	
Figure 3.1:  Analysis of host regulatory pathways. a. Experimental design for in 
vitro model of mucormycosis b. Heat map showing predicted activation or 
repression of known pathways during in vitro infection of airway epithelial cells 
with Mucorales strains. Red represents predicted activation. Blue represents 
predicted repression. Red arrows highlight the pathways focused on in this chapter 
due to prediction of host receptor pathway activation.  
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Detection of RTK phosphorylation during in vitro infection 

 ErbB2 lacks a ligand binding domain but is a frequent dimerization partner of 

other ErbB receptor tyrosine kinases specifically ErbB1 (EGFR) [175, 176]. Upon 

dimerization, the tyrosine residues at the intracellular carboxy-terminus become 

phosphorylated and downstream signaling is propagated [176]. To show receptor 

activation independent of our transcriptomic data, we assessed whether in vitro infection 

of alveolar epithelial cells with Mucorales would result in phosphorylation of host RTKs, 

specifically ErbB2 and PDGFR. At 30 min post infection with R. delemar, an increase in 

pan-phosphorylation of ErbB2 and PDGFR was detectable by the PathScan RTK 

Signaling Array Kit (Figure 3.2). However, we have not been able to reproducibly show 

R. delemar-induced ErbB2 and PDGFR phosphorylation by Western blot using 

antibodies specific for phosphorylated forms of these proteins despite several attempts 

which included: a) seeding A549 cells at various cell densities prior to infection; b) 

starving host cells; c) infecting host cells with various multiplicity of infections (MOIs) 

of fungi that had been germinated for various time points; d) infecting over a time course; 

e) evaluating various phospho-specific antibodies. The following antibodies were 

evaluated with specificities for ErbB2 phosphorylation at tyrosine residues 1248 (Cell 

Signaling 2244 and 2247) and 1221/1222 (Cell Signaling 2243). The PathScan RTK 

Signaling Array Kit recognizes pan-Tyr phosphorylation for both ErbB2 and PDGFR, so 

multiple phosphorylated tyrosine residues are recognized in these proteins. However, for 

Western blotting, antibodies specific for individual phosphorylated tyrosine residues were 

used. This could possibly account for the failure to show R. delemar-induced 

phosphorylation by Western blot.  
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Figure 3.2:  ErbB2 and PDGFR are phosphorylated upon infection with R. 
delemar. Increase in phosphorylation in whole cell lysates from R. delemar-infected  
A549 alveolar epithelial cells as detected by the PathScan® RTK Signaling 
Antibody Array Kit. Data are expressed as mean pixel intensities in uninfected and 
infected lysates at 30 min. *P<0.05 based on T-test. Data represent one experiment 
done in duplicates.	
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Host ErbB2 co-localize with Mucorales during infection.  

 In an orthogonal approach to demonstrate ErbB2 activation during Mucorales 

infection of airway epithelial cells, we used confocal microscopy to determine the 

localization of ErbB2 in R. delemar infected airway epithelial cells. We observed that 

there was a co-localization of the activated, phosphorylated form of ErbB2 with R. 

delemar during in vitro infection of airway epithelial cells (Figure 3.3) using a phospho-

ErbB2 (Y1248) specific antibody. In order to determine if other Mucorales also co-

localized with host ErbB2, human airway epithelial cells were infected for 60 minutes 

with Cunninghamella bertholletiae, or Lictheimia corymbifera and probed with the same 

pErbB2 (Y1248) specific antibody. Host pErbB2 signal colocalized with Cunninghamella 

bertholletiae (Figure 3.4a) but not with L. corymbifera (Figure 3.4b). We did not observe 

co-localization when R. delemar and L. corymbifera spores were examined in the absence 

of airway epithelial cells (Figures 3.5 and 3.6). However, very weak signal was shown for 

C. bertholletiae (in the absence of host cells) (Figure 3.6). This extremely weak signal is 

not nearly as intense as the co-localized signal observed during infection of host cells. As 

a result, we are confident that the co-localized signal seen in C. bertholletiae infected 

alveolar epithelial cells is coming from ErbB2 expressed on the host cells. 
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Figure 3.3:  Localization of phospho-ErbB2 (Y1248) in A549 cells infected with 
R. delemar. A549 cells were infected for 30 min with 4 × 105 R. delemar spores that 
had been germinated for 2 h. Cells were then stained for phospho-ErBb2 (red) and 
host cell nuclei using Hoechst (blue). DIC, differential inference contrast.	
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Figure 3.4:  Localization of phospho-ErbB2 (Y1248) in A549 cells infected with C. 
berthiollatae (Cb) and L. corymbifera (Lc). A549 cells were infected for 60 min with 4 × 
105 C. berthiollatae (a) and L. Corymbifera (b) spores that had been germinated for 2 h. 
Cells were then stained for phospho-ErBb2 (red). DIC, differential inference contrast.	
	
	
	
	
	



	 75	

 

 

 

 

 
 
 

	
	
 
 
Figure 3.5: The anti-pErbB2 (Y1248) antibody does not bind to R. delemar cells. R. 
delemar spores that had been germinated 2 h were stained for pErBb2 (red) in the 
absence of host cells. 
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Figure 3.6:  The anti-pErbB2 (Y1248) antibody does bind to C. bertholletiae (Cb) 
but not L. Corymbifera (Lc). C. bertholletiae and L. corymbifera spores that had been 
germinated 2 h were stained for pErBb2 (red) in the absence of host cells.	
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R. delemar expresses an ErbB2-like protein 
 
 ErbB2 is known to undergo proteolytic cleavage upon activation that results in the 

extracellular domain (ECD) being released to the extracellular space [177]. Consistent 

with Mucorales-induced activation, we observed potential cleavage products by Western 

Blot of whole cell lysates following infection of airway epithelial cells with R. delemar 

and A. fumigatus (Figure 3.7 a and b). Initially, we thought that ErbB2 undergoes an 

activating cleavage in response to Mucorales and A. fumigatus infection. However, when 

R. delemar lysates were probed with the same antibody used to probe blots from the 

infected lysates, proteins with similar molecular weights were detected suggesting that R. 

delemar expressed an ErbB2-like protein(s) that is recognized by the ErbB2 antibody 

specific for the c-terminus of human ErbB2 (Figure 3.7c). We were also interested in 

determining whether fungi from other phyla and genera also expressed proteins that 

reacted with the ErbB2 antibody. Western blot was performed on fungal lysates prepared 

for R. delemar, R. oryzae, A. fumigatus (MYA-4690), A. fumigatus (CEA10), M. 

circinelloides, L. corymbifera, C. bertholletiae, and C. albicans (SC5314) and probed 

with the same ErbB2 specific antibody. Antibody-reactive protein bands were only 

present for Rhizopus spp. and A. fumigatus lysates (Figure 3.7 d). It should also be noted 

that the molecular weight of the detected protein bands for the A. fumigatus lysates were 

lower than for the Rhizopus lysates. The amino acid sequence of the epitope recognized 

by the anti-ErbB2 antibody is residues 1245-1255, corresponding to the C-terminus of 

human ErbB2. 
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Figure 3.7:  Lower MW proteins are detected in R. delemar- and AFU-infected 
A549 lysates and R. delemar and AFU alone lysates. Western blot of whole cell 
lysates from R. delemar-infected (a) AFU-infected (b) A549 alveolar epithelial cells. 
Western blots of R. delemar spores (S) and germlings (G) alone (c) and other fungal 
lysates alone (d). Blots were probed with an Ab against total human ErBb2.  R. 
delemar, Rd; R. oryzae, Ro; A. fumigatus, AFU1 (MYA4609), AFU2 (CEA10), M. 
circinelloides, Mc; L. corymbifera, Lc; C. bertholletiae, Cb; C. albicans. Credit for d: 
adapted from Graf, Karen. (2017). Activation of Host Cell Signaling in Response to 
Rhizopus delemar. (Master’s Thesis). Retrieved from 
https://archive.hshsl.umaryland.edu/handle/10713/7394. 
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Detection of ErbB2 Ectodomain (ECD) in cell culture supernatants during in vitro 
infection 
  

 Since it is known that ErbB2 can undergo proteolytic cleavage of its extracellular 

domain (ECD) upon activation [177], we decided to test to see if ErbB2 ECD could be 

detected by ELISA in cell culture supernatants collected during in vitro infection of 

alveolar epithelial cells with R. delemar. We were able to detect a 10-fold increase in the 

amount of ErbB2 ECD released into the cell culture supernatant at 60 min post R. 

delemar infection of host cells compared to uninfected control (Figure 3.8). However, 

when the experiment was repeated with time matched R. delemar alone supernatants run 

in parallel, as controls, these supernatants gave positive results comparable to those of the 

infected samples (Figure 3.9). As a result, we are unable to conclude that R. delemar 

infection of alveolar epithelial cells results in ErbB2 ECD shedding using this assay. The 

immunogen sequence recognized by the capture antibody in this assay is T23-T652 and is 

specific for the N-terminus of the human ErbB2 protein.  
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Figure 3.8:  ErbB2 ECD is detected in culture supernatants collected from R. 
delemar-infected A549 alveolar epithelial cells. Samples were assayed by ELISA to 
detect ErbB2 ECD shedding. A549 cells + R. delemar (Rd) were incubated for 0, 5, 15, 
30, or 60 min at 37oC after which, the cell media was collected and ErbB2 ECD release 
was measured. Data represent average release with standard deviation and one experiment 
done in duplicate.  
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Figure 3.9:  ErbB2 ECD is detected in culture supernatants collected from R. 
delemar-infected A549 alveolar epithelial cells. Samples were assayed by ELISA to 
detect ErbB2 ECD shedding. A549 cells + R. delemar (Rd) or R. delemar alone were 
incubated for 0, 1, or 3h at 37oC after which, the cell media was collected and ErBb2 ECD 
release was measured. Data represent average release with standard deviation and one 
experiment done in triplicate. P value < 0.001 by T-test.  
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Bioinformatics follow-up of R. delemar expression of an ErbB2-like protein 

 Previously discussed western blot and ELISA data show that fungal proteins react 

with ErbB2 specific antibodies specific for the N- and C- terminus of human ErbB2 

protein. As a follow-up, we wanted to see if we could bioinformatically identify putative 

Mucorales protein(s) that may be orthologs of human ErbB2. NCBI tool BLASTP [178] 

(default settings) identified 6 putative Mucorales-encoded human ErbB2 orthologous 

proteins (Supplemental Table 3.1) (see appendix). Putative orthologs were defined as 

having a % identity ≥ 30%, alignment length ≥ 100aa, expectation values < 0.001, and a 

bit score ≥ 50 [179]. We next decided to determine if functional regions or domains 

present in human ErbB2 were present in Mucorales-encoded proteins. We used protein 

sequences of human ErbB2 as a query against the PFAM database. PFAM identified four 

domain families present in ErbB2:  Recep_L_domain (PF01030), GF_rep_IV (PF14843), 

Furin-like (PF00757), and PKinase-Tyr (PF07714). Of these four domain families, two 

were present in Mucorales-encoded proteins based on the PFAM database: 

Recep_L_domain (PF01030) and PKinase-Tyr (PF07714). To gain further insight into 

the identity of the fungal proteins containing these domains, these PFAM ids were 

entered into and searched against FungiDB. This analysis identified four R. delemar and 

six M. circinelloides proteins that contained at least one of those domains (Table 3.1). 

None of these fungal proteins contained both domains. The R. delemar proteins were 

annotated in FungiDB as hypothetical proteins and the M. circinelloides proteins were 

annotated as various protein kinases or an unspecified product (Table 3.1). The Bruno 

laboratory previously analyzed and annotated the genome of R. delemar 99-880 [43]. The 

FungiDB gene ids for the R. delemar 99-880 proteins were mapped to the Bruno 
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laboratory’s internal ids and annotation (Table 3.1). The Bruno laboratory identifies one 

of the R. delemar genes as meiotic up-regulated protein 10 (meu10) and the other three as 

protein kinases. There was no overlap in the R. delemar proteins identified by BLASTP 

as putative orthologs to human ErbB2 and those sharing functional domains. 

 It is also noteworthy to mention that PFAM analysis was also performed to 

identify potential fungal-encoded proteins that could function as EGFR ligands. For 

known human EGFR ligands, amphiregulin, betacellulin, TGFα, epiregulin, HEGF, no 

functional protein domains were identified by PFAM. For human EGF and TGF, no 

functional PFAM protein domains were identified as present in Mucorales fungi based on 

PFAM and FungiDB. 
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Table 3.1:  Mucorales containing PFAM functional domains PF01030 and PF07714 
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Inhibition of ErbB2 phosphorylation inhibits damage and endocytosis of R. delemar 

 The predicted activation of ErbB2 signaling early during Mucorales infection 

(transcriptomics), Mucorales-induced increase in phosphorylation of ErbB2 (Figure 3.2), 

co-localizing of activated pErbB2 with Mucorales as well as involvement of ErbB2 in the 

invasion of diverse microbial pathogens, led to our exploration of the possibility that 

ErbB2 signaling may also mediate the invasion of airway epithelial cells by R. delemar. 

Chapter 2 reports the role of EGFR in Mucorales invasion of airway epithelial cells. 

 We analyzed the effects of the small molecule inhibitor AG825 (inhibits ErbB2 

phosphorylation) on R. delemar-induced host cell damage using the lactate 

dehydrogenase (LDH) assay, a colorimetric assay that quantitatively measures LDH 

released into the media from damaged cells. We observed a reduction in R. delemar-

induced damage of alveolar epithelial cells that were treated with AG825 (Figure 3.10a). 

Since it is known that EGFR is a common dimerization partner of ErbB2, we evaluated 

the effect of dual inhibition of EGFR and ErbB2 on R. delemar-induced alveolar 

epithelial cell damage using the small molecule dual EGFR/ErbB2 inhibitor GW2974 

(targets the intracellular kinase domain of these receptors). When host cells were treated 

with GW2974 and infected with R. delemar, there was also a significant decrease in host 

cell damage (Figure 3.10b).  
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Figure 3.10:  Inhibition of receptor tyrosine kinase signaling inhibits Rhizopus-
induced damage. A549 cells were pre-treated with (a) ErbB2 inhibitor (AG825, 50 
µM) or (b) a dual EGFR/ErbB2 inhibitor (GW2974, 25 µM) followed by R. delemar 
infection. For all experiments, cells were pre-treated 1h with inhibitors, vehicle alone, 
or combinations, and the inhibitors were also present during the course of infection. 
Cellular damage was assessed using the LDH release assay after 24 h of infection. 
Data are expressed as median ± interquartile range. **P<0.05 versus control by 
Wilcoxon rank-sum test. n=at least 6 from at least 2 independent experiments. 
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 In order to study the effect of RTK inhibition on R. delemar internalization, we 

performed endocytosis assays (Figure 3.11) using the fungal specific fluorescent dye, 

Uvitex, and differential microscopy. Uvitex stains the chitin in the fungal cell wall and 

does not penetrate host cell membranes. As a result, only fungi that are outside of the host 

cells are stained and quantified, while internalized fungi are not stained. Using a 

combination of phase contrast and fluorescent microscopy, the number of internalized 

fungi can be quantified using a simple formula. Since it is well documented that EGFR 

and ErbB2 are frequent dimerization partners [175], we also wanted to evaluate the effect 

of dual inhibition of EGFR and ErbB2 receptors on R. delemar endocytosis of airway 

epithelial cells. We observed only a slight but significant reduction in R. delemar 

invasion of alveolar epithelial cells that were treated with the dual EGFR and ErbB2 

inhibitor GW2974 (Figure 3.12).   
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Figure 3.11: Uvitex staining of R. delemar (Rd) for the endocytosis assay. Rd alone 
(phase) (a), Rd alone + Uvitex (b), uninfected A549 (c), A549 + Rd (d), A549 + Rd (e), 
A549 + Rd (f).	
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Figure 3.12:  Inhibition of EGFR and ErbB2 signaling inhibits R. delemar 
internalization. A549 alveolar epithelial cells were pre-treated 25 µM GW2974 for 1h 
followed by 3 h infection with 2 x 105 R. delemar spores. *P<0.0001 versus control by 
Wilcoxon rank-sum test. Data are expressed as median ± interquartile range and 
represent at least two independent experiments done in at least duplicates counting at 
least 15 fields per condition. 
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Inhibition of PDGFR phosphorylation inhibits damage 

 The predicted activation of PDGFR signaling early during in vitro infection with 

three different species of Mucorales [43], the R. delemar-induced increase in PDGFR 

phosphorylation based on the PathScan RTK Signaling Array Kit (Figure 3.2) as well as 

involvement of PDGFR in the invasion of R. delemar into human endothelial cells [43], 

led to our exploration of the possibility that PDGFR signaling may also mediate the 

invasion of airway epithelial cells by R. delemar. 

  To test whether signaling through PDGFR also governs interaction between 

Mucorales and airway epithelial cells, we evaluated the effects of PDGFR inhibitors, 

PDGFR inhibitor III, Imatinib, and AG1296 on R. delemar-induced damage of A549 

cells. PDGFR inhibitor III and AG1296 inhibit phosphorylation of this receptor by acting 

as ATP-competitive inhibitors, while Imatinib occupies the active site, leading to a 

decrease in activity [180]. Imatinib or AG1296 treatment did not result in a reduction in 

host cell damage, while PDGFR inhibitor III resulted in a significant decrease (Figure 

3.13). Combination treatment with AG1478 (EGFR inhibitor), PDGFR inhibitor III, and 

AG825 (ErbB2 inhibitor) resulted in almost complete reduction (4.2% damage) of R. 

delemar-induced damage (Figure 3.14). Incubation of R. delemar with the inhibitors in 

the absence of host cells did not appear to affect growth or germination because LDH 

activity was measured after 24h at which time, a fungal hyphal mat was seen in each well 

where fungi was added (with or without inhibitors). 

  Since the effect of PDGFR inhibition on R. delemar-induced host cell damage 

was variable depending on which inhibitor used, we decided to not further study the 

involvement of this receptor in mucormycosis. Notably, the most clinically relevant and 
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FDA-cleared drug for cancer treatment, Imatinib, had no effect on host cell damage at 

concentrations up to 50 mM (Figure 3.13 and data not shown). Importantly, it should be 

noted that it is possible that PDGFR signaling governs fungal uptake. However, the effect 

of Imatinib on Mucorales endocytosis was not tested. 



	 92	

 

 

 

	
	
	
	
Figure 3.13. Effects of inhibiting PDGFR with various inhibitors on Rhizopus-
induced damage. A549 cells were pre-treated with PDGFR inhibitors:  PDGFR, 10 
µM; Imatinib, 25 µM or AG1296, 10 µM followed by R. delemar infection. For all 
experiments, cells were pre-treated 1h with inhibitors or vehicle alone and the 
inhibitors were also present during the course of infection. Cellular damage was 
assessed using the LDH release assay after 24 h of infection. Data are expressed as 
median ± interquartile range. *P < 0.005 versus control by Wilcoxon rank-sum test. 
n=at least 6 from at least 2 independent experiments. Vehicle for PDGFR inh III and 
Imatinib (H2O); Vehicle for AG1296 (DMSO).  
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Figure 3.14:  Inhibition of receptor tyrosine kinase signaling inhibits Rhizopus-
induced damage. A549 cells were pre-treated with a PDGFR inhibitor (PDGFR inh 
III, 10 µM), an EGFR inhibitor (AG1478, 10 µM), an ErbB2 inhibitor (AG825, 50 
µM), or combinations followed by R. delemar infection. For all experiments, cells 
were pre-treated 1h with inhibitors, vehicle alone or combinations, and the inhibitors 
were also present during the course of infection. Cellular damage was assessed using 
the LDH release assay after 24 h of infection. Data are expressed as median ± 
interquartile range. .*P < 0.0001, **P<0.05 versus control by Wilcoxon rank-sum 
test. n=at least 6 from at least 2 independent experiments. Veh for PDGFR Inh III 
(H2O), Veh for AG1478 (DMSO/MeOH), Veh for AG825 (DMSO). 
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Inhibition of EGFR and ErbB2 ligand binding inhibits host cell damage 

 We observed a reduction in host cell damage when alveolar epithelial cells were 

pre-treated with a FDA-cleared monoclonal antibody targeting/recognizing the 

extracellular domain of ErbB2 (Trastuzumab) and interfering with its dimerization and 

activation [181]. When alveolar epithelial cells were treated 1 h with 25 µg/ml 

Trastuzumab alone or in combination with Cetuximab (a FDA-cleared monoclonal 

antibody targeting the extracellular domain of EGFR) followed by infection with R. 

delemar, a significant reduction in damage was also observed when compared to the 

control (Figure 3.15). Importantly, Trastuzumab did not affect R. delemar mycelial 

growth macroscopically because damage was assessed at 24 h at which time all fungal 

wells (with or without inhibitor) had hyphal growth. Simultaneous treatment of cells with 

Trastuzumab and Cetuximab (EGFR inhibitor) did not lead to greater inhibition of R. 

delemar-induced damage than treatment with individual inhibitors (Figure 3.15). These 

results are consistent with a model where EGFR and ErbB2 function as a dimer to govern 

uptake of Mucorales by airway epithelial cells. 
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Figure 3.15:  Inhibition of ligand binding inhibits Rhizopus-induced damage. 
A549 alveolar epithelial cells were pre-treated with 25 µg/ml IgG, Cetuximab (Cetux), 
Trastuzumab (Trastuz), or both mabs for 1h followed by 24 h infection with R. 
delemar. *P<0.01 and ** P<0.05 and versus control by Wilcoxon rank-sum test. Data 
are expressed as median ± interquartile range and represent at least two independent 
experiments done in triplicate. 
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Discussion 

 Invasion of the lung epithelium is a crucial step in the initiation of pulmonary 

mucormycosis. Understanding the mechanisms used by Mucorales to invade and cause 

damage is important for the development of new preventive and therapeutic strategies. 

Our previously published in vitro and in vivo transcriptomics analyses predicted that R. 

delemar infection activates EGFR activity in A549 cells resulting in activation of 

downstream effectors such as ERK1/2, JNK, and p38 MAPK. Analysis of host regulatory 

networks of these RNA-seq data sets has also identified several receptor tyrosine kinase 

(RTK) pathways, including EGFR, ErbB2, and PDGFR that are predicted to be activated 

during in vitro infection of alveolar epithelial cells and/or in vivo murine models of 

mucormycosis [43, 97]. In this study, we investigated the role of ErbB2 and PDGFR in 

alveolar epithelial cell invasion by R. delemar. Like many microbial pathogens, fungi 

have developed a variety of mechanisms enabling them to hijack signaling and metabolic 

pathways of the host cells they infect [73, 97, 149, 182-184]. We tested the hypothesis 

that Mucorales invade and cause host cell damage by activating ErbB2 and PDGFR 

signaling pathways and that blocking these signaling pathways will result in reduced 

invasion and damage. Two characteristics of RTKs that allow them to be exploited by 

pathogens are: surface expression and continual traffic from the cell surface to the inside 

of the cell [149]. A variety of microbial pathogens exploit ErbB and PDGFR family 

receptors to gain entry into host cells [43, 149, 171, 182, 183]. Since these receptors are 

expressed on host cell surfaces, they provide a direct point of contact and entry into host 

cells [149]. The previous chapter discusses exploitation of epithelial cell EGFR for 

invasion by R. delemar. EGFR is a common host receptor used by pathogens for invasion 
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and survival in the host [73, 182-184]. Candida albicans utilizes EGFR and ErbB2 to 

induce its endocytosis and invasion of epithelial cells during oropharyngeal infection [63, 

73, 153]. C. albicans Als3, a member of the agglutinin-like sequence family of 

adhesion/invasins, and Ssa1, a 70kDa heat shock protein, interacts with E-cadherin on 

host cells forming a heterodimer composed of EGFR and ErbB2 [63, 73]. The bacterium 

Mycobacterium leprae binds and activates ErbB2 to induce invasion of Schwann cells, 

while Neisseria meningitidis induces recruitment of ErbB2 on endothelial cell 

membranes resulting in internalization and invasion of its target cells [149, 185, 186].  

 PDGFR has also been shown to govern uptake of C. albicans by endothelial and 

epithelial cells [172], and its inhibition reduces Mucorales-induced host cell damage [43]. 

Chlamydia trachomatis also uses PDGFR to promote entry and remodeling of host 

cytoskeleton [171]. Chibucos et al. demonstrated that chemical inhibition of PDGFRβ 

reduced, but did not completely abrogate, R. delemar-induced host lung endothelial cell 

damage [43]. R. delemar, an opportunistic pathogen, has developed an assortment of 

molecular tools that enable it to hijack signaling and metabolic pathways of host cells. It 

has been already reported that Rhizopus invades human umbilical vein endothelial cells 

(HUVEC) by binding to the host cell surface protein, glucose-regulated protein 78, 

GRP78 [39]. CotH proteins were identified as the Rhizopus ligand for GRP78 and were 

shown to colocalize with GRP78 during endocytosis of R. oryzae by endothelial cells 

[39].                                                                                                                        … 

 Our Western blot analysis showing that Rhizopus and A. fumigatus express 

proteins that are recognized by anti-human ErbB2 antibodies in combination with the 

ErbB2 (HER2) ECD ELISA results suggest that some fungi express a ErbB2-like 
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protein(s). The presence of such fungal protein(s) opens up the possibility that this fungal 

protein(s) could potentially interact with host cell surface EGFR and ErbB2 receptors and 

signal in a juxtacrine manner. This signaling could directly induce fungal internalization.                                                                          

 Based on the data presented in the previous chapter and this chapter, we propose a 

model to describe the interaction between Mucorales fungi and host RTKs (Figure 3.16). 

We propose that in uninfected cells, RTKs exist as un-activated monomers. During 

infection, RTKs become activated resulting in receptor homo- or hetero-dimerization, 

auto-phosphorylation, and downstream signaling resulting in tissue invasion and damage. 

We have not identified the fungal ligand, but the data presented here suggests the 

expression of fungal ErbB2-like protein(s) that could bind to host RTKs and initiate 

downstream signaling. However, this ErbB2-like protein does not appear to be expressed 

universally in fungi since we were unable to detect a signal, by Western blot, in whole 

cell lysates of Candida albicans, Mucor circinelloides, Lichteimia corymbifera, or 

Cunninghamella bertholletiae. This observation also suggests a couple of other 

possibilities as well. One possibility is that these other fungal species lack the gene that 

expresses the fungal protein that is reactive with the antibodies used in our studies. This 

explanation could also account for why Rhizopus species are the Mucorales species most 

frequently isolated from mucormycosis patients especially if these proteins aid fungal 

invasion. Another possibility is that Candida albicans, Mucor circinelloides, Lichteimia 

corymbifera, or Cunninghamella bertholletiae do, in fact, contain the gene that encodes 

the ErbB2-like protein(s), but the expressed protein is not recognized by the antibodies 

used in our Western Blot and ELISA studies because of some differences in the coding 

sequence. This suggests that other fungal ligands may mediate fungal invasion and may 
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be expressed on the fungal surface or secreted. It is also possible that infection results in 

the increased expression and release of RTK ligands from host cells. 

The long-term goal of these studies is to use knowledge gained to develop novel 

antifungal strategies to disrupt crucial interactions with the host that are necessary for the 

initiation and progression of fungal diseases. The data presented in this chapter are 

derived from in vitro studies. In vivo demonstration that inhibition of ErbB2 and PDGFR 

alone or in combination with EGFR or other RTK inhibition will further strengthen the 

role of RTK signaling in governing mucormycosis. 
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Figure 3.16:  Proposed Model of Mucorales-induced RTK Activation 
RTKs exist as monomers in uninfected cells (left).  During infection, RTKs become 
homo- or heterodimerized and autophosphorylated, resulting in downstream signaling 
leading to tissue invasion and damage (right). 
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Methods and Materials 

Fungal strains and host cells 

R. delemar strain 99-880 (a clinical isolate obtained from a patient with rhino-orbital 

mucormycosis), R. oryzae strain 99-892, L. corymbifera strain 008-049, M. circinelloides 

strain NRRL3631, C. bertholletiae strain 175, A. fumigatus MYA4609 (Af293), and A. 

fumigatus CEA10 were grown on peptone-dextrose agar (PDA) plates for 3 to 5 days at 

37°C. Spores were collected in endotoxin-free Dulbecco’s phosphate-buffered saline 

(DPBS), washed with endotoxin-free DPBS, and counted with a hemocytometer to 

prepare the final inocula. To form germlings, spores were incubated in yeast extract-

peptone-dextrose (YPD) with shaking for 1 h or F12K medium with L-glutamine plus 

10% fetal bovine serum (FBS) for 1-2h with no shaking at 37°C. Germlings were washed 

twice with endotoxin-free DPBS. The A549 type II pneumocyte cell line was grown in 

tissue culture dishes in F-12K medium with L-glutamine plus 10% fetal bovine serum 

(FBS). 

 
Drugs   
 
Drugs were obtained from the indicated sources. 

AG825    Tocris  (ErbB2 inhibitor)  

GW2974   Sigma   (dual ErbB2 and EGFR inhibitor) 

PDGFR Inhibitor III  Santa Cruz  (PDGFR inhibitor) 

Imatinib   Sigma  (PDGFR inhibitor)  

AG1296   Selleckchem (PDGFR inhibitor)  

AG1478   Sigma   (EGFR inhibitor) 

Gefitinib   Sigma   (EGFR inhibitor) 
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Immunoblot of ErbB2 in vitro 
 
The A549 type II pneumocyte cell line (American Type Culture Collection) was grown 

as described previously (50). A549 cells were incubated in F-12K tissue culture medium 

supplemented with fetal bovine serum to a final concentration of 10%. A549 cells were 

infected with R. delemar, R. oryzae, L. corymbifera, M. circinelloides, C. bertholletiae, 

A. fumigatus MYA4609 (Af293). Next, the cells were rinsed with cold PBS and scraped 

in 1X Cell Lysis Buffer (Cell Signaling). Cell lysates were sonicated on ice followed by 

centrifugation at 10,000 rpm x 5 min. Protein concentration was determined using the 

BCA kit (ThermoFisher) using BSA as a standard. Equal amounts of lysates were then 

subjected to SDS/PAGE, transferred to PVDF membranes, blocked with 5% BSA, and 

incubated with anti- ErbB2 antibody (Santa Cruz 33684). The immunoblots were 

developed using enhanced chemiluminescence and imaged with the ChemiDoc (BioRad).   

 

Measurement of ErbB2 and PDGFR phosphorylation during R. delemar infection of 

A549 cells 

A549 cells were infected with R. delemar for a time course of infection (0h-1h).  Cell 

lysates were collected and used to hybridize the Pathscan Antibody Array as indicated in 

the manufacturer’s protocol for the PathScan Antibody Array Kit (Cell Signaling 7982).  

The array was imaged with the ChemiDoc (BioRad) and signal was quantified using 

ImageStudio.                   
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Measurement of ErbB2 Ectodomain (ECD) in supernatants 

Detection and quantification of ErbB2 ECD was done using the Human ErbB2/Neu2 

PicoKine ELISA Kit (Boster Biological Tech) per the manufacturer’s protocol.  In short, 

A549 cells were infected with R. delemar that had been germinated 5.5h for 0 - 3h.  After 

which, the media was collected, centrifuged to clear, and analyzed with the kit.  For fungi 

alone controls, fungi were incubated under the same culture conditions in parallel. 

 

Measurement of R. delemar-induced damage of A549 cells 

R. delemar-induced A549 cell damage was quantified using the Pierce LDH assay, with 

slight modifications to the manufacturer’s protocol. Briefly, A549 cells were grown in 

96-well tissue culture plates for 18 to 24 h. Cells were then pretreated for 1 h with 

inhibitor and infected with 1x106 germlings suspended in 150 ml F-12K plus 10% FBS. 

For controls, host cells were incubated with the appropriate amount of diluent used to 

reconstitute the inhibitor or 25 or 50 µg/ml of mouse IgG antibody in parallel. After 24 h 

of incubation at 37°C, 50 µl of the cell culture supernatant was collected from uninfected, 

infected, and fungus-only control wells and transferred to a 96-well plate to assay for 

LDH activity. Lysis buffer was added to all infected wells, and the mixture was incubated 

for 45 min at 37°C. After lysis, 50 µl of cell culture supernatant was transferred to a 96-

well plate and used for the LDH assay kit per the protocol. LDH release was calculated as 

follows: % cytotoxicity = [(experimental release - fungal cell spontaneous control - host 

cell spontaneous control)/(host cell maximum control - fungal cell maximum control - 

host cell spontaneous control)] X 100. LDH is a cytosolic enzyme but is released into the 
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cell culture medium upon cell membrane damage. The amount of extracellular LDH is 

proportional to the amount of cell damage.  

 

Measurement of A549 endocytosis 

 12-mm glass coverslips in 12 well dishes were seeded with A549 alveolar epithelial 

cells. Cells were then pre-treated 1 h with inhibitors. For controls, host cells were 

incubated with the appropriate amount of diluent used to reconstitute the inhibitor or 

mouse IgG in parallel. Host cells were then infected with 2x105 R. delemar, or 2x105 - 

4x105 L. corymbifera and C. bertholletiae. After incubation for 3 h, cells were fixed in 

3% paraformaldehyde and stained for 1 h with 1% Uvitex, which specifically binds to 

chitin in the fungal cell wall. After washing with PBS, coverslips were mounted on a 

glass slide with a drop of ProLong Gold anti-fade reagent (Molecular Probes) and sealed. 

The total number of cell-associated organisms (i.e., fungi adhering to the monolayer) per 

high-powered field was determined by phase-contrast microscopy. The same field was 

examined by epifluorescence microscopy, and the number of brightly fluorescent, 

uninternalized fungi was determined. The number of endocytosed organisms was 

calculated by subtracting the number of fluorescent organisms from the total number of 

visible organisms. At least 400 organisms were counted in at least 15 different fields per 

coverslip. Experiments were performed in duplicate on separate days. Data are expressed 

as median ± interquartile range.  

 
Confocal Microscopy 

The accumulation of epithelial cell pErbB2 around Mucorales was visualized using the 

Zeiss LSM Duo confocal microscopy system. 12-mm glass coverslips in 12 well dishes 
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were seeded with A549 alveolar epithelial cells and infected with 2x105 R. delemar or 

2x105 - 4x105 L. corymbifera and C. bertholletiae that had been incubated in F12K + 

10% FBS at 37oC for 1h. After a 30-60 min incubation at 37°C, cells were washed with 

HBSS and fixed with 3% paraformaldehyde. Cells were incubated with anti-pErbB2 (Cell 

Signaling 2247) for 1h in 0.1% BSA for 1 hour. Coverslips were washed and 

counterstained with Alexa Fluor 546– labeled goat anti-rabbit. After washing, the 

coverslip was mounted on a glass slide with a drop of ProLong Gold antifade reagent 

(Molecular Probes) and viewed by confocal fluorescent microscopy.  

 
Statistical Analysis 

In vitro experiments were performed in triplicate on at least two separate days. Data are 

expressed as the median ± interquartile range. Treatment groups were compared to 

controls using the Wilcoxon rank sum test.  
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Chapter 4: Inhibition of progesterone signaling decreases Mucorales-induced host 
cell damage and Mucorales endocytosis 
 

Abstract 

 Mucormycosis is a life-threatening, invasive infection caused by fungi belonging 

to the Order Mucorales. Rhizopus species are the most common cause of the disease, 

responsible for approximately 70% of all cases. During pulmonary mucormycosis, 

inhaled Mucorales spores must adhere to and invade airway epithelial cells in order to 

establish infection. The molecular mechanisms that govern this interaction are poorly 

understood. We performed an unbiased survey of the host transcriptional response during 

Mucorales infection in an in vitro model of pulmonary mucormycosis using RNA-seq. 

Network analysis revealed activation of progesterone signaling pathways. Chapters 2 and 

3 of this dissertation discuss the role of RTK signaling in mucormycosis. 

 Combining an in vitro model of mucormycosis, transcriptomics, cell biology, and 

pharmacological approaches, here we provide experimental evidence that Mucorales 

fungi activate PGR signaling to induce fungal uptake into airway epithelial cells. 

Furthermore, we demonstrated that inhibition of PGR signaling with existing FDA-

approved drugs significantly decreased Mucorales-induced host cell damage and 

endocytosis of alveolar epithelial cells. We also provide experimental evidence to support 

that there is convergence of EGFR and PG signaling pathways. These studies enhance 

our understanding of how Mucorales fungi invade host cells during the establishment of 

pulmonary mucormycosis and provide a proof-of concept for the repurposing of FDA-

approved drugs that target RTK and PGR function. 

 



	 107	

Introduction 
 
 Lung epithelial cells are among the first host cells to interact with inhaled fungal 

pathogens during pulmonary infection. Understanding the molecular mechanisms used by 

Mucorales to interact with host receptors on alveolar epithelial cells is crucial to our 

understanding of how these fungi invade host tissues and initiate pulmonary infection. 

Once these interactions are understood, preventive and therapeutic strategies can be 

developed to potentially block interaction with these receptors or activation of 

downstream signaling pathways. We performed an unbiased survey of the host 

transcriptional response to Mucorales infection in an in vitro model of pulmonary 

mucormycosis using transcriptome sequencing (RNA-seq). Network analysis predicted 

modulation of host progesterone receptor (PGR) signaling during infection of airway 

alveolar cells with R. delemar, R. oryzae, and M. circinelloides [43]. The previous 

chapters of this dissertation discuss the involvement of RTK signaling (specifically 

EGFR, ErbB2, and PDGFR) in pulmonary mucormycosis. Here, we provide experimental 

evidence that host PGR signaling also governs invasion of human airway epithelial cells 

by Mucorales and possibly involves cross talk with the EGFR signaling pathway. 

 Progesterone (PG) modulates a variety of physiological processes including 

pregnancy, lung development, sperm function, nervous system function, glucose 

tolerance, pancreas function, and breast cancer etiology [187-190]. Progesterone receptor 

(PGR) exists as both cytosolic and membrane forms. The cytosolic form of PGR exists as 

two well-characterized main isoforms, PR-A and PR-B, which are encoded by a single 

gene but transcribed from two different promoters [187, 191]. Upon binding of 

progesterone, cytosolic PGR dimerizes, enters the nucleus, and binds to DNA at 
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progesterone response elements (PRE) [192]. These forms are rapidly transported 

between the cytosol and nucleus and function as ligand-activated transcription factors 

[187]. The cytosolic PGRs mediate the classical or genomic PG signaling pathways 

[187]. Specific membrane-bound forms of PGR (isoforms mPRα, mPRβ, mPRγ) have 

been implicated in mediating non-genomic/non-classical PG action [187, 191]. These 

membrane forms are more novel and function as novel G protein-coupled receptors [187, 

191, 193]. 

 Cross-talk between PGR and EGFR signaling has been reported [194]. Studies in 

the T47D breast cancer cell line have demonstrated that PG and EGFR signaling are 

closely interconnected, and that PGR-B appears to be a critical mediator in the cross talk 

between these two pathways [194]. PGR target genes include key regulators of growth 

factor signaling pathways including EGFR [170, 195]. EGF also activates several 

intracellular signaling pathways downstream of EGFR that increase transcriptional 

activity of PGR-B in the presence and absence of ligand [196]. Figure 4.1 gives a visual 

representation of the interaction between the PGR and EGFR pathways showing 

downstream activation of JNK and ERK signaling, also predicted to be activated during 

alveolar lung epithelial cell infection with Mucorales and is well-established in the 

literature to be activated in the host during fungal infection (Figure 4.2) [197]. 
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Credit:  Anastasia Kariagina, J.X. and S.Z.H. Jeffrey R. Leipprandt, Amphiregulin Mediates Estrogen, Progesterone, and 
EGFR Signaling in the Normal Rat Mammary Gland and in Hormone-Dependent Rat Mammary Cancers. HORM CANC, 
2010: p. 229-244. 
	
	
	
Figure 4.1: Diagram of convergence of Estrogen, Progesterone, and EGFR 
signaling pathways 
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b adapted from Chibucos, et al. An integrated genomic and transcriptomic survey of mucormycosis-causing fungi. Nature 
Communications 2016. 

	
	
	
	
Figure 4.2:  Analysis of host regulatory pathways. (a) Experimental design for in 
vitro model of mucormycosis. (b) Heat map showing predicted activation or repression 
of known pathways during in vitro infection of airway epithelial cells with Mucorales 
strains. Red represents predicted activation. Blue represents predicted repression. Red 
arrows highlight the pathways focused on in this chapter due to prediction of host 
receptor pathway activation.  
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Results 

Transcriptomics 

 RNA-seq was performed on poly A-enriched RNA isolated from uninfected A549 

cells, and A549 cells that were infected with R. delemar, R. oryzae, and M. circinelloides 

for 6h or 16h [43]. Upstream regulator analysis of these data predicted that host PGR 

signaling was activated during infection based on the differential expression of known 

PGR downstream transcriptional targets of these pathways (Figure 4.2). Chapters 3 and 4 

discuss the involvement of RTK signaling in mucormycosis. 

 

Inhibition of PGR inhibits damage and R. delemar internalization.  

 We tested the hypothesis that Mucorales invade and cause host cell damage by 

activating PGR signaling pathways and that blocking this signaling pathway will result in 

reduced invasion and damage. I was not able to show R. delemar-induced PGR 

phosphorylation by Western blot despite varying the experimental conditions in several 

different ways including: a) seeding A549 cells at various cell densities prior to infection, 

b) starving host cells, c) infecting host cells with various multiplicity of infections 

(MOIs), d) germinating for various time points, e) infecting over a time course, and f) 

evaluating various phospho-specific antibodies. 

 Despite our inability to detect infection-induced phosphorylation of PGR by 

Western blot, we tested the relevance of PGR activation on infection by pretreating 

airway epithelial cells with an inhibitor of PGR activation, Mifepristone. Mifepristone is 

structurally related to steroids and strongly binds to PGR and acts as an antagonist of 

classical PGR signaling [187, 198]. It forms a complex with PGR and its hormone 
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regulator elements in the DNA without stimulating gene transcription [198, 199]. In the 

presence of Mifepristone, PGR adopts an inactive conformation and preferentially 

interacts with co-repressors [198]. We observed a decrease in R. delemar-induced 

damage and a reduction in R. delemar invasion of alveolar epithelial cells that were 

treated with the PGR inhibitor Mifepristone (Figure 4.3 and 4.4). Since it is known that 

there is some overlap in the EGFR and PGR signaling pathways, we decided to evaluate 

the effect of inhibiting both receptors on R. delemar-induced damage and endocytosis. 

Simultaneous treatment of alveoli cells with Mifepristone and Gefitinib (a FDA-approved 

drug that inhibitor EGFR tyrosine kinase signaling) significantly reduced the amount of 

damage when compared to Gefitinib treatment alone (Figure 4.3). However, 

simultaneous treatment of host cells with Mifepristone and Gefitinib did not significantly 

reduce the amount of R. delemar endocytosis when compared to Gefitinib treatment 

alone (Figure 4.4). These results are consistent with a model in which PGR and EGFR 

function in the same pathway to govern Mucorales uptake by airway epithelial cells but 

not to cause damage.  

We were also interested in determining if damaged caused by other Mucorales 

was also significantly decreased by PGR inhibition with Mifepristone alone and in 

combination with Gefitinib. Once again, we selected a different species of Rhizopus and 

three genera from other Mucorales clades based on our group’s previous phylogenetic 

analysis of Mucorales strains (Figure 1.4) [43]. Lictheimia corymbifera-induced damage 

was significantly decreased by Mifepristone treatment of host cells, while a significant 

decrease in damage was not seen for R. oryzae, M. circinelloides and C. bertholletiae.  

Chapter 2 discusses that R. oryzae, R. delemar, M. circinelloides, L. corymbifera, and C. 
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bertholletiae-induced damage is significantly decreased when host cells are treated with 

Gefitinib. Again, since there is known crosstalk between EGFR and PGR signaling 

pathways, we were interested in evaluating the effect of dual inhibition of EGFR and 

PGR with Gefitinib and Mifepristone on host cell damage. Dual inhibition resulted in 

significantly less damage for R. oryzae, L. corymbifera, and C. bertholletiae. However, it 

does not appear to be a synergistic effect (Figure 4.5) because the damage resulting after 

combination treatment was not significantly different from the damage resulting after 

Mifepristone treatment alone. 
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Figure 4.3: Inhibition of PGR and EGFR signaling inhibits Rhizopus-induced 
damage. A549 cells were pre-treated with a PGR inhibitor (Mifepristone, Mif, 25 µM), 
or an EGFR inhibitor (Gefitinib, Gef, 25 µM), or combination followed by R. delemar 
infection. For all experiments, cells were pre-treated 1h with inhibitors, vehicle alone or 
combination, and the inhibitors were also present during the course of infection. Cellular 
damage was assessed using the LDH release assay after 24 h of infection. Data are 
expressed as median ± interquartile range. **P<0.005 and #P=0.041 versus control by 
Wilcoxon rank-sum test. n=at least 6 from at least 2 independent experiments. Veh for 
Mif (Ethanol); Veh for Gef (DMSO). 
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Figure 4.4: Inhibition of PGR and EGFR signaling inhibits R. delemar 
internalization. A549 alveolar epithelial cells were pre-treated overnight with 25 µM 
Mifepristone, Mif, or with 25 µM Gefitinib, Gef, for 1h followed by 3 h infection with 
2 x 106 R. delemar spores. *P<0.0001 versus control by Wilcoxon rank-sum test. Data 
are expressed as median ± interquartile range and represent at least two independent 
experiments done in at least duplicates counting at least 15 fields per condition. Veh 
for Mif (Ethanol); Veh for Gef (DMSO). 
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Figure 4.5: Effects of PGR inhibition on Mucorales-induced host cell damage. A549 
alveolar epithelial cells were pre-treated overnight with 25 µM Mifepristone, Mif,  and/or 
25µM Gefitinib, Gif, for 1h followed by 24 h infection with 2 x 106  a) R. oryzae, b) M. 
circinelloides,  c) L. corymbifera, or d) C. bertholletiae  spores that were germinated for 
1h. *P≤0.01 or **P≤0.05 versus control by Wilcoxon rank-sum test. n=6 wells per group 
from at least 2 independent experiments. Data are expressed as median ± interquartile 
range. 
 
 
 
Figure 4.1 shows the convergence of the PGR and EGFR signaling pathways where PG 

activates PGR resulting in Areg (EGFR ligand) release and autocrine and paracrine 

activation of EGFR. Transactivation of ErbB family members, in some cases, is also 

mediated by ligands that are cleaved from their proforms in a process called “ectodomain 

shedding” [200]. We were interested in evaluating if EGF addition during Mucorales 

infection would augment host cell damage as measured by the LDH assay. When A549 

cells were pretreated (and cotreated) with EGF for 1h prior to 24h infection with R. 

delemar, no increase in damage was observed (Figure 4.6). This suggests that damage by 

R. delemar does not occur as a result of surface shedding or increased release of the EGF 

ligand (Figure 4.6). 
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Figure 4.6:  EGF treatment has no effect on Rhizopus-induced damage. A549 
cells were pre-treated with EGF or vehicle followed by R. delemar infection. EGF 
was also present during the course of infection. Cellular damage was assessed 
using the LDH release assay after 24 h of infection. Data are expressed as median 
± interquartile range. Veh versus treatment by Wilcoxon rank-sum test. n= 3 from 
one experiment. 
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R. delemar infection results in PGR nuclear translocation.   

 The cytosolic form of PGR is translocated to the nucleus during its activation by 

its natural ligand, progesterone [192, 201]. When A549 cells were infected with R. 

delemar for 2h, we observed translocation of PGR from the cytosol to the nucleus (Figure 

4.7). We were also interested in seeing if this translocation was Gefitinib sensitive. When 

A549 cells were treated with Gefitinib followed by infection with R. delemar, 

translocation of PGR was reduced (Figure 4.7). However, PGR translocation was not 

observed when airway epithelial cells were infected with R. oryzae (Figure 4.8). 
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Figure 4.7: PGR translocation to the nucleus during R. delemar infection is 
partially blocked by Gefitnib. A549 cells were pretreated with Gefitinib for 1h 
followed by infection with R. delemar for 2h, fixed, and probed with antibody 
specific for human PGR and pPGR, and viewed by confocal microscopy. Data are 
representative of 2 independent experiments done in duplicate.	 
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Figure 4.8:  Rhizopus-induced PGR translocation to the nucleus is species specific. 
A549 cells were infected with R. delemar for 2 h, fixed, and probed with abs specific for 
human PGR and pPGR, and viewed by confocal microscopy. Data are representative of 
one experiment done in duplicate.  99-880 is a R. delemar strain, and 99-892 is a R. 
oryzae strain.  
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R. delemar expresses a PGR-like protein 

 We have Western blot data that show fungal proteins, specifically R. delemar, 

were reactive with antibodies targeting human cytosolic PGR (Figure 4.9). As a follow-

up, we wanted to see if we could bioinformatically identify putative PGR-like Mucorales-

encoded proteins. The NCBI tool BLASTP (default settings) did not identify any putative 

human PGR B orthologs in R. delemar (Supplemental Table 4.1). Putative orthologs were 

defined as having a % identity ≥ 30%, alignment length ≥ 100aa, expectation values < 

0.001, and a bit score ≥ 50 [179]. We next wanted to determine if functional regions or 

domains present in human PGR B were present in Mucorales-encoded proteins by 

searching the PFAM database. PFAM identified three functional domains in human PGR 

B: Prog receptor (PF02161), Zf-C4 (PF00105), and hormone receptor (PF00104). No 

fungal proteins in the PFAM database or FungiDB possessed any of these domains. 

 Both membrane and cytosolic progesterone binding proteins have been described 

in Mucorales [202-204]. The characterization and ligand identification of a progesterone 

receptor in the fungi Sporothrix schenckii has been described [204]. This receptor is 

described as a membrane receptor belonging to the progesterone-adiponectin receptor 

(PAQR) family. We were also interested in seeing if an ortholog of this protein was 

present in Mucorales. The NCBI tool BLASTP (default settings) identified six putative 

Sporothrix schenckii PAQR1 orthologs in R. delemar (Supplemental Table 4.2). Putative 

orthologs were defined as having a % identity ≥ 30%, alignment length ≥ 100aa, 

expectation values < 0.001, and a bit score ≥ 50 [179]. We then used PFAM to identify 

functional domains in the Sporothrix schenckii PAQR1 protein. PFAM identified one 

functional domain:  HLyIII (PF03006). The PFAM id was searched against the FungiDB 
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database and four Mucor circinelloides f. lusitanicus and six Rhizopus delemar proteins 

were identified as having PF03006 present (Table 4.1). The Mucor circinelloides f. 

lusitanicus proteins were annotated as predicted membrane proteins containing 

hemolysin III domains, and the R. delemar proteins were annotated as hypothetical 

proteins. The Bruno laboratory previously analyzed and annotated the genome of R. 

delemar 99-880 [43]. The FungiDB gene ids for the 99-880 proteins were mapped to the 

Bruno laboratory’s internal ids and annotation (Table 4.1). The Bruno laboratory 

identified one of the R. delemar genes as an ADIPOR-like receptor and the other four as 

uncharacterized. Five putative R. delemar orthologs of Sporothrix schenckii PAQR1 

identified by BLASTP were also identified as having Sporothrix schenckii PAQR1 

functional domains:  IGS-99-880.gene.4086.1, IGS-99-880.gene.8203.1, IGS-99-

880.gene.778.1, IGS-99-880.gene.11799.1, IGS-99-880.gene.11034.1. 

 

	
	
Figure	4.9:		PGR	antibodies	recognize	R.	delemar	protein.	Western	blots	from	
whole	cell	lysates	from	A459	cells	alone	(H)	or	from	R.	delemar	resting	spores	(S)	or	
germlings	(G)	alone	were	probed	with	different	PGR	antibodies.	
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Table 4.1:  Annotation for Mucorales genes containing PFAM functional domain 
PF03006. 
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Discussion 

 We are exploring the role of PGR signaling in Mucorales pathogenesis for the 

same rationale that we were exploring the roles of RTK signaling. Our transcriptomic 

data predict PGR signaling is activated during Mucorales infection of airway epithelial 

cells. We examined the role PGR plays in R. delemar-induced damage and 

internalization. We show that inhibiting signaling of PGR with pharmacological 

inhibitors inhibits both host cell damage and R. delemar invasion. We were also 

interested in determining if PGR is activated during R. delemar infection. Like many 

nuclear receptors, PGR receptors are heavily phosphorylated by multiple protein kinases 

[170]. However, we were not able to show that PGR is phosphorylated during in vitro 

infection but were able to show that it is translocated from the cytosol to the nucleus 

during R. delemar infection. We chose to study the B isoform because it is present in the 

cytoplasm and nucleus whereas the A form is localized primarily in the nucleus. We 

believed that it would be easier to show translocation of the former isoform, PGR B. As 

was determined for R. delemar and EGFR, we were interested in determining if R. 

delemar physically interacts with PGR. However, we saw that R. delemar cross reacts 

with several antibodies that we had available for PGR detection as evidenced by Western 

blot. Therefore, we did not pursue co-localization studies. This Western blot data 

suggests that R. delemar expresses a PGR-like protein. The expression of PG binding 

cytosolic and membrane proteins in Rhizopus nigricans have been described by other 

groups [202, 203]. PG is also known to have growth inhibitor effects on R. nigricans. 

Therefore, it is not totally surprising that the PGR antibodies were reactive with Rhizopus 

delemar whole cell lysates. Identification and characterization of these proteins would 
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provide greater insight into the role of PG signaling in mucormycosis. BLASTP, PFAM, 

nor FungiDB analyses resulted in any putative Mucorales-encoded cytosolic PGR-like 

protein although putative Mucorales-encoded membrane PGR-like proteins were 

identified based on BLASTP and functional domain similarity to a membrane PGR 

identified in Sporothrix schenckii. One possible follow up would be try to identify the 

PGR reactive fungal protein(s) experimentally by using the PGR-specific antibodies in a 

pull down assay with R. delemar cell lysates followed by SDS-PAGE, protein 

sequencing, and mapping to the R. delemar proteome. Another potential follow-up would 

be to use mass spectrometry for quantitative analysis of PGR phosphorylation. 

 The repurposing of drugs approved by regulatory agencies for use as treatment for 

other diseases is on the rise and comes with lower costs and reduced time than de novo 

development of such drugs [205]. Marrugal-Lorenzo et al. evaluated Mifepristone for its 

antiviral activity. Their data suggests that Mifepristone, a synthetic FDA-cleared drug for 

the termination of pregnancy, affects microtubule transport and interferes with human 

adenovirus entry into the nucleus thereby inhibiting infection [205]. Marrugal-Lorenzo et 

al. have shown that Mifepristone exerts a significant and broad anti-human adenovirus 

(HAdv) activity at low micromolar concentrations with low cytotoxicity at both low and 

high MOIs as well as prevents adenovirus infection in mice [205]. 

 Most signaling pathways are not linear. In fact, branching and networking are 

characteristics of most if not all signal transduction pathways [206]. Steroid receptors are 

classically defined as ligand-activated transcription factors but are regulated by multiple 

signaling pathways which may also influence their activity in the absence of ligand [170]. 

With this knowledge of signal transduction pathways and our data implicating both RTK 
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and PGR as having roles in mucormycosis, it is not unreasonable to consider the 

possibility of using drug combinations (ie. EGFR + PGR inhibitors) for the treatment and 

prevention of fungal diseases. In the past, anti-infective strategies have focused mostly on 

targeting pathogen growth or vaccines that enhance host immunity [63]. When 

considering receptor blocking, it is important to focus on receptors that are expressed 

predominately on non-phagocytic cells or that have no function on phagocytes [63]. 

Because some fungi may bind multiple receptors, it is reasonable to believe that it may be 

necessary to block more than one receptor [63]. 

 

Methods and Materials 

Fungal strains and host cells 

R. delemar strain 99-880 (a clinical isolate obtained from a patient with rhino-orbital 

mucormycosis), R. oryzae strain 99-892, L. corymbifera strain 008-049, M. circinelloides 

strain NRRL3631, C. bertholletiae strain 175, A. fumigatus MYA4609 (Af293), and A. 

fumigatus CEA10 were grown on peptone-dextrose agar (PDA) plates for 3 to 5 days at 

37°C. Spores were collected in endotoxin-free Dulbecco’s phosphate-buffered saline 

(DPBS), washed with endotoxin-free DPBS, and counted with a hemocytometer to 

prepare the final inocula. To form germlings, spores were incubated in yeast extract-

peptone-dextrose (YPD) with shaking for 1 h at 37°C. Germlings were washed twice 

with endotoxin-free DPBS. The A549 type II pneumocyte cell line was grown in tissue 

culture dishes in F-12K medium with L-glutamine plus 10% fetal bovine serum (FBS). 
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Drugs   

Drugs were obtained for the indicated sources. 

Mifepristone   Sigma  (PGR inhibitor)  

Gefitinib   Sigma   (EGFR inhibitor) 

 

Immunoblot of PGR in vitro 

 Lysates were prepared from resting spores or 5.5 h germlings from R. delemar 

using 1X Cell Lysis Buffer (Cell Signaling). Lysates were sonicated on ice followed by 

centrifugation at 10,000 rpm x 5 min. Protein concentration was determined using the 

BCA kit (ThermoFisher) using BSA as a standard. Equal amounts of lysates were then 

subjected to SDS/PAGE, transferred to PVDF membranes, blocked with 5% BSA, and 

incubated with anti- PGR antibody (PGR ARP3119 Aviva (recognizes A and B), PR(F4) 

Santa Cruz 166169 (recognizes A and B), PGR AB-190 Sigma SAB43000346 

(recognizes A and B). The immunoblots were developed using enhanced 

chemiluminescence and imaged with the ChemiDoc (BioRad). 

 

Measurement of Mucorales-induced damage of A549 cells 

R. delemar-induced A549 cell damage was quantified using the Pierce LDH assay, with 

slight modifications to the manufacturer’s protocol. Briefly, A549 cells were grown in 

96-well tissue culture plates for 18 to 24 h. Cells were then pretreated for 1 h with 

inhibitor and infected with 1x106-2x106 germlings suspended in 150 µl F-12K plus 10% 

FBS. For controls, host cells were incubated with the appropriate amount of diluent used 

to reconstitute the inhibitor in parallel. After 24 h of incubation at 37°C, 50 µl of the cell 
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culture supernatant was collected from uninfected, infected, and fungus-only control 

wells and transferred to a 96-well plate to assay for LDH activity. Lysis buffer was added 

to all infected wells, and the mixture was incubated for 45 min at 37°C. After lysis, 50 µl 

of cell culture supernatant was transferred to a 96-well plate and used for the LDH assay 

kit per the protocol. LDH release was calculated as follows: % cytotoxicity = 

[(experimental release - fungal cell spontaneous control - host cell spontaneous 

control)/(host cell maximum control - fungal cell maximum control - host cell 

spontaneous control)] X 100. LDH is a cytosolic enzyme but will be released into the cell 

culture medium upon cell membrane damage. The amount of extracellular LDH is 

proportional to the amount of cell damage. 

 

Measurement of A549 endocytosis 

12-mm glass coverslips in 12 well dishes were seeded with A549 alveolar epithelial cells. 

Cells were then pre-treated 1 h with inhibitors. For controls, host cells were incubated 

with the appropriate amount of diluent used to reconstitute the inhibitor in parallel. Host 

cells were then infected with 2x106 R. delemar. After incubation for 3 h, cells were fixed 

in 3% paraformaldehyde and stained for 1 h with 1% Uvitex, which specifically binds to 

chitin in the fungal cell wall. After washing with PBS, coverslips were mounted on a 

glass slide with a drop of ProLong Gold anti-fade reagent (Molecular Probes) and sealed. 

The total number of cell-associated organisms (i.e., fungi adhering to the monolayer) per 

high-powered field was determined by phase-contrast microscopy. The same exact field 

was examined by epifluorescence microscopy, and the number of brightly fluorescent, 

uninternalized fungi was determined. The number of endocytosed organisms was 
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calculated by subtracting the number of fluorescent organisms from the total number of 

visible organisms. At least 400 organisms were counted in at least 15 different fields per 

coverslip. Experiments were performed in duplicate on separate days. Data are expressed 

as median ± interquartile range. 

 

Confocal Microscopy 

Translocation of host PGR was visualized using the Zeiss LSM Duo confocal microscopy 

system. 12-mm glass coverslips in 12 well dishes were seeded with A549 alveolar 

epithelial cells and infected with 2x105 R. delemar or R. oryzae that have been incubated 

in F12K + 10% FBS at 37oC for 2h. After a 2 h incubation at 37°C, cells were washed 

with HBSS and fixed with 3% paraformaldehyde. Cells were incubated with anti-PGR 

(Aviva MS-196-P1, recognizes PR B) for 1h or overnight in 0.1% BSA for 1 hour. 

Coverslips were washed and counterstained with Alexa Fluor 546– labeled goat anti-

rabbit or Alexa Fluor 488-goat anti-mouse. After washing, the coverslip was mounted on 

a glass slide with a drop of ProLong Gold antifade reagent (Molecular Probes) and 

viewed by confocal fluorescent microscopy.  

 

Bioinformatics analysis in search of PGR orthologs 

Searches to identify putative fungal PGR and PAQR1 orthologs based on protein 

sequence homology were performed using BLASTP (default settings) [178].  Searches to 

identify functional domains in PGR and PAQR1 were performed using Pfam 32.0 and 

FungiDB	(http://fungidb.org/fungidb/). 
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Statistical Analysis 

In vitro experiments were performed in triplicate on at least two separate days. Data are 

expressed as the median ± interquartile range. Treatment groups were compared to 

controls using the Wilcoxon rank sum test.  
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Chapter 5:  Comparative transcriptomics of Aspergillus fumigatus strains upon 

exposure to human airway epithelial cells1 

 

Abstract 

 Aspergillus fumigatus is an opportunistic, ubiquitous, saprophytic mold that can 

cause severe allergic responses in atopic individuals as well as life-threatening infections 

in immune-compromised patients. A critical step in the establishment of infection is the 

invasion of airway epithelial cells by the inhaled fungi spores. Understanding how A. 

fumigatus senses and responds to airway cells is important to understand the pathogenesis 

of invasive pulmonary aspergillosis. Here, we analyzed the transcriptomes of two 

commonly used clinical isolates, AF293 and CEA10, during infection of the A549 type II 

pneumocyte cell line in vitro. We focused our RNA-seq analysis on the core set of genes 

that are present in the genomes of both strains. Our results suggest that: (a) A. fumigatus 

isolates do not mount a conserved transcriptional response to airway epithelial cells in 

our in vitro model and (b) strain background and time spent in the tissue culture media 

have a greater impact on the transcriptome than the presence of host cells. Our analyses 

reveal both common and strain-specific transcriptional programs that allow for the 

generation of hypotheses about gene function as it pertains to pathogenesis and the 

significant phenotypic heterogeneity that is observed among A. fumigatus isolates. 

 

 

------------------------------------------------------------------------------------------------------------------------------------------------------------
1Figures and text adapted from: Watkins, T.N., et al., Comparative transcriptomics of Aspergillus fumigatus 
strains upon exposure to human airway epithelial cells. Microbial Genomics, 2018. 
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Importance  

Aspergillus fumigatus is an opportunistic, ubiquitous, saprophytic mold that can cause 

life-threatening infections in immunocompromised patients. Understanding how A. 

fumigatus senses and responds to airway cells is important to understand the pathogenesis 

of invasive pulmonary aspergillosis. Here, we analyzed the transcriptomes of two 

commonly used clinical isolates, AF293 and CEA10, during infection of the A549 type II 

pneumocyte cell line in vitro. Our analyses reveal both common and strain-specific 

transcriptional programs that allow for the generation of hypotheses about gene function 

as it pertains to pathogenesis and the significant phenotypic heterogeneity that is 

observed among A. fumigatus isolates. 

 

Introduction 

 Aspergillus fumigatus is a ubiquitous environmental mold that releases numerous 

small conidia into the air. Inhalation of A. fumigatus conidia can cause a wide range of 

clinical manifestations depending on the immunological competency of the host [207, 

208]. Hallmarks of invasive aspergillosis (IA) include angioinvasion that leads to tissue 

thrombosis and tissue infarction [209]. Although infections by A. fumigatus have been 

described in other sites of the body, the respiratory tract is the main route of entry and site 

of disease [210]. Invasive pulmonary aspergillosis (fIPA) is a life threatening condition 

that particularly occurs in patients with neutropenia. fIPA is associated with a 25-35% 

mortality rate despite current antifungal therapy [53, 211]. In a hospital survey, A. 

fumigatus represented 1% of airborne mold conidia but accounted for nearly 50% of 

patient isolates [3]. 
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Infection is initiated when airborne conidia are inhaled and adhere to the epithelial 

cells that line the alveoli. The conidia then invade the host cells by a phenomenon known 

as induced endocytosis [21, 27, 212-215]. For A. fumigatus, this process is initiated by 

the interaction of the conidia cell wall protein, CalA, with the integrin α5β1 expressed on 

the host cell plasma membrane [60]. Gliotoxin and β-1,3-glucan, via their ability to 

stimulate host phospholipase D activity, also contribute to the internalization of A. 

fumigatus conidia by A549 cells [216, 217]. Once endocytosed, conidia traffic to 

endosomes/lysosomes where germination is delayed. In some instances, these hyphae 

escape and because of their tropism for blood vessels, are able to penetrate and cause 

damage to endothelial cells followed by extravascular invasion of deep organs [218]. 

A detailed understanding of the molecular mechanisms underlying A. fumigatus 

pathogenesis has been hampered by the extensive genetic and phenotypic heterogeneity 

among strains examined [219-221]. Specifically, there are reproducible differences in 

virulence among several A. fumigatus isolates as assessed by murine models of fIPA 

[219, 221]. Furthermore, extensive variation in the immune response to different clinical 

isolates has also been observed [222]. Perhaps the most notable example in the literature 

is the difference between the two most commonly used “wild-type” isolates, Af293 and 

CEA10 (previously A1163). CEA10 is more virulent than Af293 in a murine 

triamcinolone model of fIPA [221], and there are also significant differences in the 

immune responses elicited by the two strains [222]. These studies underline the 

importance of using observations from multiple isolates to fully understand potential 

pathogenic mechanisms. 
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As lung epithelial cells are among the first host cells that Aspergillus conidia 

encounter during infection, a complete understanding of how these fungi respond to these 

cells is critical to understanding the pathogenesis of invasive pulmonary aspergillosis 

(fIPA). Previous studies have used microarrays to study the transcriptional response of A. 

fumigatus to airway epithelial cells [207], however, the full catalogue of transcriptional 

changes is likely incomplete owing to the limited sensitivity and dynamic range of 

microarrays as well as the use of a single A. fumigatus strain. In this study, we used 

RNA-seq to examine the transcriptome of A. fumigatus exposed to the A549 type II 

pneumocyte cell line. To identify conserved and strain-specific transcriptomic programs, 

we generated and compared transcriptomic data for strains Af293 and CEA10. Our 

results reveal both common and strain-specific transcriptional programs that both 

potentially shed light on the fungal host interaction and explain some of the phenotypic 

heterogeneity observed between the two strains. 

 

Results and Discussion 

RNA-Seq of In vitro Aspergillus fumigatus Infections 

 To understand the molecular nature of the interaction between fungal pathogen 

and host cells in the context of aspergillosis, we performed RNA-seq analysis on 

poly(A)-enriched RNA isolated from monolayers of airway epithelial cells (A549 cells) 

infected for 6 or 16 h with two well-characterized clinical isolates of A. fumigatus, strains 

Af293 and CEA10. 

After being added to human cell culture, the resting conidia first swell and then, 

after approximately 4 h, begin to germinate [223]. Following germination, the hyphae 
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elongate rapidly and begin to branch such that the host cell monolayer is covered by a 

hyphal mat by 16 hours after addition of the conidia (Supplemental Figure 5.1). This 

process occurs independently of the presence of host cells, so it is important to 

differentiate between transcriptional changes in the fungi that are specifically induced by 

interaction with the host cells from those that are part of a transcription program that 

accompanies swelling, germination and mycelial growth. To accomplish this, RNA-seq 

was performed on time-matched controls in which each isolate was grown in tissue 

culture medium without host cells. Each of the 8 experimental conditions (Table 5.1) was 

carried out in triplicate. The RNA preparations contained a mixture of mRNAs expressed 

by A. fumigatus as well as by the host cells. All sequencing reads were aligned to the 

reference genome (Af293 or CEA10). Analysis of the host transcriptome will be 

described elsewhere. From each of the 24 sequencing libraries we obtained an average of 

53 ± 29.3 million reads that mapped to the appropriate fungal reference genome 

(Supplemental Table 5.1) (see appendix). 
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Common and strain-specific responses to the in vitro growth conditions 

While the genomes of these two A. fumigatus strains are highly similar and 

syntenic, they are not identical; each strain has many genes with no detectable orthologue 

in the other strain [224, 225]. We took a conservative approach to comparing the 

transcriptomes by focusing our analyses on the core set of genes that contain clear 1:1 

homologues in both genomes. This allowed us to avoid strain-specific responses that 

stem from large-scale differences in the genomes. Using Jaccard cluster analysis, we 

defined a set of 9,041 genes that we refer to as the “core” genome (see Methods) 

(Supplemental Table 5.2) (see appendix). A set of 7,888 of these core genes were 

differentially expressed (FDR<0.01, regardless of fold-change size) in at least one 

experimental group compared to any of the other seven groups. For this set of 7,888 

genes, we performed hierarchical clustering of all 24 samples using the log2 transformed 

normalized count values (TPM). Clustering analysis demonstrated that the samples 

	
	
	
Table 5.1:  Experimental Groups 
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grouped primarily by time spent in the tissue culture media, with additional grouping of 

samples based on strain (Figure 5.1A). Principal component analysis confirmed the 

groupings determined by hierarchical clustering (Figure 5.1B). 
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Figure 5.1.  Global analysis of differential gene expression across all samples. (A) 
Hierarchical cluster analysis, based on log2-transformed TPM, of all 7888 differentially 
expressed A. fumigatus core genes after growth in tissue culture medium with or without 
host cells. Each column represents an individual sample (n=24) as designated by the 
colour code above the dendrogram. Each row represents a different gene. Red indicates 
high gene expression. Blue indicates low gene expression. (B) PCA of TPM values from 
all differentially expressed genes in all 24 samples. Each individual sample was labeled 
using different colors while time points were differentiated using shapes. 
 

 

The top genes, contributing to 95% of the principal components, were subjected to a 

functional term enrichment analysis. The 163 genes with the greatest contribution to the 

first principal component are overrepresented in functional terms relating to the ribosome 

and translation (GO:0005840, GO:0006412) (Supplemental Table 5.3) (see appendix). 

Similarly, the 171 genes with the greatest contribution to the second principal component 

were enriched for ribosomal and translational functional terms, albeit less than the first 

principal component, while also being enriched for proteins involved in the electron 

transport chain (GO:0004129, GO:0015986) (Supplemental Table 5.4) (see appendix). 

These results indicate that the separation of the samples on the first and second principal 

components are primarily due to transcriptional differences in genes involved in 

translation and metabolism. Based on the experimental timing described above, these 

changes are likely to reflect a difference in fungal growth dynamics rather than a 

response to lung epithelial cells. 

In order to identify specific gene expression patterns and groups of co-regulated 

core genes, we performed k-means clustering on the list of 7,888 differentially expressed 

genes (see Methods). We then performed gene ontology (GO) and metabolic pathway 

enrichment analysis on the clusters of differentially expressed genes to gain insight into 
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the biological processes that were regulated over the course of the experiment. Heatmaps 

of all clusters and results of the enrichment analyses are shown in Supplemental Figure 

5.2 (see appendix) and Supplemental Tables 5.5-5.36 (see appendix), respectively. The 

genes clustered into 16 majors groups, revealing both common and strain-specific 

responses to time spent in the tissue culture medium (Supplemental Figure 5.2) (see 

appendix). The gene membership for each of the 16 clusters as well as expression data for 

each gene in each sample can be found in Supplemental Table 5.37. Three groups 

(clusters 2, 12 and 14) consisted of genes that are expressed at higher levels in the 16 h 

samples compared to the 6 h samples in both strains, independent of the presence of host 

cells (Figure 5.2). Cluster 12 showed enrichment for genes involved in glucan and 

glycogen biosynthesis (Supplemental Table 5.27) while cluster 14 was enriched for genes 

predicted to play a role in transmembrane transport and cell wall organization 

(Supplemental Table 5.31) (see appendix). Clusters 12 and 14 were both enriched for 

genes involved in retinol metabolism (Supplemental Table 5.28, 5.32) (see appendix).  

Cluster 5 contained genes whose expression was significantly lower at 16 h as compared 

to 6 h, independent of the presence of host cells (Figure 5.2). This cluster was enriched 

for genes that function in nitrogen compound metabolism and translation (Supplemental 

Table 5.13, 5.14) (see appendix). In each of the clusters, the gene expression at a given 

time-point was equivalent in the presence or absence of host cells, indicating that the 

genes represent a common response to extended time in the tissue culture medium and 

are most likely part of a transcriptional program that accompanies, or drives, the 

transition from spore swelling to extended mycelial growth. 
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We also identified four groups (clusters 1, 7, 11 and 15) that reveal host cell-

independent, strain-specific responses to time in the tissue culture media (Figure 5.2). 

Notably, cluster 15 contains genes whose expression increases over time only in strain 

Af293 and is highly enriched for genes involved in secondary metabolite biosynthetic 

process (p=8.08e-17). Included in this cluster are 11 genes involved in fumagillin 

biosynthesis and 8 genes involved in gliotoxin biosynthesis (Supplemental Table 5.33) 

(see appendix). These results suggest that AF293 might produce more secondary 

metabolites than CEA10 during mycelial growth in our experimental conditions, but 

further experiments are required to confirm this.  

Finally, we obtained 2 groups that reveal constitutive strain-specific differences in 

gene expression. Cluster 3 contains genes that are more highly expressed in strain Af293 

while cluster 16 contains genes that are more highly expressed in strain CEA10 (Figure 

5.2). The expression of genes in both of these clusters is independent of exposure to host 

cells as well as to time spent in the media. Cluster 3 is enriched for genes that are 

involved in alcohol catabolism and the response to hydrogen peroxide (Supplemental 

Table 5.9) (see appendix). These clusters hold the potential to provide insight into 

phenotypic differences between Af293 and CEA10 by providing clues about strain-

specific gene expression. Notably, our clustering analysis did not reveal any clusters of A. 

fumigatus genes that are differentially expressed in response to exposure to A549 cells. 

Taken together, the global patterns of gene expression that we observe suggest that, in 

our in vitro model of A. fumigatus infection of airway epithelial cells, strain background 

and time spent in the tissue culture media have a greater impact on the global 

transcriptional output than the presence or absence of host cells. 
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Transcriptional responses to host cell exposure 

 Given our inability to identify groups of fungal genes that responded to the 

epithelial cells using k-means clustering, we focused on specific comparisons of the 

groups of co-cultured samples with the appropriate time-matched negative control 

groups.  For this analysis, we defined differentially expressed genes as those with a 

minimum of two-fold change in gene expression (FDR<0.01). Each of the A. fumigatus 

strains mounted a modest transcriptional response to A549 cells. Strain Af293 displayed 

207 and 408 differentially expressed genes at 6 and 16 hours post infection, respectively. 

Under these same experimental conditions, strain CEA10 displayed 619 and 128 

differentially expressed genes, respectively. Strain CEA10 exhibited a stronger response 

to 6 h exposure to A549 cells while strain Af293 mounted a stronger response at the 16 h 

time-point (Figure 5.2, Supplemental Table 5.38) (see appendix). Relatively few core 

genes were regulated in the same direction in both strains (Figure 5.3). In fact, 70% of the 

differentially expressed genes were strain-specific when only matching time-points were 

considered. We also took into account the possibility that the dynamics of gene induction 

or mRNA stability of a given gene may vary between the two strains. To this end, we 

found that only 8.6% of the gene regulations occurred in the same direction in both 

strains but at different time-points (Figure 5.3B). Collectively, these results indicate that 

we were unable to detect a highly conserved transcriptional response to airway epithelial 

cells in these two A. fumigatus strains. Furthermore, the genes that govern adherence and 

invasion of host cells appear to be constitutively expressed during growth in tissue 

culture media alone, independent of exposure to host cells. 
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Figure 5.2. Heatmaps of clusters of differentially expressed genes. Groups of co-
expressed genes revealed by k-means cluster analysis. Each column represents an 
individual sample (n=24). Values represent log 2-transformed TPM values. Red 
indicates high gene expression. Blue indicates low gene expression. Clusters 12, 14 
and 5 represent common responses to time in the culture model independent of the 
presence of host cells. Clusters 15, 3 and 16 represent groups of genes with strain-
specific patterns of gene expression. 
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 Despite our inability to detect a conserved response to airway epithelial cells, we 

were able to detect some predicted functional enrichment among the genes that were 

regulated in the same manner in both strains.  Since the lists had relatively few genes, we 

analyzed the set of 47 genes that were up-regulated in both strains during at least one of 

the time-points, allowing us to include genes whose temporal dynamics might vary 

between the strains. This set of genes was enriched for “N’,N”,N”’-triacetylfusarinine C 

biosynthetic process” (p = 6.38e-6). Triacetylfusarinine C (TAFC) and Fusarinine C 

(FSC) are hydroxamate–type siderophores used by Aspergillus to acquire iron [226]. 

FSC, the immediate precursor to TAFC, is generated from melavonate by four steps that 

include the enzymatic activities of sidI, sidH, sidF and sidD [227, 228]. FSC is crucial for 

virulence because deletion of any of the FSC biosynthetic genes attenuates virulence 

[227, 228]. We observed the up-regulation of sidI, sidH, sidF and sidD in response to 

A549 cells in both strains (Figure 5.4). Further investigation into this gene family 

revealed that sidC, sidD, sidF and sidG genes are known to be induced by iron-starvation 

[227, 228]. Our inability to detect up-regulation of sidC and sidG in our experiments 

suggests that the fungi may not be experiencing iron-starvation but rather responding to a 

host cell derived signal which may serve as a warning for pending iron-starvation. 

Additional experiments are required to determine the molecular nature of the signal that 

induces the gene expression changes. 
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Figure 5.3. Differential expression of genes in response to host cells. (A) Circos plot 
comparing the host-cell-induced differential expression (FDR<0.01; LFC≥|1.0|) of the 
two A. fumigatus strains at each time-point of infection. The four numbered tracks 
represent individual comparisons of infection sample groups with time-matched negative 
controls: Track 1, CEA10 at 16 h post-infection (h p.i.); track 2; Af293 at 16 h p.i.; track 
3, CEA10 at 6 h p.i.; track 4, Af293 at 6 h p.i. Red represents up-regulation in response to 
incubation with host cells. Green represents down-regulation under the same conditions. 
Genes that did not exhibit significant differential expression are absent from this plot. 
Chromosomal location is indicated by the outer black line and the adjacent numbers (1–
8). (B) Venn diagrams representing the overlap in gene regulation between the two 
strains. 
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Figure 5.4. Fusarinine C biosynthetic genes are induced during exposure to 
A549 cells. (a) Simplified schematic of FSC and TAFC biosynthesis by the 
enzymatic activities of the sid genes (adapted from [210]). (b) Expression of FSC 
biosynthetic genes in each of the eight experimental groups. Values represent the 
average of the log 2-transformed normalized TPM values for each group. Red 
indicates high gene expression. Blue indicates low gene expression. The expression 
of sidG, required for conversion of FSC to TAFC, was not induced by exposure to 
host cells. 
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 The true utility of this dataset stems from its ability to help generate hypotheses 

about which genes govern virulence. This is particularly important given the dearth of 

drugs available to treat fIPA and the relatively small list of genes (~40-50) that are 

known to be required for full virulence in murine models. Strain-specific changes in gene 

expression provide testable hypotheses regarding the molecular mechanisms underlying 

the strain-to-strain variability in virulence, while conserved gene expression changes 

have the potential to reveal more fundamental virulence mechanisms and provide drug 

targets that will be effective against a variety of A. fumigatus strains. We observed 89 

genes whose expression was only induced upon exposure to host cells in Af293 and 118 

genes whose expression was specifically induced in CEA10. The majority of the genes 

with strain-specific changes in gene expression are uncharacterized and have untested 

roles in virulence, so future follow-up studies are necessary to determine if these 

differences contribute to the documented variation in virulence and immunogenicity. 

Among these genes, 53 (26 for Af293 and 27 for CEA10) are predicted to have secretion 

signals (Supplemental Tables 5.39, 5.40) (see appendix). These genes are of particular 

interest as their potential extracellular localization makes them more likely to have a 

direct role in the fungal-host interaction. Complete lists of strain-specific gene inductions 

are presented in Supplemental Tables 5.39 and 5.40 (see appendix). 

If we consider the list of 47 genes that are up-regulated by exposure to host cells 

in both strains, mutants disrupted for 10 of those genes have been tested in an animal 

model of aspergillosis. Remarkably, 7 out of those 10 mutants have attenuated virulence 

(Supplemental Table 5.41) (see appendix). Among the other 37 genes from this group, 13 

are predicted to have secretion signals and 2 have predicted cell wall localization 



	 150	

(Supplemental Table 5.41) (see appendix). These results provide a manageable subset of 

genes to test for a role in virulence and suggest the high probability of positive 

identification. For both the strain-specific and conserved lists, further functional studies 

in multiple genetic backgrounds are required to determine if these genes contribute to 

pathogenesis and/or the variability in virulence. 

To our knowledge, only one study has examined the response of A. fumigatus to 

lung epithelial cells [207]. The list of genes that we found to be differentially expressed 

does not overlap significantly with this study. For example, of the 69 genes that reported 

to be differentially expressed by Oosthuizen et al. [207] only 7 changed in the same 

direction in at least 1 time-point in our study. There are several possible explanations for 

the poor concordance. Oosthuizen et al. used a microarray platform to examine the 

transcriptome response of polarized 16HBE14o- bronchial epithelial cells to a different A. 

fumigatus strain (a GFP-expressing derivative of ATCC 13073) used in our study. So, the 

most likely explanation for the discordance between the two studies is the combination of 

different host cells, different A. fumigatus strains and the well-established differences 

between microarrays and RNA-seq. 

 

Methods 

In vitro infection  

Aspergillus fumigatus strains Af293 and CEA10 were grown on Sabouraud agar (Difco, 

Detroit, MI) at 37°C for 5-7 days prior to use. The conidia were harvested by rinsing the 

plate with phosphate-buffered saline (PBS) containing 0.1% Tween 80 (Sigma-Aldrich) 

and enumerated using a haemacytometer.  For use in the experiments, the A549 type II 
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pneumocyte cell line (American Type Culture Collection) was grown in F-12 K medium 

(ATCC) containing 10% fetal bovine serum (Gemini Bio-Products) and 1% streptomycin 

and penicillin (Irvine Scientific) in 5% CO2 at 37°C. The day before the experiments, 

approximately 7 x 105 A549 cells in 2 ml of growth medium were cultured in each well 

of 6-well tissue culture plate. The next day, the A549 cells were gently rinsed twice with 

serum-free F-12 K medium. Next, 1 x 106 conidia of each strain in 2 ml of F-12 K 

medium was added to individual wells of the 6-well tissue culture plate.  Control wells 

contained uninfected A549 cells and organisms incubated in F-12 K medium in the 

absence of A549 cells. After 6 h and 16 h of incubation, RNA was extracted from the 

A549 cells and A. fumigatus strains using the RiboPureTM Kit (Ambion, Life Technology) 

and purified using the RNA Clean and Concentrator Kit (Zymo Research). 

 

RNA-seq data generation 

All RNA-seq libraries (non-strand-specific, paired end) were prepared with the TruSeq 

RNA Sample Prep kit (Illumina). The total RNA samples were subject to poly (A) 

enrichment as part of the TruSeq protocol. 100 nt of sequence was determined from both 

ends of each cDNA fragment using the HiSeq platform (Illumina) per the manufacturer’s 

protocol. All of the raw sequencing reads from this study have been submitted to the 

NCBI Sequence Read Archive (SRA) under BioProject; accession number: 

PRJNA399754 (url - https://www.ncbi.nlm.nih.gov/bioproject/PRJNA399754). The 

specific sample accession numbers are presented in Supplemental Table 5.1 (see 

appendix). We confirm all supporting data, code and protocols have been provided within 

the article or through Supplemental data files. 
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Gene expression analysis 

In order to identify 1:1 homologues shared between the Af293 and CEA10 strains, genes 

were clustered into Jaccard orthlogous clusters (JOCs) [229]. JOCs were associated with 

InterPro descriptions and GO terms using InterProScan v5.22.61.0 when all genes within 

the cluster shared the functional description [230]. 

Sequencing reads were annotated and aligned to the Aspergillus fumigatus reference 

genomes (Af293, AAHF00000000.1 and CEA10, ABDB00000000.1) using TopHat2 

[164]. The percentage of total reads that mapped to A. fumigatus was appreciably lower 

when the human cells were present (Supplemental Table 5.1). This is expected as the 

sequencing library preparation involves a poly (A) enrichment step that is unable to 

separate fungal-derived transcripts from human-derived transcripts. The alignment files 

from TopHat2 were used to generate read counts for each gene.  For the clustering 

analysis, EdgeR v.3.14 [165] was used to fit read counts per CDS to a quasi-likelihood fit 

and an FDR <0.01 threshold was used to identify 7,888 differentially expressed genes 

from a total of 9,041 JOCs. Raw read counts were converted to TPM to normalize for 

gene length and the library size for each sample. A k-means clustering approach as 

implemented in the k-means function of R v3.3.1 was used on the TPM value for each 

gene in each sample for all differentially expressed genes to identify clusters of genes 

with the same transcriptional response. The appropriate number of clusters to use was 

determined by plotting the WSS (within-cluster sum of squares) as a function of # of 

clusters and chose the number of clusters beyond which the intra-cluster variation no 

longer decreased. Heat maps of the different k-means clusters were drawn using the 

log2(TPM) value for each gene using the gplots v3.0.1 R package. Enriched InterPro 



	 153	

descriptions and GO terms within each cluster were defined using a Fisher’s exact test p-

value<0.01 as implemented in the fisher test function in R v3.3.1. A principal component 

analysis (PCA) was done with the prcomp function in the R stats package using the TPM 

values for each of the gene in all samples. Each individual sample was labeled using 

different colors while time points were differentiated using shapes. Genes contributing to 

the first and second principal components were extracted using the R package factoextra 

v1.0.5 and enriched functional terms were determined as described above. Each 

individual sample was labeled using different colors while time points were differentiated 

using shapes. 

Differential expression analysis between specific experimental groups was performed 

using the EdgeR package from Bioconductor[165]. For these specific comparisons, a 

gene was considered differentially expressed if the false discovery rate (FDR) for 

differential expression was less than 0.01 and the absolute log(base 2) fold-change was 

greater than or equal to one. The circular displays of the significant LFC values were 

generated using Circos 0.69–5 [231]. 

GO term and Metabolic Pathway enrichment analyses were performed using the tools 

available at FungiDB (http://fungidb.org/fungidb/) using default settings [232]. 

VENNY2.1 was used to generate the Venn diagrams 

(http://bioinfogp.cnb.csic.es/tools/venny/). 
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Chapter 6:  Conclusions and Future Directions 
 
 Invasive fungal diseases are increasingly becoming a cause of morbidity and 

mortality as the numbers of individuals at high risk for developing IFIs continue to rise 

[87]. This rise highlights the importance of developing effective preventive, diagnostic, 

and treatment methods [87]. With the development of new therapies for diseases such as 

cancer and HIV/AIDS comes increases in the number of immunosuppressed patients and, 

as a result, the numbers of IFIs has increased [59]. The high mortality of fungal infections 

is attributed to nonspecific clinical signs and symptoms, and limited preventive methods, 

appropriate diagnosis, and effective antifungal drugs [87]. 

 Successful clearance of fungal infections requires a combination of antifungal 

therapy and the host immune system. Due to increasing rates of antimicrobial resistance 

observed across many human fungal pathogens, a critical challenge in the field of 

medical mycology is the development of new antifungal therapies. Currently, there are no 

standard vaccines to prevent fungal infections and not enough information available 

about fungal-host interactions and the mechanisms employed by fungi for the initiation 

and progression of fungal disease. A better understanding of how the immune system 

responds to fungal infections has improved fungal vaccine developmental strategies and 

some such vaccines have advanced to Phase I clinical trials [59, 233]. It is critical to 

develop vaccines that protect both immunocompetent and immunocompromised 

individuals and generate long term immunological memory and protection against a 

recurrent exposure to fungi and their spores [59]. However, fungal vaccine development 

is further limited because the majority of those at high risk for IFIs have impaired or 

suppressed immune systems and would not be able to produce an effective response 
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against a vaccine [59, 87]. The identification of novel drug targets for prevention and 

treatment of fungal diseases and strategies to enhance host anti-fungal host response 

requires an understanding of fungal-host interactions at the molecular level. There is a 

need to develop broad-spectrum prevention and treatment strategies.  ‘Omics-based 

approaches allows insight into what is going on at the level of gene expression when the 

pathogen and host encounter one another. They also allow the identification of 

commonalities and differences in the elicited host response. 

 Invasion and stimulation of host cells are key steps in fungal pathogenesis. The 

studies in this work aim at identifying the molecular determinants of fungal disease by 

examining how the host responds to the fungal pathogen and vice versa when they 

encounter one another. Data from our group supports that EGFR, ErbB2, and PGR 

signaling are stimulated when alveolar epithelial cells are infected with Rhizopus and 

Mucor species and in in vivo models of mucormycosis [43, 97]. Our data also 

demonstrates that these three receptors are utilized by Mucorales during invasion and 

damage and that blocking these receptors reduces Mucorales-induced host cell damage 

and endocytosis. We defined unique and previously unexplored pathogenic mechanisms 

that govern the interaction between fungal and alveolar epithelial cells during the 

initiation of mucormycosis and tested the hypothesis that molds hijack host RTK and 

PGR signaling pathways to facilitate tissue invasion. 

 Follow-up to the transcriptomics studies presented in the previous chapters would 

be to perform additional studies in in vivo models of mucormycosis to evaluate the effects 

of individually inhibiting ErbB2 and PGR on mouse overall survival and fungal load in 
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target organs.  Evaluation of drug combinations in these same murine models would also 

be valuable.   

 Additional studies to further characterize the mechanism(s) used by Mucorales to 

invade and cause disease are also desirable.  The in vitro studies presented in Chapter 2 

involved infecting airway epithelial cells with Mucorales and assessing EGFR activation 

by evaluating the phosphorylation status of the receptor by Western blot. It would be 

interesting to determine if host EGFR activation required direct contact with the fungi.  

This would help to begin to characterize the possible ligand(s). Such experiments could 

be conducted using Transwell inserts where host cells and fungal cells are seeded in 

separate compartments preventing direct physical contact but does allow small molecules 

to diffuse between the two compartments. 

 Since it is known that animals and fungi have very close evolutionary ties, it is not 

surprising that the antibodies specific for human ErbB2 and PGR recognize fungal 

protein.  Studies to identify and characterize these reactive proteins will give further 

insight to the role of their respective signaling pathway in fungal pathogenesis and 

potentially identify juxtacrine signaling pathways. 

 It is estimated that, world-wide, over three million people are at risk of invasive 

aspergillosis each year because of corticosteroid or other treatments and over 300,000 

develop it annually [234].  Chapter 5 discusses the response of A. fumigatus strains to 

airway epithelial cells. A follow-up to this study would be to evaluate the host and fungal 

response in a murine model of aspergillosis. This experiment will give further insight into 

what signaling pathways are activated and repressed in response to A. fumigatus infection 

and what mechanisms the fungi use to adapt to survival in the host.  This will allow the 
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identification of potential drug targets that could be further evaluated in in vitro and 

murine models of aspergillosis. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	 158	

Appendix	
	
Supplemental	Figures	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
Supplemental Figure 2.1. The anti-EGFR antibodies do not bind to R. delemar 
cells. (A) R. delemar spores that had been germinated 1 h were stained for pEGFR 
(red) and EGFR (green) in the absence of host cells. 
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Supplemental Figure 2.2. EGFR inhibitors do not inhibit hyphal growth of R. 
delemar. R. delemar spores were incubated in F12K media + 10% FBS in the 
presence of DMSO, 10 µM Gefitinib, 25 µg/ml IgG or 25 µg/ml Cetuximab in tissue 
culture dishes without shaking, 37oC, 5% CO2. 
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Supplemental Figure 2.3. Effects of R. delemar pretreatment with EGFR 
inhibitors on internalization of A549 cells. R. delemar spores were pre-treated with 
25 µM Gefitinib or 25 µg/ml Cetuximab for 1 h followed by washing with F12K + 
10% FBS media.  A549 alveolar epithelial cells were then infected with 2 x 105 R. 
delemar spores for 3 h. Treatment vs control compared by Wilcoxon rank-sum test. 
Data are expressed as median ± interquartile range 
	



	 161	

	
	

	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
Supplemental Figure 2.4. Effects of Ahr and Src inhibition on R. delemar 
internalization and damage. A549 alveolar epithelial cells were pre-treated with 10 
µM CH-223191 or 10 µM Src Inhibitor for 1 h followed by 3 h infection with 2 x 105 R. 
delemar spores that were germinated for 1 h.  Control vs treatment *P< 0.05 by 
Wilcoxon rank-sum test. Data are expressed as median ± interquartile range. 
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Supplemental Figure 5.1. Interaction of A. fumigatus with A549 cells. Microscopic 
images of A549 cells infected with each strain of A. fumigatus for 6 for 16 h in vitro.  
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Supplemental Figure 5.2. Heatmaps of clusters of differentially expressed genes. 
Groups of co-expressed genes revealed by k-means cluster analysis. Each column represents 
an individual sample (n=24). Values represent log 2-transformed TPM values. Red indicates 
high gene expression. Blue indicates low gene expression.  
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Supplemental Figure 5.3. Differential expression of A. fumigatus genes. The 
number of genes that were induced (yellow) or repressed (blue) by exposure to A549 
cells at 6 or 16 h after addition to co-culture.  
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Supplemental Tables 2.1 – 2.4  
Available on-line at https://mbio.asm.org/content/9/4/e01384-18/figures-only#fig-data-
supplementary-materials 
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Supplemental Table 3.1:  BlastP results for human ErbB2 versus R. delemar 
predicted proteome.	
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Supplemental Table 4.1:  BLASTP results for human PGR versus 41 Mucorales 
predicted proteome. 
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Supplemental Table 4.2:  BLASTP results for Sporothrix schenckii PAQR1 versus R. 
delemar proteome. 
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Supplemental Tables 5.1-5.41 
	
Available on-line at at 
https://mgen.microbiologyresearch.org/content/journal/mgen/10.1099/mgen.0.000154#ta
b5. 
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copy of this license, visit http://creativecommons.org/licenses/by/4.0/. 
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