
 

 

Curriculum Vitae 

Riley Risteen 
RileyRisteen@gmail.com 

 

Education 
University of Maryland, Baltimore (Baltimore, MD)              

Ph.D. Molecular Microbiology & Immunology 

September 2019 – May 2025  

 

George Mason University (Fairfax, VA)                       

M.S. Biology, Concentration in Microbiology & Infectious Disease 

September 2017 – August 2019  

 

Trinity College (Hartford, CT)                                          

B.S. Biology, Concentration in Cellular/ Molecular Biology  

September 2013 – May 2017 

 

Professional Experience 

University of Maryland School of Medicine, Baltimore, MD 

Graduate Researcher, September 2019 – Current 

"Identification of host receptors that promote Cunninghamella bertholletiae pulmonary 

mucormycosis" 

• Processed raw transcriptomics data using a pipeline that I modified to increase 

automation, streamlining the process to maximize efficiency. 

• Developed a novel approach to screen for host-pathogen interactions that combines RNA 

sequencing and affinity purification approaches.  

• Designed an automation process to enable the comparison of proteomics and upstream 

regulator analysis data, which became a standard tool for my research group.  

• Employed molecular biological techniques to validate findings from omics-based 

approaches. 

• Invented a method to isolate individual viable spores from a fungal species that does not 

form colonies, enabling new genetic manipulation techniques.  

• Used R to analyze large datasets and produce publication-quality figures. 

• Crafted high-quality graphics for grant applications, presentations, and publications. 

• Mentored an undergraduate student, acting not only as a technical resource but as a 

professional resource to guide their career in science and help them achieve their long-

term goals.  

 

George Mason University, Fairfax, VA                                                                               

Graduate Researcher, September 2017 – August 2019 

"The contribution of the capBCA operon to virulence in Francisella novicida" 

• Adapted methods from industrial biomaterials research and collaborated with biochemists 

and chemical engineers to assess the production of a biopolymer by a pathogenic 

bacterium. 

mailto:RileyRisteen@gmail.com


 

 

• Became proficient in techniques such as qRT-PCR, western blot, and thin layer 

chromatography to elucidate potential pathogenic mechanisms employed by biothreat 

agent Francisella tularensis. 

• Mentored a pre-medical undergraduate student, helping them design a project and 

ensuring they knew the principles and methodologies that would benefit their future 

career as a medical doctor.  

 

Trinity College Writing Center, Hartford, CT   

Writing Associate, September 2015 – May 2017 

• Earned my position through nomination by two professors based on the quality of my 

written work. 

• Individually tutored dozens of Trinity College students across disciplines to improve their 

writing and communication.  

• Collaborated with faculty in the Trinity College Biology program to develop a pamphlet 

on scientific writing to act as a style guide for students in the program. 

 

New England Baptist Hospital, Boston, MA  

Student Researcher, July – August 2016 

"Microbial Colonization of Hospital Surfaces" 

• Coordinated a joint research effort involving both nursing staff and medical laboratory 

professionals. 

• Tracked infection status and room locations of patients within a hospital ward to monitor 

potential transmission events.  

• Assessed the efficacy of the standard hospital cleaning protocol on different surfaces 

following patient discharge to guide future policies for the environmental services 

department.  

• Cultured fomites, tested for antibiotic susceptibility, and identified clinically relevant 

microbes in a medical laboratory environment.   

 

Volta Regional Hospital, Ho, Ghana    

Laboratory Volunteer, January 2016 

• Cultured biological specimens from patients and prepared sterile media for bacterial 

cultures. 

• Used biochemical testing, gram staining and microscopic analysis to identify pathogens 

from human samples. 

• Learned about modern diagnosis and treatment of malaria in endemic regions, as well as 

the cultural and socioeconomic factors that affect medical care.  

• Engaged in cultural exchange with Ghanian microbiologists and became better-equipped 

to rapidly adapt to environments with different resources, goals, and values.  

 

Trinity College, Hartford, CT            

Research Assistant, January 2014 − August 2015 

"Assessing chemical and behavioral defenses used by fireflies" 

• Collected hundreds of fireflies of various species over summer and winter for 

microscopic and chemical analysis. 

• Kept detailed records of each specimen to abide by the documentation standards within 

the discipline.  



 

 

• Completed an extensive literature review and engineered a commercially unavailable 

apparatus in order to collect the illusive larvae of Ellychnia corrusca. 

• Used scanning electron microscopy (SEM) on arthropod specimens to image anatomical 

features. 

• Induced reflex bleeding in adult fireflies for the detection of lucibufagins (a form of 

chemical defense) in their hemolymph. 

 

New England Baptist Hospital, Boston, MA   

Microbiology Intern, June 2014 – January 2015 

• Gained experience using clinical laboratory techniques to identify pathogens in patient 

specimens.  

• Learned how to prepare cultures under aseptic conditions and run urinalysis. 

• Developed comprehensive knowledge of human pathogens and their impact on human 

health. 

 

 

Committees and Leadership Roles 

Molecular Microbiology and Immunology (MMI) Recruitment 

Host & Interviewer, University of Maryland, Baltimore (January 2020 – January 2025) 

 

GPILS/OPS Awards Review Committee  

Committee Member, University of Maryland, Baltimore (September – October 2023) 

 

Molecular Microbiology and Immunology Graduate Student Symposium 

Organizer, University of Maryland, Baltimore (June 2023) 

 

Molecular Pathogenesis Journal Club  

Organizer, University of Maryland, Baltimore (September 2021 – April 2022) 

 

Publications  

Verhoeve, V. I., Fauntleroy, T. D., Risteen, R. G., Driscoll, T. P., & Gillespie, J. J. (2022). 

Cryptic genes for interbacterial antagonism distinguish Rickettsia species 

infecting blacklegged ticks from other Rickettsia pathogens. Frontiers in cellular 

and infection microbiology, 12, 880813. 

Risteen, R. G., Hazen, T. H., Michalski, J. M., Poly, F., Tennant, S. M., & Rasko, D. A. 

(2020). Examination of 189 Campylobacter Species Isolates from the Global 

Enteric Multicenter Study. Microbiology Resource Announcements, 9(30), 10-

1128. 

Risteen, R., Cohen, S., Mooney, L., Giovanniello, E., Miley, G. B., & Hollenbeck, B. L. 

(2018). Disinfection of Blood Pressure Cuffs and Electrocardiographic Telemetry 

Leads With 0.5% Hydrogen Peroxide Wipes. American Journal of Critical 

Care, 27(4), 322-327. 

Smedley, S. R., Risteen, R. G., Tonyai, K. K., Pitino, J. C., Hu, Y., Ahmed, Z. B., ... & 

Rahim, F. U. (2017). Bufadienolides (lucibufagins) from an ecologically aberrant 

firefly (Ellychnia corrusca). Chemoecology, 27(4), 141-153.  



 

 

Deyrup, S. T., Risteen, R. G., Tonyai, K. K., Farrar, M. A., D'Antonio, B. E., Ahmed, Z. 

B., ... & Smedley, S. R. (2017). Escape into Winter: Does a Phenological Shift by 

Ellychnia corrusca (Winter Firefly) Shield it from a Specialist Predator 

(Photuris)?. Northeastern Naturalist, 24(sp7), B147-B166. 

Mosey, C. F., Gaber, M., Ahmed, Z. B., Risteen, R. G., Smedley, S. R., & Deyrup, S. T. 

(2015). Chemical investigation of winter fireflies (Ellychnia corrusca) reveals 

lucibufagins. Planta Medica, 81(11), PI1. 

 

Presentations 

A Cunning Foe: Exploring the Interface between Cunninghamella bertholletiae and 

Lung Epithelium 

Fungal Pathogens: Emerging Threats and Future Challenges by Keystone Symposia 

February 2024; Banff, Canada 

• A multi-faceted approach to characterizing the interactions between invasive 

fungal pathogen C. bertholletiae and human lung epithelium during pulmonary 

mucormycosis. 

  



 

 

Abstract 

Title of Dissertation:   Unraveling Host-Pathogen Interactions in Pulmonary  

    Mucormycosis 

 

Riley Grace Risteen, Doctor of Philosophy, 2025 

 

Dissertation directed by:  Vincent M. Bruno, PhD 

    Associate Professor, Institute for Genome Sciences & 

    Department of Microbiology and Immunology  

    University of Maryland School of Medicine 

 

 

 Pulmonary mucormycosis is a severe, often fatal infection caused by fungi of the 

order Mucorales. Broadly antifungal resistant, mucormycosis often requires surgical 

intervention in addition to intravenous treatment with the nephrotoxic antifungal 

amphotericin B. This form of mucormycosis relies upon inhaled fungal cells invading the 

pulmonary epithelium within the lower airways in a process that is not completely 

understood.  

 Of all the causative agents of mucormycosis, Cunninghamella bertholletiae is 

associated with the highest mortality. Despite this, most research on the host-pathogen 

interactions that mediate mucormycosis focuses on the more common Mucorales 

pathogen, Rhizopus delemar. In this thesis, I use an omics-guided strategy to identify host 

factors that promote C. bertholletiae infection in pulmonary epithelium. To screen for 

potential host targets of C. bertholletiae, both a transcriptomic approach and a binding-

based approach are used. Using the host transcriptome, upstream regulator analysis is 

employed to predict the receptors that are activated during infection. Meanwhile, host 

proteins that bind C. bertholletiae are identified through affinity purification of host cell 

lysates with whole fungal cells and subsequent proteomic analysis. As a host receptor 

identified through both approaches, Ephrin receptor A2 (EphA2) is further investigated to 



 

 

both confirm the omics findings and to determine the role of this receptor in C. 

bertholletiae infection. Through the use of orthogonal approaches including 

immunoblotting and immunofluorescence microscopy, C. bertholletiae is shown to bind 

and activate EphA2 on pulmonary epithelial cells. The role of EphA2 during C. 

bertholletiae infection is still under investigation, but the EphA2-Cunninhamella 

interaction may suppress the immune response. This study is not only the first to examine 

the interface between human pulmonary epithelium and the understudied fungal pathogen 

C. bertholletiae, but also the first to identify a potential role for EphA2 in mucormycosis. 

Furthermore, this research can be used as a framework to identify host factors exploited 

by other poorly understood pathogens.  
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Chapter 1: Introduction 

Fungal Diseases within Humans 

Infections within humans are caused by four categories of pathogenic organisms: 

viruses, bacteria, fungi, and parasites. There is a greater focus on bacterial and viral 

pathogens by the general public due to the perception that infections caused by both of 

these organisms are more common or more severe than infections caused by fungi [1]. 

Fungal pathogens are often understudied in comparison to the other three categories of 

infectious agents as a consequence, which hinders our ability to accurately predict the 

incidence of mycoses. Of over 80 notifiable infectious diseases designated by the Centers 

for Disease Control in 2024, only two are of fungal origin.  

Kingdom Fungi can be divided into eight phyla according to their genomes [2], 

but human pathogens fall within only five phyla (Figure 1.1). Phylum Microsporidia is 

composed of obligate intracellular fungi, which only exist as spores that are structurally 

very distinct from all other phyla [3]. Though microsporidiosis is rare among humans, it 

is thought to be of zoonotic origin and usually causes gastrointestinal infection. 

Zoopagomycota and Mucormycota are two closely related phyla of filamentous fungi1 

that originally formed a single phylum, Zygomycota. Human infections by 

Zoopagomycota pathogens are most common in the tropics, and are thought to be spread 

by reptiles and arthropods [4, 5]. Meanwhile, pathogenic Mucoromycota species are not 

associated with any animal vectors or reservoirs and are less restricted to tropical and 

subtropical regions than their Zoopagomycota counterparts [6]. Another major difference 

 
1 Some species within Mucoromycota are capable of forming yeasts and are therefore considered 

dimorphic, but the majority are filamentous. 
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between pathogens of these phyla is the ability to spread throughout the human host; 

Mucoromycota pathogens can disseminate from the site of infection and spread to 

multiple organs, while Zoopagomycota pathogens more commonly cause localized 

lesions [4, 6]. Phylum Ascomycota is the largest phylum within kingdom Fungi, and 

consequently contains a wide variety of human pathogens. Ascomycota pathogens may 

be filamentous like Aspergillus fumigatus, dimorphic (switching between yeast and 

hyphal morphology) like Histoplasma capsulatum, or polymorphic with more than two 

distinct forms like most Candida species. Ascomycota pathogens further vary in the 

forms of infections they cause and how they are spread; H. capsulatum spores are inhaled 

from soil containing bat or bird waste and cause potentially fatal lung infections, while 

Trichophyton species can be transmitted to humans directly from other humans or 

animals and cause superficial skin infections like ringworm [7, 8]. Phylum 

Basidiomycota—best known as the phylum that encompasses mushrooms—similarly 

contains a diverse array of pathogens. While the most clinically important Basidiomycota 

pathogen is the dimorphic fungus Cryptococcus neoformans, this phylum also includes 

mushroom-forming fungus Schizophyllum commune that can cause fungal rhinosinusitis 

[7, 9].  
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attempted to estimate the relative incidence of mucormycosis concluded that 

mucormycosis diagnoses are increasing [12–15]. Mucormycosis incidence will likely 

continue to rise due to several factors, including a growing susceptible population and 

climate change. Major risk factors for mucormycosis include diabetes, hematological 

malignancy, and corticosteroid use—all of which have become increasingly common in 

recent years [16–21]. Additionally, mycoses in general are predicted to swell as global 

warming expands the geographic range of pathogenic fungi in the tropics and provides an 

environment that fosters thermotolerance in saprophytic fungi, which would enable them 

to withstand mammalian body temperatures during infection [22]. Climate change can 

also cause extreme weather, which has resulted in several previously documented fungal 

outbreaks. Dust storms, floods, wildfires, and hurricanes have all been associated with 

invasive fungal infections [23, 24]. Mucormycosis in particular has been associated with 

two natural disasters; an outbreak of 13 cases followed the Joplin, Missouri tornado in 

2011 and three known cases were linked to the 2004 Indian Ocean Tsunami [25]. Overall, 

the human population is becoming more susceptible to mucormycosis while global 

warming brings humans and fungal pathogens closer together.  

Overview of Mucormycetes 

 Mucormycetes—fungi belonging to the order Mucorales—are filamentous fungi 

with nonseptate hyphae that are naturally found in soil and on rotting food and vegetation 

[26]. Most mucormycetes are exclusively filamentous, except for members of the genus 

Mucor which are capable of growing as yeast [27]. Mucormycetes can reproduce 

sexually and asexually, with asexual reproduction mediated by specialized hyphae called 

gametangia. When two compatible gametangia come into direct contact with each other, 
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walls forms an outer layer that surrounds the inner layer of chitin and other 

polysaccharides [37], and may be anchored via the chitin layer and cell wall proteins 

since melanin was shown to be in complex with both glucosamine (a component of 

chitin) and protein [33]. While hyphal cell walls lack the melanin layer, they do have a 

polysaccharide called mucoran that is absent in sporangiospore cell walls [36]. The 

composition of mucoralean cell walls is important for understanding host-pathogen 

interactions, as it is the part of the fungal cell that is in direct contact with host cells. The 

fungal cell wall contributes to both immunity and immune evasion; it contains 

Mucorales-specific antigenic polysaccharides that can induce the production of pan-

Mucorales antibodies, while the melanin within spore cell walls can promote intracellular 

survival through the arrest of phagosome maturation [38, 39]. Our ability to predict the 

fungal molecules that interact with host proteins during infection is currently limited by 

our inadequate understanding of the differences in cell wall composition between 

Mucorales species and between different morphotypes (spores, germlings, and hyphae) 

within each species. Further research elucidating cell wall composition of clinically 

relevant mucormycetes is needed.  

Forms of Mucormycosis 

There are five major forms of mucormycosis: gastrointestinal, cutaneous, 

rhinocerebral/rhinoorbital, pulmonary, and disseminated (Figure 1.4). The forms of 

mucormycosis vary by route of entry, disease severity, and by the population that is 

susceptible to the form. Importantly, specific Mucorales pathogens may be more or less 

likely to cause specific forms of mucormycosis [40].  
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to gastrointestinal mucormycosis; two gastrointestinal mucormycosis studies site the 

stomach as the most infected organ, while a review involving only immunocompetent 

patients found the colon was more afflicted [46, 49, 50]. The variation in mortality rate 

and incidence within organs may partially be due to differences in disease presentation 

and outcome between children and adults. The mortality rate is known to be higher in 

children than in adults, and the most commonly involved organ in pediatric cases is the 

large intestine (as opposed to the stomach in adults) [46, 49]. Like other forms, 

gastrointestinal mucormycosis mainly affects immunocompromised patients. However, 

there are also several risk factors that are specific to this form, including chronic alcohol 

abuse among adults, malnutrition among children and infants, and prematurity in infants 

[46, 49, 50].  

Cutaneous 

Cutaneous mucormycosis occurs when Mucorales pathogens enter the body 

through a break in the skin—usually from open wounds. This form of mucormycosis is 

most associated with traumatic injuries, like from motor vehicle accidents, natural 

disasters, and combat wounds [25]. Events like these—which generally occur outside, 

where soil-dwelling mucormycetes are naturally found—likely promote infection by 

providing a route of entry for spores via the resulting wounds [51]. Even if spores are not 

introduced through the initial injury, the subsequent medical care can be a source of 

cutaneous infection. One case of acute foot injury resulted in cutaneous mucormycosis 

after the patient was exposed to the pathogen in the hospital [52]. Healthcare-acquired 

cutaneous mucormycosis has been documented across multiple patient populations, with 

spores being introduced through surgical wounds, injection sites, and intravenous line 
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sites from contaminated linens, bandages, and adhesive tape [53–56]. While cutaneous 

mucormycosis is associated with the lowest mortality rate out of the four major forms 

[16, 19, 57], it is the most common form among immunocompetent patients [14, 16, 58]. 

Furthermore, the morbidity associated with cutaneous mucormycosis is considerable; 

cutaneous mucormycosis infections often invade into muscle, connective tissue, and 

bone, requiring amputation of infected limbs [16, 59]. Lichtheimia, Saksenaea, and 

Apophysomyces species disproportionally cause cutaneous mucormycosis considering 

their relative rarity among mucormycosis cases in general [40, 60–62].  

Rhinoorbital/Rhinocerebral 

Rhinoorbital and rhinocerebral mucormycosis—collectively referred to as rhino-

orbital cerebral mucormycosis (ROCM)—both occur when inhaled Mucorales 

sporangiospores invade the nasal mucosa and travel through the paranasal sinuses to 

infect various structures within the skull. Rhinoorbital mucormycosis occurs when the 

infection penetrates the maxillary or ethmoid sinuses, infiltrating the orbit through the 

orbital floor or lamina papyracea, respectively. Rhinocerebral mucormycosis results when 

the fungus spreads beyond the orbit and sinuses, into the brain. Aside from hematogenous 

entry during disseminated infection, there are two major routes of invasion into the brain: 

from the infected orbit through the orbital apex  [63, 64], or directly from the sinuses by 

eroding bone that separates the sinuses and brain (cribriform palate, frontal bone, or 

sphenoid sinus bone) [65, 66]. The overall mortality rate for ROCM ranges from about 

25–50% depending on the study [16, 45, 67]. Notably, the mortality rate associated with 

rhinocerebral mucormycosis is usually significantly higher than that of rhinoorbital 

mucormycosis due to the involvement of the brain [60]. Morbidity associated with 
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ROCM is especially high due to factors such as vision loss, facial disfigurement, and 

chewing and/or swallowing disability [68]. In one study, most patients experienced at 

least some vision loss and 32% of the surviving patients had no light perception (the most 

severe form of blindness) in at least one eye [69]. Beyond complete blindness in one or 

both eyes, orbital externation (removal of the eye and surrounding structures) is 

frequently required, resulting in facial disfiguration in addition to vision impairment. 

Maxillectomies (removal of some or all of the bone making up the upper jaw, part of the 

nose and orbit, and roof of the mouth) are another potentially disfiguring surgery 

commonly needed to treat ROCM, and can additionally hinder speech, chewing and 

swallowing [70, 71].  

Most ROCM cases occur in type 1 and type 2 diabetics, and those with 

unmanaged diabetes are particularly at risk [13, 15, 16, 19, 60]. The relationship between 

diabetes mellitus and ROCM is likely due to a specific interaction between Mucorales 

spores and host protein GRP78, which promotes invasion of nasal epithelial cells. GRP78 

expression is predicted to be increased in nasal epithelium during diabetic ketoacidosis 

due to elevated concentrations of glucose, ketone bodies, and iron [72]. Mucorales spores 

can then bind the abundant GRP78 to establish infection in the nasal passages, allowing 

the fungus to gain a foothold in the craniofacial region. Most ROCM cases are attributed 

to Rhizopus arrhizus (which was originally synonymous with Rhizopus oryzae2) [73–75], 

 
2 Current references to R. oryzae now indicate the oryzae variant of R. arrhizus, since R. arrhizus pathogens 

are divided into two variants: var. delemar (R. delemar) and var. oryzae (R. oryzae). Some articles mention 

both R. arrhizus and R. delemar, using “R. arrhizus” to indicate only R. oryzae. In other articles, R. 

arrhizus is used to encompass both R. delemar and R. oryzae. More confusingly, R. oryzae was sometimes 

used in place of R. arrhizus and referred to both variants. In this thesis “R. delemar” means R. arrhizus var. 

delemar and “R. arrhizus” covers both variants, but “R. oryzae” may refer to anything within R. arrhizus 

due to ambiguity in the cited references. 
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although it should be noted that this pathogen is the most common cause of 

mucormycosis overall [16, 40].   

Pulmonary 

Pulmonary mucormycosis also occurs when Mucorales sporangiospores are 

inhaled, but instead of remaining in the nasal passages (like in ROCM) the spores travel 

deep into the lungs to cause infection in the lower airways. Spores appear to mainly settle 

within the alveoli, where the infection is thought to be first established [76, 77].  

Extensive hyphal infiltration of the bronchial walls has been noted, but it is unclear if 

these hyphae are the result of local spores germinating or hyphal growth originating from 

elsewhere [78]. Once the spores have germinated within the alveoli, the fungus can 

spread throughout the lungs. Hyphae have been seen to penetrate alveolar septa to 

mediate spread between neighboring alveoli, and to infiltrate bronchioles [76–78]. 

Pulmonary mucormycosis does immense damage to the lung parenchyma, but the 

infection can spread beyond the lungs into local blood vessels (including pulmonary 

arteries) and even extend into the peritoneal surface. Importantly, angioinvasion results in 

the formation of thrombi around the fungal hyphae within the blood vessels [76, 78–80]. 

This thrombogenesis is likely due to interactions between fungal cells and platelets along 

with infection promoting various aspects of the coagulation pathway [81, 82]. 

Thrombosis causes necrosis, which can then lead to a hemorrhagic infarction [76, 77, 80, 

83]. There are therefore several manners in which pulmonary mucormycosis can cause 

mortality; inflammation and tissue damage within the lungs can cause respiratory failure, 

while angioinvasion can cause pulmonary hemorrhage, sepsis, and dissemination to other 

organs [20, 79]. The mortality rate of pulmonary mucormycosis is between 51–76% [15, 
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16, 19, 67], therefore this form is more fatal than cutaneous mucormycosis and ROCM. 

 Pulmonary mucormycosis is the most common form among patients with 

hematological malignancy [16, 45, 67, 84] and transplant recipients [15, 16]. The 

susceptibility of both of these populations is at least partially attributed to neutropenia 

being a significant risk factor for pulmonary mucormycosis [16, 19, 20]. Patients with 

hematological malignancies can be rendered neutropenic due to both chemotherapy and 

the malignancy itself [85], and solid organ transplantation frequently results in 

neutropenia due to immunosuppressive treatments and transplant-related viral infections 

[86]. While relatively rare, C. bertholletiae3 disproportionately causes pulmonary and 

disseminated mucormycosis [16, 19].  

Disseminated 

Disseminated mucormycosis occurs when any of the four previously mentioned 

forms invade blood vessels and spread to non-neighboring organs via the circulatory 

system. Through this hematogenous route, Mucorales fungi have been able to infect the 

brain, spleen, liver, heart, and kidneys [78, 80]. Dissemination has also resulted in lung, 

stomach and intestinal infections that did not originate from pulmonary or gastrointestinal 

mucormycosis, respectively. With a mortality rate of 68–83%, disseminated 

mucormycosis is associated with the highest mortality among all forms of mucormycosis 

[15, 19, 45]. Like pulmonary mucormycosis, disseminated mucormycosis is associated 

with solid organ transplantation and hematological malignancy [19, 45]. While 

 
3 Existing studies have only found a link between pulmonary mucormycosis and Cunninghamella species 

in general, which is likely due to genus-limited identification in clinical laboratories. Because C. 

bertholletiae is the only significant human pathogen in the genus, almost all unspeciated Cunninghamella 

cases can be attributed to C. bertholletiae. 
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disseminated mucormycosis is the most severe form of this disease, it is secondary to the 

four primary forms mentioned earlier. Therefore, treatments that prevent or halt the 

primary forms of mucormycosis are a first line of defense against disseminated infection.  

Current Treatments for Mucormycosis 

Standard therapies and approaches to treatment 

Mucormycosis is primarily treated through a combination of surgical intervention 

and amphotericin B—an antifungal that is usually used as a last resort to treat potentially 

fatal infections. The use of other antifungals has been documented, but the causative 

agents of mucormycosis tend to be broadly antifungal resistant. For example, the 

minimum inhibitory concentrations (MIC) for itraconazole, posaconazole, voriconazole 

are much higher for Mucorales species than for Aspergillus fumigatus—one of the most 

common causative agents of invasive fungal infections (Table 1.1) [87, 88]. The intrinsic 

resistance of mucormycetes to antifungals is further evidenced by the prevalence of 

breakthrough infections in patients receiving itraconazole, posaconazole, voriconazole, or 

fluconazole as a prophylaxis [19]. While amphotericin B has the highest intrinsic activity  

 

Table 1.1:Mucorales species have higher antifungal MICs than Aspergillus fumigatus. 
The most common MIC (mg/L) for each antifungal among all of the fungal strains tested by Borman et al. 

for six species of fungus [87]. For each antifungal, the MIC was determined for at least 15 strains per 

species (the exact number of strains tested of per species for each antifungal is shown in parenthesis) and 

the most common MIC among strains within each species is reported below. A higher MIC indicates 

greater resistance to a given antifungal. All MICs were calculated according to the CLSI M38-A2 broth 

microdilution method.  

  Most Common MIC [mg/L] (number of strains tested) 

 Fungus Amphotericin B Posaconazole Itraconazole Voriconazole 

 Aspergillus fumigatus 1 (2501) 0.06 (396) 0.25 (2258) 0.25 (2384) 

M
u
co

ra
le

s 

Lichtheimia corymbifera 0.25 (64) 0.25 (58) 0.25 (56) 8 (50) 

Mucor sp. 0.125 (80) 1 (79) 16 (76) 16 (73) 

Rhizopus arrhizus 0.5 (21) 1 (20) 1 (19) 16 (18) 

Rhizopus microsporus 0.5 (50) 0.5 (49) 0.5 (46) 8 (36) 

Rhizomucor pusillus 0.25 (34) 0.5 (32) 0.5 (29) 16 (30) 
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against Mucorales pathogens, this antifungal is highly nephrotoxic and frequently causes 

kidney damage in mucormycosis patients treated with the drug [60, 68]. This 

nephropathy is usually reversible, but has resulted in the death of at least one 

mucormycosis patient and the cessation of treatment in others [60, 89]. Despite the 

intrinsic efficacy of amphotericin B against Mucorales pathogens, its in vivo effects can 

be limited by mucormycosis-associated pathology. Mucormycosis frequently causes 

thrombosis and necrosis, which prevents antifungals from accessing the site of infection 

[90, 91]. Aggressive surgical removal of infected tissue in addition to antifungal 

treatment improves survival rate [15, 16, 92, 93], but the feasibility of surgical treatment 

can depend on the form of mucormycosis. Surgical intervention is simpler for cutaneous 

and rhino-orbital mucormycosis compared to the pulmonary, disseminated, and 

rhinocereberal forms, but is also frequently disfiguring [70, 94]. Some cases of 

pulmonary mucormycosis can be treated with lobectomies, but involvement of multiple 

lobes or proximity to the great vessels can preclude complete resection of the infected 

tissue [67, 95]. Mucormycosis with intracranial extension, hepatic involvement, or 

disseminated disease may also be considered inoperable [96–99]. Furthermore, the 

underlying risk factors for mucormycosis can prohibit surgical resection of infected 

tissues; patients with hematological malignancies may have thrombocytopenia or 

neutropenia, which are contraindications for invasive surgery [100–102]. Even with the 

surgical and antifungal combination treatment, the mortality rate is still 23.9–32.4% [15, 

16, 92, 93]. New therapies for mucormycosis are needed, to be used either alongside 

surgery and amphotericin B or as an alternative for patients who are medically unable to 

receive the standard of care.  
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Novel treatment modalities 

Several approaches to treating mucormycosis have been attempted in conjunction 

with amphotericin B and surgery. One obvious approach is to treat any underlying 

conditions that predispose the patient to mucormycosis. For neutropenic patients with 

hematological malignancies, granulocyte colony-stimulating factor and granulocyte 

transfusion have been used as adjunctive therapies to treat the mucormycosis [103]. For 

mucormycosis patients with diabetic ketoacidosis (DKA) as the underlying condition, the 

effect of reversing the condition on infection outcome has not been truly tested since 

DKA on its own is fatal if not treated with intravenous insulin, fluids, and electrolytes. In 

other words, the mucormycosis-attributed mortality of patients who received the standard 

treatment for DKA cannot be compared to patients with untreated DKA.  One study from 

a hospital in Northern India showed that mucormycosis patients who received insulin had 

a higher survival rate than those who did not, but presumably none of these patients had 

DKA since patient blood sugar was strictly monitored and hypoglycemia was 

immediately treated with insulin [104].  

Hyperbaric oxygen therapy has been sensationalized as a panacea since the 1960s, 

touted as a treatment for dozens of conditions from vertigo to quadriplegia [105]. While 

many of these claims have been debunked, the widespread interest in hyperbaric oxygen 

therapy did lead to its use as an adjunctive therapy for mucormycosis. When used 

alongside amphotericin B and surgery, this treatment modality has been correlated with 

increased survival among mucormycosis patients in small-scale studies [106–108]. There 

are a few mechanisms by which hyperbaric oxygen therapy may combat mucormycosis; 

this therapy is known to promote tissue healing and elevate leukocyte-mediated 
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phagocytosis, and may counteract infection-induced hypoxia by oxygenating the affected 

tissue [107, 108].   

Another strategy for secondary treatment options is to target the host factors that 

enable infection. One study found that the iron chelator deferasirox—which is not to be 

confused with the iron chelator that promotes infection, deferoxamine—can hinder iron 

acquisition by mucormycetes [109]. As an FDA-approved drug, deferasirox is an ideal 

adjunct treatment candidate for mucormycosis since it can be used on human patients 

without having to undergo the lengthy drug approval process. Unfortunately, the phase II 

clinical trial for this drug showed higher mortality among the patients treated with 

deferasirox as compared to the placebo [110]. Importantly, the study design may have 

affected this outcome since there was a higher proportion of patients with pulmonary 

mucormycosis in the experimental group than in the placebo group. Even if deferasirox is 

not an effective secondary treatment for mucormycosis, the strategy of targeting host 

factors (iron, in the case of deferasirox) that promote infection with FDA-approved 

treatments is promising.  

Mucorales Host-Pathogen Interactions and Virulence Factors 

Invasion of epithelium and endothelium 

Currently there are three known host receptors utilized by Mucorales species to 

promote tissue invasion: 78-kDa glucose-regulated protein (GRP78), epithelial growth 

factor receptor (EGFR), and integrin β1. The role of these proteins in promoting infection 

is tissue-dependent; GRP78 promotes invasion in endothelial cells and nasal epithelial 

cells, while integrin β1 and EGFR are involved in invasion of lower airway epithelial 

cells (Figure 1.5) [72, 111–113]. In vitro experiments with neutralizing antibodies showed 





19 

 

intraperitoneally-inoculated diabetic ketoacidosis (DKA) mouse model [111]. The 

profound reduction in infection severity that results from inhibiting fungal invasion 

demonstrates just how important invasion is to Mucorales pathogenesis and confirms that 

targeting host factors involved in invasion is a sound strategy for treating mucormycosis. 

Interestingly, there is no evidence that EGFR, integrin β1, or GRP78 affect adherence of 

Mucorales fungi to any of the tested cell types [72, 111, 112]. In fact, there are no host 

receptors that are known to promote adhesion of Mucorales pathogens to host cells. Prior 

research using R. delemar has shown that the interactions with GRP78 and integrin β1 are 

mediated by coat proteins CotH3 and CotH7, respectively (Figure 1.5) [72, 114]. These 

proteins belong to the CotH group (Pfam: PF08757), which consists of prokaryotic and 

eukaryotic proteins that encode the CotH domain. Chibucos et al. previously sought to 

identify homologs of the Rhizopus CotH proteins in genomes across several Mucorales 

species using a motif derived from R. delemar CotH1, CotH2, and CotH3, which were 

the only Rhizopus CotH proteins known at the time [115]. With this motif 

(MGQTNDGAYRDPTDNN) they identified a total of six cotH genes in R. delemar, but 

only one cotH gene in C. bertholletiae [115]. A later study that instead used a hidden 

Markov model associated with the Pfam CotH group (Pfam: PF08757) to identify cotH 

genes in the Mucor lusitanicus genome found 15 R. delemar genes with the CotH 

domain, but did not include any Cunninghamella species in the analysis [116]. It is 

therefore possible that Cunninghamella encodes additional CotH proteins that Chibucos 

et al. missed. A more accurate estimate of the number of cotH genes in the C. 

bertholletiae genome is necessary order to apply information about Mucorales host-

pathogen interactions to understanding C. bertholletiae pathogenesis. Specifically, 
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Cunninghamella may not be able to interact with both integrin β1 and GRP78 if it only 

has one cotH gene, as these receptors bind with two distinct Rhizopus CotH proteins 

during infection. Identification of cotH genes within C. bertholletiae is a priority. 

While the Mucorales ligand for EGFR has not been identified, activation of this 

receptor appears to rely on integrin β1. The interaction between R. delemar and integrin 

β1 results in the phosphorylation of the Y1068 residue in the cytoplasmic region of 

EGFR [72]. This EGFR phosphorylation site is the target of autophosphorylation upon 

ligand binding, and was previously observed to be phosphorylated in A549 cells during 

R. delemar infection [112]. Treatment with neutralizing antibodies against integrin β1 

abrogates this infection-mediated increase in EGFR Y1068 phosphorylation, although the 

exact mechanism is not known [72]. One potential explanation for this phenomenon 

involves the integrin β1-CotH7 interaction bringing EGFR into contact with a currently 

undiscovered fungal ligand. If this is the case, integrin β1 and EGFR are colocalized in 

the epithelial cell membrane during infection, and integrin β1 binding CotH7 brings the 

fungal cell into close contact with the epithelial surface so that EGFR and its fungal 

ligand are near each other. The close proximity between the receptor and fungal ligand 

could promote binding to activate EGFR in a manner similar to epithelial growth factor—

the canonical EGFR ligand—which results in autophosphorylation of the EGFR 

intracellular tyrosine residues. Integrin β1 and EGFR have previously been shown to 

colocalize in mammary gland adenocarcinoma cells and in the ECV304 urinary bladder 

carcinoma cell line, which supports the first half of this hypothesis, that EGFR and 

integrin β1 are in close proximity to each other during infection [117, 118]. Additionally, 

integrin β1 signaling has been reported to activate Src family kinases that phosphorylate 
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EGFR (at Tyr845) to promote ligand-dependent EGFR activation (which involves 

autophosphorylation of other tyrosine residues) [119]. In this case, the increase in EGFR 

activation could be due to the receptor being primed prior to binding host growth factors 

that are normally produced by A549 cells. Future research to establish the relationship 

between integrin β1 and EGFR activation during Mucorales infection should start with 

determining if EGFR has a fungal ligand, and if integrin β1 increases EGFR binding or 

primes EGFR for activation.  

While not a receptor, host hypoxia-inducible factor 1 (HIF-1α) was recently found 

to promote Mucorales invasion [113]. This transcription factor induces gene expression in 

response to hypoxia, and promotes angiogenesis in tumor cells and immune cell 

recruitment [120, 121]. Kavaliauskas et al. discovered that direct contact with R. delemar 

causes HIF-1α activation and nuclear translocation in small airway epithelial cells. 

Subsequent experiments then revealed that treatment with HIF-1α inhibitor LW6 and 

HIF-1α siRNA knockdown results in decreased invasion of these airway epithelial cells 

[113]. While the exact mechanism in which Mucorales fungi regulate HIF-1α is 

unknown, the importance of this interaction is highlighted by the in vivo findings that 

LW6 treatment improves survival of R. delemar-infected mice. 

Iron acquisition 

Like most human pathogens, Mucorales fungi must obtain iron from its host in 

order to grow and survive inside the human body. Mucorales fungi have two mechanisms 

for collecting iron: through high affinity iron permease FTR1, and through siderophores. 

The reductive iron uptake pathway is common across the fungal kingdom and 

works by reducing iron to make it soluble prior to importing it. The pathway has some 
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variations, but for our purposes we will focus on the three-step process involving three 

proteins on the plasma membrane: a reductase, an oxidase, and a permease [122]. The 

first step of the process involves the reductase reducing ferric iron (Fe3+) to ferrous iron 

(Fe2+). This reduction can separate iron from ligands or complexes, or simply reduce free 

ferric iron to promote bioavailability [123]. The last two steps are linked, with the 

oxidase re-oxidizing the ferrous iron and the permease immediately importing the 

resulting ferric iron [122, 123]. The oxidase and permease occur within a complex to 

ensure the oxidation is coupled to transport, presumably to avoid the accumulation of 

extracellular ferric iron which would contradict the function of the reductase. At least 

three Mucorales pathogens encode a putative reductive iron uptake system, with two 

components experimentally characterized among them. Three copies of the fet3 

ferroxidase gene were identified and shown to be functional in Mucor circinelloides 

[124]. All three FET3 proteins promote M. circinelloides virulence in a mouse model and 

are likely involved in pulmonary infection, as they are upregulated in fungal cells within 

the lungs. One permease has also been discovered in mucormycetes: a high-affinity iron 

permease, FTR1. This protein had been characterized in R. delemar and Lichthemia 

corymbifera, although other Mucorales fungi—including species of Mucor and 

Rhizomucor—encode genes with high sequence homology to ftr1 from L. corymbifera 

and/or R. delemar [125, 126]. Experiments in a DKA mouse model showed that 

decreasing Rhizopus FTR1 through RNAi-based knockdown or reducing the number of 

ftr1 copies improves mouse survival, confirming that FTR1 is a virulence factor for 

Rhizopus pathogens [127].  
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Mucorales species—including Rhizopus, Cunninghamella, and Mucor species—

produce a polycarboxylate-type siderophore called rhizoferrin in response to low-iron 

conditions [128]. Mucormycetes can also exploit siderophores from other organisms, like 

the bacterial siderophore deferoxamine. Fungi can obtain iron from siderophores by 

either directly binding and importing the iron-bound siderophore or by releasing the iron 

from the extracellular siderophore through iron reduction prior to uptake. One study 

showed that iron bound to deferoxamine is released from this siderophore prior to uptake 

by Rhizopus microsporus, which implies mucormycetes employ the reductive iron uptake 

pathway to utilize the deferoxamine-associated iron [129]. Later research confirmed this 

theory when the authors showed R. delemar high affinity iron permease FTR1 imports 

iron from the iron-rich form of deferoxamine (ferrioxamine), and further identified fungal 

receptors Fob1 and Fob2 as surface receptors responsible for binding ferrioxamine prior 

to the liberation of its iron [130]. While these studies focused on Rhizopus, several 

species from other Mucorales genera encode Fob1/2. The ability for Mucorales fungi to 

obtain iron from ferrioxamine is significant, as disseminated mucormycosis is associated 

with deferoxamine therapy [16, 131]. It is currently unknown how rhizoferrin supplies 

iron to mucormycetes, but its contribution to survival within the host appears to be 

minimal since this siderophore does not promote growth of R. microsporus in serum 

[131]. Deferoxamine likely plays a greater role in mucormycete survival within the 

human host because it can pilfer iron from human transferrin, which sequesters iron and 

makes it otherwise unavailable to invading microbes [130].  

In summary, three virulence factors related to iron acquisition have been 

characterized in Mucorales pathogens: ferroxidase FET3 and high-affinity iron permease 
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FTR1 (both from the reductive iron uptake pathway), and ferrioxamine receptors 

Fob1/Fob2. Iron acquisition from ferrioxamine during infection relies on all three of 

these virulence factors, indicating that iron from ferrioxamine is imported via the 

reductive uptake system. However, the reductive iron uptake pathway is likely involved 

in importing iron from various other sources as well, since disruption of FTR1 is 

associated with reduced growth when the iron source is heme or FeCl3 [127]. Other 

sources of iron imported by FTR1 have yet to be identified, as well as the reductases 

involved in this import pathway.  

Mucoricin toxin 

Mucoricin is a ricin-like toxin produced by the hyphae of some Mucorales species 

[132]. This heat-stable toxin was first isolated from R. delemar hyphal extracts, which 

were observed to damage both A549 and HUVEC cells. While this toxin has not been 

fully characterized in other Mucorales species, homologs to the mucoricin gene (RLT1) 

have been found in the genomes of Cunninghamella, Lichtheimia, Mucor, and Absidia 

species. Furthermore, C. bertholletiae and L. corymbifera are thought to produce 

functional mucoricin since the hyphal extracts of these species have also been observed 

to damage A549 cells [132]. 

Ricin is a toxin derived from the castor bean plant, Ricinus communis. The toxin 

is composed of an A chain and a B chain that are linked by a disulfide bond. While 

mucoricin is composed of only one chain and is less than half the size of ricin, it appears 

to have the same structural features as ricin since it aligns with both chains [132]. 

Mucoricin is therefore predicted to behave like ricin. The ricin B chain contains two 

lectin domains, which mediate the entry of this toxin into the cell via endocytosis [133, 
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134]. The amino acid sequence of mucoricin aligns with both of these lectin domains, so 

mucoricin likely enters target cells in the same manner [132]. The endocytosed ricin then 

travels to the endoplasmic reticulum by way of the Golgi apparatus, at which point the 

disulfide bond between the chains is cleaved so that the A chain can translocate into the 

cytosol [133, 135]. While mucoricin is not composed of two chains and therefore cannot 

be cleaved by disruption of a disulfide bond, it may not need to be cleaved in order to 

reach the cytoplasm. The separation of the ricin A and B chains is theorized to be 

necessary for the A chain to unfold so that it can pass through an endoplasmic reticulum 

channel [134, 136]. Much smaller and composed of a single chain, mucoricin is likely 

able to pass through the endoplasmic reticulum channel to the cytoplasm without any 

modification. Once in the cytoplasm, the ricin A chain permanently deactivates 28S 

rRNA by removing a specific adenine from a region of the rRNA molecule that is 

responsible for binding elongation factors [133, 134]. As a result, the ribosome is unable 

to synthesize proteins. Mucoricin contains the ricin A chain active sites, and as expected 

was shown to remove the adenine from 28S rRNA and inhibit protein synthesis [132]. 

The inhibition of protein synthesis results in cell death, which is reflected by the 

cytotoxicity of mucoricin in vitro. In vivo experiments revealed that treatment with 

purified R. delemar mucoricin causes hemorrhage and necrosis, which are both 

associated with late-stage mucormycosis [132]. Further investigation confirmed that 

while mucoricin is dispensable during the earlier stages of infection, knockdown of RLT1 

or treatment with antibodies to block the toxin results in significantly increased mouse 

survival. Mucoricin is theorized to be most important for pulmonary mucormycosis, as R. 
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delemar RLT1 is most upregulated upon hyphal exposure to air and during A549 

infection [132]. 

Cunninghamella bertholletiae 

The Cunninghamella genus includes five species that have been thought to cause 

human disease: C. bertholletiae, C. echinulata, C. blakesleeana, C. elegans, and the 

recently named C. arunalokei [137–139]. However, the clinical relevance of the latter 

four species is questionable as they have been identified through genetic analysis in less 

than ten cases of mucormycosis. Additionally, C. elegans is unable to grow at 37°C, 

which brings into question its ability to cause infection [137]. C. bertholletiae is therefore 

considered the only significant Cunninghamella pathogen.  

Responsible for only 7% of mucormycosis cases, C. bertholletiae is relatively rare 

compared to other Mucorales pathogens like R. arrhizus, M. circinelloides, L. 

corymbifera, and Apophysomyces elegans [19, 40]. Despite this, C. bertholletiae is 

believed to be significantly more pathogenic than these more common agents of 

mucormycosis. One meta-analysis of human mucormycosis cases found that 

Cunninghamella was associated with a higher 90-day mortality rate than other species, 

while another study found that among patients with mucormycosis, infection with 

Cunninghamella (as opposed to other mucormycetes) was a risk factor for mortality [16, 

19]. Furthermore, C. bertholletiae is more resistant to the antifungals that are used to treat 

mucormycosis [40, 140]. 
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Virulence in animal models of infection 

The comparatively high mortality of C. bertholletiae infections in humans is 

reflected in the neutropenic rabbit model; C. bertholletiae infection caused significantly 

lower survival and more lung damage in neutropenic rabbits than three common 

causative agents of mucormycosis—R. microsporus, R. arrhizus, and M. circinelloides 

[141]. This difference in virulence may be partially explained by faster germination and 

resistance to neutrophil-mediated damage [141, 142].  

In the mouse model, the virulence of C. bertholletiae versus other agents of 

mucormycosis is less clear. While no studies have directly compared the lethality of C. 

bertholletiae and other Mucorales species in mice, we can glean some information from 

research focused on in vivo antifungal susceptibility. One group separately studied 

susceptibility of R. oryzae, M. circinelloides, and C. bertholletiae to antifungals in the 

exact same mouse model: Male OF1 mice weighing 30 g, rendered neutropenic the day 

prior to infection with an intraperitoneal injection of cyclophosphamide (200 mg of per 

kg of body weight) and an intravenous injection of 5-fluorouracil (150 mg of per kg), 

with the fungal spores delivered in 200 µL of sterile saline via injection into the lateral 

tail vein [143–145]. In these experiments, the inoculum of C. bertholletiae (1 × 104 CFU) 

was half that of R. oryzae (2 × 104 CFU) but the median survival time of mice not treated 

with antifungals (untreated) were comparable (the average among five C. bertholletiae 

strains was 5.4 days and the average among six R. oryzae strains was 5.16 days). The 

difference between C. bertholletiae and M. circinelloides lethality was even more stark; 

mice infected with 1 × 106 CFU of M. circinelloides (100-fold higher than the C. 

bertholletiae inoculum) had a higher median survival time than the C. bertholletiae-
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infected mice, with the average median survival time among the five M. circinelloides 

strains being 7.7 days. In a paper from a different research group that compared 

antifungal susceptibility between Mucorales species in neutropenic mice, untreated R. 

oryzae and C. bertholletiae infections resulted in the same median survival times even 

though the dose of C. bertholletiae was only 3% that of R. oryzae [146]. While the 

research from both groups did not compare in vivo lethality of Mucorales species 

administered at the same dose, it does show that a significantly lower inoculum is 

required for C. bertholletiae to achieve the same lethality as R. oryzae in the neutropenic 

mouse model.  

C. bertholletiae mechanisms of pathogenesis 

Despite the increased severity of mucormycosis caused by C. bertholletiae, very 

little research has focused on the pathogenic mechanisms utilized by this species to 

promote infection in humans. Previous studies used R. delemar to screen for host-

pathogen interactions and fungal virulence factors, then determined if certain aspects of 

the findings were conserved across an array of Mucorales species. These studies 

determined that C. bertholletiae binds GRP78 on nasal epithelial cells and integrin β1 on 

alveolar epithelial cells, but the ability of these host receptors to promote invasion was 

only demonstrated with R. delemar [72]. The study that identified the role of EGFR in 

promoting R. delemar invasion showed that EGFR is activated in A549 cells during C. 

bertholletiae infection, and went on to demonstrate that inhibiting EGFR reduces 

Cunninghamella-mediated host cell damage [112]. However, the study did not confirm if 

EGFR promotes C. bertholletiae invasion of A549 cells or infection in the neutropenic 

mouse model. Our group recently published an article showing that R. delemar infection 
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leads to HIF-1α activation in airway epithelial cells, which promotes invasion and the 

production of pro-inflammatory cytokines [113]. In this publication, we were able to 

demonstrate that C. bertholletiae—like R. delemar—causes HIF-1α accumulation and 

nuclear localization during infection. Based on all of these prior studies, we hypothesize 

that C. bertholletiae uses host EGFR, HIF-1α, integrin β1, and GRP78 to promote 

invasion and overall infection, even if the functional roles for these host proteins were not 

explicitly proven with Cunninghamella. Still, information about C. bertholletiae 

interactions with the human host is limited to what has been identified with R. delemar. It 

is likely that there are host mechanisms only exploited by C. bertholletiae and other non-

Rhizopus mucormycetes that are not known due to lack of studies with these important 

pathogens. We can better understand mucormycosis overall by examining pathogens in 

other genera, like C. bertholletiae. 

Study Design and Rationale 

Mucormycosis is becoming increasingly common, yet existing treatments for this 

infection cannot combat the high mortality rate or fully prevent the long-term morbidity 

associated with the disease. Investigating the host-pathogen interface of C. bertholletiae 

—the Mucorales species associated with the highest mortality rate—will reveal potential 

drug targets to hinder mucormycosis and reduce morbidity and/or mortality. 

I aimed to identify novel host-pathogen interactions that promote 

Cunninghamella-mediated pulmonary mucormycosis. To do this, I used a large-scale 

bimodal approach to identify potential host receptors that interact with C. bertholletiae 

during infection, then employed orthogonal techniques to validate the omics findings for 

specific host proteins of interest. Once C. bertholletiae was proven to both activate and 
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interact with the target host protein, the role of that protein in promoting pulmonary 

infection was explored. 
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Chapter 2: Screening for host receptors that interact with C. 

bertholletiae 

Introduction 

Previous research on Rhizopus delemar pathogenesis used two different 

approaches to identify host receptors exploited by the pathogen to contribute to disease: 

by finding host receptors that bind fungal cells, and by predicting which host receptors 

are activated during infection. These approaches operate on two different assumptions; to 

find the host receptor used to promote pathogenesis, the fungus must (A) directly interact 

with the receptor or (B) activate the receptor to trigger a signaling cascade. Alveolar 

epithelial cell integrin β1 and GRP78 from endothelial cells and nasal epithelial cells 

were identified as potentially important for infection by screening for host surface 

proteins that bound live R. delemar germlings [72, 111]. This approach to assess binding 

between host receptors and fungal cells only leverages the first assumption, which 

prioritizes finding host proteins that physically interact with fungal cells. However, 

fungal binding with the identified host proteins may not actually result in activation and 

subsequent downstream signaling (Figure 2.1A), which is potentially necessary for the 

pathogen to trigger active host processes that promote infection or inhibit processes that 

are barriers to infection. Unlike GRP78 and integrin β1, EGFR was first identified as a 

prospective mucormycete receptor through transcriptomics. Essentially, the expression 

patterns of host genes that were differentially expressed during R. delemar infection were 

consistent with EGFR activation [112]. EGFR was therefore selected for further 

investigation according to the second assumption: if a host receptor is exploited by fungi 
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to actively promote infection, the activity of that receptor should change during infection. 

One caveat of this approach is that activation of the identified receptors may be indirect, 

not involving a physical host-pathogen interaction (Figure 2.1B). There are several 

mechanisms by which fungal interactions with a specific receptor may lead to the 

activation of secondary receptors; activation of a primary receptor by its fungal ligand 

could result in increased binding between the secondary receptor and its canonical 

ligands by stimulating expression of the receptor, increasing ligand release, or by 

promoting trafficking of the secondary receptor to the cell surface [147–149]. 

Alternatively, this primary host-pathogen interaction could activate kinases to 

extrinsically phosphorylate and therefore activate the secondary receptor in a ligand-

independent manner [119, 148]. Therefore, many receptors that do not actually interact 

with the fungal pathogen would potentially be identified through a transcriptomic 

approach. 

In order to avoid the drawbacks of both approaches to screening for host receptors 

involved in pathogenesis, I combined the two methods in order to identify receptors that 

bind C. bertholletiae and are activated during C. bertholletiae infection in vitro (Figure 

2.1C). This bimodal approach allows us to better prioritize host receptors for in-depth 

investigation and functional analysis.  
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Two C. bertholletiae strains were used: C. bertholletiae 175, isolated at Harbor-

UCLA Medical Center from human sputum [115], and C. bertholletiae 182, an isolate 

provided by Dr. Thomas Walsh that originated from a human lung (Supplemental Table 

2) [150]. Both C. bertholletiae strains were grown on potato dextrose agar (PDA) [BD 

Biosciences, cat: 213200] for 2 to 5 days prior to spore collection, which was performed 

by adding Dulbecco's Phosphate-Buffered Saline (DPBS) to the agar plate and using 

glass spreaders to liberate the spores. The DPBS spore suspension was then passed 

through a 40 µM strainer [Greiner Bio-One, cat: 5654-2040] to remove hyphae and other 

large structures. Importantly, collected spores were washed three times with DPBS prior 

to swelling or germinating. Swelling was performed by incubating spores suspended in 

media at 37°C with vigorous shaking for 2 hours. Uniform germination was achieved by 

diluting spores to a maximum concentration of 1 × 107 spores/mL in media prior to 

incubation under the same conditions for 4–4.5 hours.  

Infections and transcriptomic analysis 

A549 and HSAEC1-KT cells were infected with C. bertholletiae 175 and C. 

bertholletiae 182 for 3 and 6 hours prior to the collection of host RNA for bulk RNA 

sequencing. All in vitro infections for host transcriptomic analysis were performed in 

triplicate. Briefly, spores were swollen in the medium used to culture the host cell line as 

described above. Adherent airway epithelial cells grown in 6-well plates were inoculated 

with 4.1 × 106 swollen spores per well in cell culture medium, which is a multiplicity of 

infection (MOI) of around 5. Medium alone was added to uninfected, time-matched 

control wells. Infected plates were incubated at 37°C in 5% CO2 for the duration of the 

infection. Once an infection was complete, the media was removed from each well and 
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the cells were washed with DBPS. Lysates were prepared by incubating the cells in TRI-

reagent [Invitrogen, cat: 9738G] for 3 minutes before scraping each well with a cell 

scraper to ensure the cell monolayers were fully disrupted. These lysates were 

homogenized through pipetting up and down before being transferred to Eppendorf tubes. 

Host RNA was isolated from the lysates using the Pure Link RNA Mini Kit [Invitrogen, 

cat: 12183020], following the manufacturer’s instructions for TRIzol Phase Separation 

before the column-based purification.  

RNA collected from infected A549 and HSAEC1-KT cells 3 hours and 6 hours 

post-infection was used to generate strand-specific, paired end libraries using the 

NEBNext Ultra II Directional RNA Library Prep Kit [New England Biolabs]. The 

resulting cDNA libraries—reflecting the host transcriptome—were sequenced using the 

Illumina NovaSeq 6000 to generate paired-end reads. Reads were trimmed with 

Trimmomatic (version 0.38) [151], read quality was assessed with FastQC (version 

0.11.9) [152] and the resulting trimmed paired reads were aligned to the latest release of 

the human reference genome (GRCh38.p14) using HISAT2 (version 2.2.1) [153]. HTSeq 

(version 0.12.4) was used to generate a count file for each sample that listed the number 

of reads per feature [154], which were then compiled into a counts matrix that contained 

the read counts for all samples.  

Differential expression analysis was performed in R statistical software with the 

edgeR package (version 3.38.4) [155]. Differential expression was defined as |log2FC| ≥ 1 

with FDR ≤ 0.05. Upstream regulator analysis (URA) was carried out through the use of 

QIAGEN Ingenuity Pathway Analysis (QIAGEN, version 111725566) [156] using 

differential expression data with the defined cutoffs. When predicting the activity of 
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upstream regulators, activation was defined as an upstream regulator having a z-score ≥ 2 

and p-value ≤ 0.05, and inhibition as z-score ≤ −2 and p-value ≤ 0.05. All heatmaps were 

created with R package pheatmap (version 1.0.12) [157]. Inkscape was used to edit the 

labels within the heatmaps, along with non-quantitative aspects of these figures (e.g. the 

spacing between bars or the location of the color key). 

Affinity purification of host surface proteins using whole fungi 

The isolation of host receptors that bind fungal cells was carried out as previously 

described with some modifications [158]. Before incubating them with fungi, host 

proteins were prepared as follows: HSAEC1-KT and A549 cells grown in 150 mm 

culture plates were rinsed three times with DPBS, then biotinylated using a solution of 

0.5 mg/mL sulfo-NHS-SS-biotin [BroadPharm, cat: BP-22634 ] in DPBS, pH 8.0. The 

host cells were incubated in the biotin solution for 30 minutes at 4°C on an orbital shaker. 

After removing the biotin solution, the plates were put on ice to minimize protein 

degradation and washed three times with 100 mM glycine to halt the biotinylation. 

Glycine was then removed by washing the epithelial cells three times with DPBS. These 

host cells were collected in DPBS via scraping before being transferred into a 50 mL 

conical tube. The epithelial cells were separated from the DPBS through centrifugation, 

and the mass of the pelleted cells was calculated. To lyse these host cells, the cell pellet 

was resuspended in 2 µL of 5.8% octyl glucoside lysis buffer—composed of 5.8% n-

octyl-beta-D-glucopyranoside (w/v) [alfa aesar, cat: J67390.03], 1 mM PMSF, and 1% 

Protease Inhibitor Cocktail Set V [EMD Millipore, cat: 539137] in DPBS—per mg of 

host cells. The epithelial cells were incubated on ice for 20 minutes, vortexing every 5 

minutes, before being centrifuged at 21,300 × g for 5 min (4°C) to pellet the cell debris so 
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that the supernatant—containing the host proteins—could be collected. Finally, protein 

concentration was determined using the Pierce BCA Protein Assay Kit [Thermo 

Scientific, cat: 23225] so that the host proteins could be diluted to create a 500 μg/mL 

solution in a final octyl glucoside concentration of 1.5%.  

Affinity purification of these proteins was carried out using C. bertholletiae 175 

germlings and swollen spores, which were prepared by incubating spores in Yeast 

Peptone Dextrose broth (YPD) as described above. To remove any remaining YPD, the 

swollen spores and germlings were washed three times with DPBS containing 1 mM 

PMSF. Approximately 600 mg of germlings were transferred to one 2 mL 

microcentrifuge tube, while 8 × 108 swollen spores were transferred to another. After 

centrifuging the fungal cells to remove the supernatants, the fungal pellets were 

resuspended in 500 µL of host protein solution (500 μg/mL host protein in 1.5% octyl 

glucoside) by vortexing and then incubated for 3 hours at 4°C on a rotator. The tubes 

were centrifuged and the supernatant containing unbound proteins (referred to as the 

“flow through”) was collected. The fungal cells were washed thrice with a 1.5% octyl 

glucoside wash buffer to remove any remaining unbound host proteins, then bound host 

proteins were eluted by incubating the fungus-host protein complexes in a wash buffer 

consisting of 6 M Urea and 1.5% octyl glucoside for 30 minutes at 4°C with rotation. 

Centrifugation was used to pellet the fungal cells so that the eluted host proteins in the 

supernatant could be collected. To prevent degradation of host proteins during affinity 

purification, the 500 μg/mL host protein solution, wash buffer, and the elution buffer 

contained 1 mM PMSF and 1% Protease Inhibitor Cocktail Set V.  
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Prior to proteomic identification of eluted host proteins, the pull-down samples 

were enriched for biotinylated proteins—which were originally on the cell surface since 

biotinylation occurred prior to cell lysis—using MagnaBind Streptavidin Beads [Thermo 

Scientific, cat: 21344]. The beads were prepared according to the manufacturer’s 

instructions, then incubated with the eluted host proteins for 30 minutes with rotation. 

Using magnetic separation, the supernatant was removed and the bead-protein complexes 

were washed three times with DPBS containing protease inhibitors. The bead-protein 

complexes were sent to the Weill Cornell Medicine Proteomics and Metabolomics Core 

Facility for liquid chromatography-mass spectrometry analysis of the bound host proteins 

using a data-independent acquisition approach.  

Analysis of affinity-purified host proteins 

Identification and quantification of proteins from the mass spectrometry data was 

performed using the DIA-NN software suite [159]. An FDR cutoff of ≤ 0.01 was applied. 

A previously published mass-spectroscopy-derived cell surface protein atlas (CSPA) 

[160] was used to filter out non-surface proteins from the proteomics data in silico, only 

considering proteins annotated as “1 – high confidence” within the CSPA as surface 

proteins. Gene Ontology (GO) project biological process annotations were retrieved 

programmatically using R package gprofiler2 (version 0.2.3) [161]. 

Comparison of upstream regulator and proteome data 

Upstream regulator (UR) names do not directly correspond to gene or protein 

names, so a program was created to match entries in the proteomics data to URs in a two-

stage process. The first stage involves matching UR names that do correspond with gene 
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names, where whole UR names are searched within the list of gene names for each entry 

in the proteome and are only returned as a match if the strings are an exact match. The 

second stage attempts to match UR names that are incapable of matching due to the 

presence of punctuation, utilizing a reference file that specifies the unmatchable URs as 

keys and the specific genes they correspond to as values [162].  

Results and Discussion 

Transcriptional profile of infected host cells 

We used RNA sequencing to assess host gene expression during C. bertholletiae 

infection at 3 and 6 hours post-infection in human pulmonary epithelial cells 

(Supplemental Table 3). To account for variability between cell lines and fungal strains, 

two different human lung cell lines (HSAEC1-KT line and the A549) and two different C. 

bertholletiae strains (175 and 182) were used (Supplemental Table 2). Differential 

expression analysis was used to identify genes with increased or decreased expression in 

the infected samples as compared to the uninfected controls. Over 635 differentially 

expressed genes (|log2 fold-change| ≥ 1.0; FDR ≤ 0.05) were identified from the A549 

infections, while 3053 differentially expressed genes were identified from HSAEC1-KT 

infections (Figure 2.2). Upstream regulator analysis was then used to predict pathways 

that are activated or inhibited during infection based on the differential expression 

patterns. The human upstream regulators deemed significant were compared between 

host cell lines and C. bertholletiae strains (Figure 2.3). There was significant overlap in 

upstream regulator predictions between cells infected with different C. bertholletiae 

strains at 6 hours post-infection; 71 upstream regulators were predicted to be activated 

(activation z-score ≥ 2; p-value of overlap ≤ 0.05) or inhibited (z-score ≤ −2; p-value ≤ 
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0.05) in both infected HSAEC1-KT groups, while 52 upstream regulators were shared 

between the infected A549 groups (Figure 2.3).  

 

 

 

 

 

 

Figure 2.2: Number of differentially expressed human genes identified during in 

vitro C. bertholletiae infection. 
The number of upregulated (log2 FC ≥ 1.0, FDR ≤ 0.05) and downregulated (log2 FC ≤ −1.0, 

FDR ≤ 0.05) host genes in the A549 and HSAEC1-KT human airway epithelial cell lines 

infected with C. bertholletiae (C.b.) strains 175 and 182. Differential expression was determined 

3 and 6 hours post-infection (hpi).  
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Figure 2.3: Comparison of upstream regulator analysis results. 
Upset plots comparing the human upstream regulators (URs) predicted to be activated (top) or inhibited 

(bottom) in host cells 6 hours post-infection between host cell lines and C. bertholletiae strains. Cb175, C. 

bertholletiae 175; Cb182, C. bertholletiae 182. 

 

 

 

 

Twenty-four upstream regulators were predicted to be activated 6 hours post-

infection in both cell lines with both C. bertholletiae strains (Figure 2.4), including the 

alpha subunit of Hypoxia-Inducible Factor 1-Alpha (HIF-1α), a transcription factor 

previously predicted via similar methods to be activated in both A549 and HSAEC1-KT 

cells during infection with other Mucorales species  [113, 115]. Further investigation into 

the role of this transcription factor during infection confirmed that HIF-1α is activated in 

HSAEC1-KT cells in response to infection with C. bertholletiae and R. delemar [113].  
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Proteomic analysis of host surface proteins that bind C. bertholletiae 

Affinity purification of A549 and HSAEC1-KT proteins with whole C. 

bertholletiae cells was performed as previously described with some modifications [158].  

Briefly, the epithelial cells were biotinylated prior to lysis to selectively label proteins 

displayed on the cell surface. After harvesting all host proteins, pull-downs were 

performed using C. bertholletiae 175 swollen spores and germlings to isolate host 

proteins that interact with the fungal cells. Within the affinity-purified host protein 

samples, the proteins that were originally on the cell surface were collected using 

streptavidin and identified through liquid chromatography–mass spectrometry at the 

Weill Cornell Medicine Proteomics and Metabolomics Core Facility. Using the Cell 

Surface Protein Atlas to distinguish known surface proteins [160], 77 host surface 

proteins were affinity purified from both cell lines (Figure 2.6). In agreement with 

previous research, integrin β1 from both cell lines bound C. bertholletiae 175 [72]. 

Several other integrin subunits were also found among the fungus-associated host 

proteins, including integrin β4, integrin α3, and integrin α5. Although EGFR has been 

shown to contribute to Mucorales infection previously, there was no experimental 

evidence suggesting a physical interaction between EGFR and Mucorales [112]. The 

identification of EGFR in lysates from both A549 and HSAEC1-KT cells pulled-down by 

C. bertholletiae 175 in the current study is consistent with the role of EGFR in Mucorales 

infection and provides the first evidence of a direct interaction between airway epithelial 

EGFR and C. bertholletiae spores and germlings (Figure 2.6). 
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Comparison of host surface proteins identified through upstream regulator analysis 

and affinity-purification 

To identify the surface receptors most likely to be involved in C. bertholletiae 

infection, proteins that were present in the proteome of affinity-purified host proteins and 

predicted to be upregulated or downregulated in response to infection were identified. 

Specifically, I highlighted host targets that were detected through both approaches in the 

same host cell line. Twenty-five host proteins meet these criteria (Figure 2.7), but only 

five are annotated in the CSPA as surface proteins with high confidence. Of the three4 

surface receptors identified using both approaches in both airway epithelial cell lines, 

Ephrin Type-A Receptor 2 (EphA2) was selected for further investigation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
4 While Figure 2.7 includes five surface proteins, YBX1 is not a receptor and ROR1 was only identified 

through the A549 data. 
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Reviewing the omics results for host receptor EphA2 

 EphA2 is predicted to be upregulated in A549 and HSAEC1-KT cells infected 

with both C. bertholletiae strains at 6 hours post-infection, but is also predicted to be 

upregulated in HSAEC1-KT cells 3 hours after infection with C. bertholletiae 182 (Table 

2.1, Supplemental Table 4). This minor discordance of EphA2 signal in the upstream 

regulator analysis (between C. bertholletiae strains and host cell lines) is likely due to 

minor variations in the dynamic response of host cells to each of the different C. 

bertholletiae isolates. In other words, the difference in response might be due to some 

unknown molecular differences between the two isolates (e.g. cell wall composition). 

This is possible given the general lack of molecular studies performed on each of these 

isolates. Specifically, RNA sequencing data from HSAEC1-KT C. bertholletiae 182 

infection contains significantly more differentially expressed genes (Figure 2.2). There 

may not have been enough EphA2-regulated genes in the differential expression data 

from the other experimental groups at 3 hours post-infection to confidently predict an 

increase in EphA2 activity. Supporting this theory, EphA2 was completely absent from 

the upstream regulator analysis results for the C. bertholletiae 175-infected HSAEC1-KT 

group, and the activation z-score was absent for both 3-hour A549 groups (Supplemental 

Table 2.1: Summary of omics results for EphA2. 
For each host cell line, the upstream regulator analysis predictions for EphA2 after 3 and 6 hours post-

infection (hpi) are indicated, as well as the presence (✔) of EphA2 in the proteome of each affinity 

purified host protein sample. 

 

  
Upstream Regulator Analysis Prediction 

Retrieval with Affinity 

Purification 
Cb175  3 hpi Cb175  6 hpi Cb182  3 hpi Cb182  6 hpi Cb175 Spores Cb175 Germlings 

HSAEC1-KT ─ Activated Activated Activated ✔ ✔ 
A549  ─ Activated ─ Activated ✔ ─ 
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Table 4B). It should be noted that there are several occurrences of upstream regulators 

with z-scores between -1 and 1 in our data, negating the possibility that z-scores between 

the cutoffs for activation and inhibition (between -2 and 2) are not presented in the 

results. More importantly, at least four known gene targets of EphA2 were differentially 

expressed in all of the experimental groups where EphA2 was predicted to be activated 

(Table 2.2). Conversely, no z-score was provided for groups with less than four 

differentially expressed EphA2 targets. It should also be noted that differential expression 

analysis shows that EphA2 is upregulated at 6 hours post-infection in HSAEC1-KT cells 

infected with C. bertholletiae 182 (and just below the cutoff for upregulation at 3 hours 

post-infection), while none of the other host-fungus combinations resulted in EphA2 

upregulation at any time point (Table 2.2, Supplemental Table 4A). Therefore, the 

predicted activation of EphA2 in HSAEC1-KT cells 3 hours post-infection with C. 

bertholletiae 182 could also be due to a rise in EPHA2 expression, which could increase 

Table 2.2: Differential expression and detailed upstream regulator analysis results for 

EphA2. 
The differential expression (DE) results for the EphA2 gene are given as log2[fold change] (logFC) 

difference in expression between the infected samples and the uninfected controls at 3 hours (3h) and 6 

hours (6h) post-infection, with false discovery rate (FDR) representing significance. Upstream regulator 

analysis results indicate the predicted activation state, the activation z-score , the p-value of the 

prediction, and the number of genes in the differential expression data that were used to predict EphA2 

activation. Cb, C. bertholletiae.  

 

  EphA2 DE EphA2 Upstream Regulator Analysis 

   logFC FDR 

Predicted 

State 

Activation 

z-score p-value  

# Targets 

in DE data 

A549 

Cb175 3h -0.209 0.1909     4.160E-05 3 

Cb175 6h 0.231 0.3769 Activated 2.828 5.660E-09 8 

Cb182 3h -0.231 0.1394     5.070E-03 2 

Cb182 6h -0.020 0.9659 Activated 2.333 2.420E-11 9 

HSAEC1-KT 

Cb175 3h -0.324 0.0242       1 

Cb175 6h -0.120 0.3960 Activated 2.000 1.060E-03 4 

Cb182 3h 0.922 5.27E-07 Activated 2.449 7.280E-06 6 

Cb182 6h 2.302 7.47E-06 Activated 2.138 7.500E-05 8 
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overall EphA2 activation by increasing the amount of EphA2 that can be activated. In 

this case, C. bertholletiae 182 may have unique interactions with HSAEC1-KT cells. The 

HSAEC1-KT cell line and the A549 cell line are different in many regards (e.g. the 

source tissue, growth rate, culture medium, etc.) and it is likely that the two cell lines 

behave differently during infection.  

 Eleven known EphA2 targets were differentially expressed in infected HSAEC1-

KT cells, while nine were differentially expressed in infected A549 cells (Figure 2.8). For 

these genes, the transcriptional profiles of the infected samples (when compared to the 

uninfected, time-matched control samples) generally match the known pattern of 

expression when EphA2 is activated (Figure 2.8).  

Returning to the proteomes of host proteins affinity-purified with C. bertholletiae 

175, EphA2 was identified in the HSAEC1-KT material eluted from both swollen spores 

and germlings. Yet when the protocol was repeated with proteins from A549 cells, EphA2 

was only identified in the material eluted from swollen spores (Figure 2.6, Table 2.1). 

While A549 cells—along with cancer cell lines in general—have mutations in their 

genomes that make them distinct from healthy human cells and even primary tumor cells  

[163, 164], there are no apparent EphA2 mutations in this cell line [165]. The EphA2 

gene in HSAEC1-KT cells has not been sequenced, so the protein in this cell line could 

theoretically have a mutation that affects binding with germlings. However, it is more 

likely that EphA2 binds C. bertholletiae spores, binding the entirety of the swollen spore 

and only the “head” of the germling that was previously the spore (Figure 2.9). Since 

germlings readily form masses that are difficult to disrupt, enumeration of individual  
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Conclusions 

The validity of this two-pronged approach to discover host pathogen interactions 

is confirmed by the presence of EGFR, which was previously shown to promote 

Mucorales airway epithelial invasion in vitro and overall infection in vivo, in both 

datasets from each host cell line [112]. Despite the known role of integrin β1 in 

promoting pulmonary mucormycosis, integrin β1 was only identified through one of the 

two methods. A549 integrin β1was previously shown to bind C. bertholletiae [72], and—

as expected—was present in all samples of host proteins affinity purified with C. 

bertholletiae 175 (Figure 2.6). However, integrin β1 was not predicted to be activated or 

inhibited during infection at any time point in HSAEC1-KT cells and A549 cells. There 

are two potential explanations for this; fungal binding with integrin β1 promotes infection 

without activating integrin β1, or integrin β1 is activated during infection but upstream 

regulator analysis does not accurately predict it. In either case, it is important to note that 

only focusing on host surface proteins that both bind fungal pathogens and are predicted 

to be activated or inhibited during infection excludes host proteins that promote infection. 

This approach was (and should only be) used to prioritize host proteins for deeper 

investigation while still acknowledging the potential significance of proteins identified 

through only one of the two methods. 

For each host cell line, EphA2 appeared in both the upstream regulator analysis 

results and in the proteomes of host proteins affinity purified with C. bertholletiae 175. 

Since EphA2 is also a known surface receptor, we decided to further investigate this host 

protein. A more in-depth analysis of the omics results for EphA2 revealed differences 

between the host cell lines (Table 2.1, Supplemental Table 4). Neither C. bertholletiae 
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strain increased EphA2 expression in A549 cells, while C. bertholletiae 182 increased 

expression in HSAEC1-KT cells. Potentially related to this phenomenon, EphA2 was 

predicted to be activated at both 3 and 6 hours post-infection in HSAEC1-KT cells 

infected with C. bertholletiae 182, while it was only predicted to be activated 6 hours 

post-infection in A549 cells and in HSAEC1-KT cells infected with C. bertholletiae 175. 

Using orthogonal methods to confirm EphA2 activation and fungal binding during C. 

bertholletiae infection is crucial to validate these computational findings from genome-

enabled techniques. 
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Chapter 3: Characterizing the interaction between C. bertholletiae 

and EphA2  

Introduction 

Ephrin Type-A Receptor 2 (EphA2) is one of only five host surface proteins that I 

found to bind C. bertholletiae and predicted to be activated during C. bertholletiae 

infection, making it a prime candidate for more in-depth investigation regarding its role 

in pulmonary Cunninghamella-mediated mucormycosis. 

EphA2 is an Ephrin receptor, a group of cell surface receptor tyrosine kinases that 

are divided into two types based on their ligands [166]. Ephrin type-A receptors (EphA) 

promiscuously bind type-A ephrin ligands—of which there are five—on the surface of 

neighboring cells. Likewise, ephrin type-B receptors (EphB) can bind three type-B 

ephrins that are also on the cell surface. Ephrin A and ephrin B are differentiated by their 

structure: ephrin B ligands are transmembrane proteins with an extracellular receptor 

binding domain and a cytoplasmic domain capable of recruiting signaling molecules, 

while ephrin A ligands consist of only a receptor binding domain that is anchored to the 

cell surface by glycophosphatidylinositol [166, 167].  

EphA2 can be activated via two pathways, with each pathway involving different 

phosphorylation sites (Figure 3.1) [166, 168]. The canonical pathway is induced by 

ephrin A binding with the EphA2 extracellular domain, which then triggers 

autophosphorylation of tyrosine residues within the juxtamembrane (Y588 and Y594), 

tyrosine kinase (Y735), and SAM domains (Y930) [169]. Conversely, the noncanonical 

pathway does not involve ligand binding by EphA2. Instead, signaling through other 





57 

 

EphA2 has primarily been investigated in the context of two different mycoses; 

Cryptococcus neoformans fungal meningitis and oropharyngeal candidiasis mediated by 

Candida albicans [171, 172]. EphA2 was found to promote C. neoformans and C. 

albicans invasion in blood-brain barrier (BBB) endothelium and oral epithelium, 

respectively, but by different means. In the C. neoformans BBB infection model, EphA2 

was proposed to be activated by host CD44 upon CD44 binding to fungal hyaluronic acid 

[172]. Conversely, the interaction shown in the C. albicans oral epithelial model was 

attributed to EphA2 binding fungal β-glucans and required EGFR activation [171]. While 

the disparate conclusions between the two studies may be due to differences between C. 

neoformans and C. albicans, it is likely that the interactions additionally vary between 

host tissues. Both studies assessed EphA2 S897 phosphorylation in their respective cell 

lines 15 minutes post-infection with Saccharomyces cerevisiae by immunoblotting with 

the same anti-pEphA2 antibody, yet phosphorylation was only induced in the oral 

epithelial cell model [171, 172].  

The type of EphA2 activation induced by fungal infection is an important clue to 

the host-pathogen interactions involving the receptor, as canonical activation involves 

ligand binding while noncanonical activation does not. Despite this, the prior research on 

interactions between EphA2 and fungal pathogens does not appear to consider canonical 

versus noncanonical activation of the receptor. Both studies only assessed S897 

phosphorylation—which is indicative of ligand-independent activation—and proposed 

that EphA2 directly binds their fungus of interest. To reiterate, activation of EphA2 via 

ligand binding causes autophosphorylation of tyrosine residues; EphA2 cannot 

phosphorylate its own serine by any currently known mechanism. The C. neoformans 
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study acknowledged that ligand-independent EphA2 activation was occurring 

(presumably through CD44), and that this ligand-independent activation was responsible 

for most of the EphA2-mediated fungal invasion [172].  Meanwhile, the C. albicans 

study did not mention the two forms of EphA2 activation and concluded that the Ser897 

phosphorylation they observed during infection was caused by EphA2 binding fungal β 

glucans [171]. This conclusion appears reasonable as they demonstrated that β-glucan 

treatment increases EphA2 phosphorylation and that recombinant EphA2 binds β-glucan, 

but the authors did not propose a valid mechanism by which β-glucan binding could 

cause EphA2 Ser897 phosphorylation. Instead, they stated in a later paper that binding 

between fungal β-glucan and EphA2 induces autophosphorylation of the receptor while 

omitting that autophosphorylation of this receptor tyrosine kinase would not result in the 

serine phosphorylation they observed [173].  

In this chapter, I sought to validate the omics findings for EphA2 that I reported in 

Chapter 2 while also determining if Cunninghamella-induced EphA2 activation is 

through the noncanonical or canonical mechanism.  

Materials and Methods 

Cell lines, strains, and culture conditions 

A549 adenocarcinoma alveolar epithelial cells were cultured in DMEM 

supplemented with heat-inactivated FBS (10%) and Pen-Strep (1%). The hTERT-

immortalized HSAEC1-KT small airway epithelial cell line was cultured in SAGM using 

Pen-Strep in place of GA-1000. Both cell lines were grown at 37°C with 5% CO2. 

Patient-derived C. bertholletiae strains 175 and 182 were cultured on PDA plates 

at 37°C for 2 to 5 days. To collect spores, cultures on agar plates were flooded with 
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DBPS and disrupted with sterile glass spreaders to release the spores from the fungal mat. 

Spores were separated from other fungal material by filtering the contents of the plate 

through a 40 µM strainer, and washed three times with DBPS. For both spore swelling 

and spore germination, spores suspended in media were incubated at 37°C with vigorous 

shaking. The spores became swollen after 2 hours, while germination was achieved after 

4–4.5 hours. To promote uniform germination of the spores, the spores were diluted to a 

maximum concentration of 1 × 107 spores/mL prior to incubation. C. bertholletiae spores 

were swollen in DMEM (+ FBS, + Pen-Strep) for A549 infections and SAGM (−GA-

1000, + Pen-Strep) for HSAEC1-KT infections. For affinity purification experiments, 

spores were suspended in YPD during swelling and germination. 

In vitro infections for immunoblot analysis 

A549 and HSAEC1-KT cells in 6-well plates were infected with swollen spores 

from C. bertholletiae strains 175 and 182. Each well was inoculated with 4.1 × 106 

swollen spores per well (MOI ≈ 5). Infections were carried out at 37°C with 5% CO2 

alongside time-matched uninfected control wells, to which media alone was added. For 

infections involving gefitinib, host cells were pretreated with 50 µM gefitinib [LKT Labs: 

G1721] or the vehicle control (DMSO) 1 hour prior to infection, and the infections were 

carried out in the presence of these treatments. Protein-rich cell lysates for immunoblot 

analysis were prepared according to the manufacturers protocol for Cell Lysis Buffer 

(10X) [Cell Signaling Technology, cat: 9803]. Briefly, wells were washed with ice-cold 

DPBS containing sodium orthovanadate (1 mM) before adding the diluted Cell Lysis 

Buffer supplemented with 1 mM PMSF, Phosphatase Inhibitor Cocktail 2 [Sigma, cat: 

P5726], and Phosphatase Inhibitor Cocktail 3 [Sigma, cat: P0044]. After allowing the 6-
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well plates to incubate on ice for 5 minutes, a cell scraper was used to disrupt the cell 

monolayer in each well. Finally, collected cell lysates were sonicated on ice and 

centrifuged to remove cellular debris. EphA2 phosphorylation was detected in these 

lysates via immunoblot as described below. Unless otherwise noted, all infections and 

time-matched controls were performed in triplicate. 

Affinity purification of unbiotinylated host proteins using whole fungi 

Whole cell affinity purification of host proteins for immunoblot analysis was 

carried out as described in Chapter 2 (page 36) with modifications. Swollen spores and 

germlings from both C. bertholletiae 175 and C. bertholletiae 182 were used to affinity 

purify unbiotinylated A549 lysates. These A549 lysates were prepared as described in 

Chapter 2, except the biotinylation step and subsequent quenching step (using glycine) 

were not performed. After the fungus-associated A549 proteins were eluted from spores 

and germlings, they were not subjected to streptavidin-purification since biotinylation 

was not carried out.  

For each strain of C. bertholletiae, five pull-downs were performed concurrently: 

a swollen spore pull-down, a germling pull-down, and three control pull-downs (Figure 

3.2). The no fungus control was used to determine if the host proteins were binding to the 

tube or were otherwise non-specifically pulled down without binding fungus. The 

remaining two controls consisted of only the fungal cells—one tube for germlings and 

one tube for swollen spores—and buffer without host proteins. The buffer used for these 

no protein controls was identical to that of the experimental pull downs except for the 

absence of host proteins. 
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Chameleon Duo Pre-stained Protein Ladder [LI-COR, cat: 928-60000] was used as the 

molecular mass standard. Towbin transfer buffer was used in the XCell II Blot Module 

[Invitrogen, cat: EI9051] to transfer the proteins to PVDF [Bio-Rad, cat: 1620177].  

After allowing the PVDF membrane to dry overnight protected from light, the 

membrane was rinsed with tris-buffered saline (TBS) and blocked with Intercept 

Blocking Buffer [LI-COR, cat: 927-60001] for 1 hour. The membrane was then incubated 

with primary antibody(s) diluted in blocking buffer for 1 hour. The membrane was 

washed four times with TBS with 1% Tween-20 before and after incubating for 1 hour 

with IRDye secondary antibody(s) conjugated with near-infrared fluorophores in 

blocking buffer. The blots were then imaged using the LI-COR Odyssey CLx platform.  

To assess EphA2 activation in cell lysates from infection experiments, multiplex 

near-infrared fluorescence was used to detect EphA2 and pEphA2 on the same blot via 

different channels. The following primary antibodies were used: EphA2 mouse mAb 

[1:500; Santa Cruz, cat: sc-398832], EphA2 pSer897 rabbit mAb [1:1000; Cell Signaling 

Technology, cat: 6347], EphA2 pTyr588 rabbit mAb [1:1000; Cell Signaling Technology, 

cat: 12677]. The secondary antibodies consisted of IRDye 680RD Donkey anti-Mouse 

IgG Secondary Antibody  [LI-COR, cat: 926-68072] and IRDye 800CW Donkey anti-

Rabbit IgG [LI-COR, cat: 926-32213], which were detected via the 700 channel and 800 

channel, respectively. Image Studio [LI-COR] was used to quantify the signal intensity 

for each band within each channel. The relative pEphA2 signal intensity for each sample 

was calculated by defining the area of the band and dividing the pEphA2 signal (800 

channel) by the total EphA2 signal (700 channel). This densitometric data from the 



63 

 

immunoblots was plotted using R package ggplot2 (version 3.5.1) [174], while statistical 

significance (defined as p ≤ 0.05) was determined using Welch’s t-test. 

EphA2 was detected in samples from the host protein affinity purification 

experiments using the same EphA2 mouse mAb as the primary antibody and IRDye 

800CW Donkey anti-Mouse IgG [LI-COR, cat: 926-32212] as the secondary antibody.  

Immunofluorescence microscopy 

To assess colocalization between C. bertholletiae and host EphA2 in vitro, 

infections were carried out using A549 cells grown on sterile poly-L-lysine coated 

German glass cover slips [Electron Microscopy Sciences, cat: 72292-20] in 6-well plates. 

Spores from C. bertholletiae 175 and C. bertholletiae 182 were swollen for 2 hours in 

cell culture medium as described earlier in this chapter, and each well was inoculated 

with 4.1 × 106 swollen spores (MOI ≈ 5). Infections, along with the uninfected controls, 

were performed in triplicate. After incubating the plates of infected and uninfected A549 

cells at 37°C with 5% CO2 for 3 hours, the media was aspirated and each well was rinsed 

three times with DPBS to remove fungus not associated with the host cells. The cells 

were fixed with 3% paraformaldehyde in DPBS for 15 minutes at room temperature. The 

paraformaldehyde was removed and each well was washed three times with DPBS to 

eliminate any remaining fixative before staining.  

The coverslips of fixed cells were incubated in freshly prepared blocking buffer 

consisting of 1% bovine serum albumin and 0.1% Tween-20 in DPBS for 30 minutes to 

block nonspecific antibody binding. The cells were then incubated in a primary antibody 

solution of mouse anti-EphA2 [1:100; Santa Cruz, cat: sc-398832] in blocking buffer for 

1 hour, which was followed by three washes with DPBS. The coverslips were incubated 
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in a secondary antibody solution of Alexa Fluor 488 goat anti-mouse IgG [1:200; 

Invitrogen, cat: A-11029] for an hour, then in a solution of Hoechst 33342 [Invitrogen, 

cat: H3570] nuclear stain for 10 minutes. After washing the coverslips three times with 

DPBS and dipping them in ultrapure water several times, they were mounted on slides 

using ProLong Gold Antifade reagent [Invitrogen, cat: P36930]. Images were captured 

with the EVOS M7000 imaging system [Invitrogen].  

Antibodies 

All antibodies used for these experiments are summarized in Table 3.1.  

 

 

Table 3.1: Antibodies used for immunoblots and immunofluorescent microscopy. 
 

Primary Antibodies 
Antibody Host  Supplier Catalog 

EphA2 Antibody (C-3) Mouse Santa Cruz Biotechnology sc-398832 

Phospho-EphA2 (Ser897) mAb Rabbit Cell Signaling Technology 6347 

Phospho-EphA2 (Tyr588) mAb Rabbit Cell Signaling Technology 12677 

Secondary Antibodies 
Antibody Host Supplier Catalog 

IRDye 680RD Donkey anti-Mouse 

IgG Secondary Antibody 

Donkey LI-COR 926-68072 

IRDye 800CW Donkey anti-Mouse 

IgG Secondary Antibody 

Donkey LI-COR 926-32212 

IRDye 800CW Donkey anti-Rabbit 

IgG Secondary Antibody 

Donkey LI-COR 926-32213 

Alexa Fluor 488 goat anti-mouse IgG  Goat Invitrogen A-11029 

 

Results and Discussion 

C. bertholletiae activates host EphA2 during in vitro infection 

 In Chapter 2, I showed that upstream regulator analysis predicted that EphA2 was 

activated in A549 and HSAEC1-KT cells during infection with C. bertholletiae strains 

175 and 182. To validate that EphA2 is indeed activated during in vitro infection, 

immunoblotting was used to detect and quantify the phosphorylation of this receptor. In 
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order to account for both forms of EphA2 activation, phosphorylation at both Tyr588 and 

Ser897 residues (reflecting ligand-dependent canonical activation and ligand-independent 

noncanonical activation, respectively) was assessed.  

 After 3 hours, infected A549 cells showed significantly increased phosphorylation 

at both EphA2 phosphorylation sites as indicated by the relative abundance of phospho-

EphA2 compared to total EphA2 (Figure 3.3). However, HSAEC1-KT infections did not 

yield the same results (Supplemental Figure 1A). Prior members of the Bruno lab found 

that the presence of epithelial growth factor (EGF) in the HSAEC1-KT media 

confounded infection-induced EGFR activation and therefore performed HSAEC1-KT 

infections using EGF-free media [unpublished data]. Since there is a known link between 

EphA2 noncanonical activation and EGFR [170, 175], I hypothesized that the additional 

EGF in the HSAEC1-KT media may have indirectly increased EphA2 noncanonical 

activation to the point where any interactions with fungus would have an undiscernible 

affect. However, the use of EGF-free medium in HSAEC1-KT infections did not result in 

an observable difference in EphA2 phosphorylation at either phosphorylation site 

between the infected and uninfected samples (Supplemental Figure 1B-C).  
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infection with C. bertholletiae 175. There was no discernable difference in EphA2 

Ser897 or Tyr588 phosphorylation between infected and uninfected samples at 30 min or 

60 min post-infection with C. bertholletiae 175 for either host cell line (Figure 3.4, 

Supplemental Figure 1C). Since we did see phosphorylation at both EphA2 

phosphorylation sites after infecting A549 cells for 3 hours, C. bertholletiae-induced 

EphA2 phosphorylation must only become detectable in this cell line between one and 3 

hours post-infection. These results contrast with the previous research regarding EphA2 

activation during fungal infection. Using the OKF6/TERT-2 oral epithelial cell model, 

Swidergall et al. saw EphA2 Ser897 phosphorylation peak at 15 to 30 minutes post-

infection with yeast-phase C. albicans SC5314 [171]. Likewise, Aaron et al. showed that 

maximum EphA2 Ser897 phosphorylation in hCMEC/D3 brain endothelial cells occurred 

30 minutes post-infection with C. neoformans var. grubii [172]. Importantly, neither of 

these publications include time-matched controls for these experiments. During my 

preliminary experiments exploring EphA2 activation in A549 cells, I found that FBS at 

the standard concentration used in cell culture medium (10% FBS) appears to cause 

increased EphA2  phosphorylation at both Ser897 and Tyr588 (Supplemental Figure 2). 

 

Figure 3.4: EphA2 is not activated during the early stages of in vitro infection. 
Immunoblots comparing the relative phosphorylation of EphA2 at Ser897 and Tyr588 in A549 cells 

infected with C. bertholletiae 175 for 30 to 60 minutes. Infections were not performed with 

replicates.  
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While no replicates were performed and consequently significance cannot be determined 

for this finding, it did support my decision to use time matched controls where the vehicle 

used to deliver the spores (tissue culture medium) was added to the control wells at the 

same time the spores were added to the experimental wells. The inclusion of time-

matched controls in these previously published experiments may have shown an increase 

in EphA2 Ser897 phosphorylation in the uninfected samples in a manner comparable to 

that of the infected samples. Neither article specifically mentioned the presence of FBS in 

the medium used to deliver the fungal cells to the host cell culture (the medium used to 

inoculate the OKF6/TERT-2 cells with C. albicans was not specified, and the C. 

neoformans paper described using YPD) but it is possible the presence of FBS affected 

the results. Alternatively, there may be differences between the fungal species and host 

cell lines that account for the delayed induction of A549 EphA2 phosphorylation by C. 

bertholletiae infection. The lack of EphA2 phosphorylation in the HSAEC1-KT cell line 

at these early time points was not surprising since I had not seen any infection-related 

change in EphA2 activation in these cells 3 hours post-infection. 

Despite the observed EphA2 activation in infected A549 cells, infection-induced 

EphA2 phosphorylation was not seen in HSAEC1-KT cells despite assessing four 

different time points with and without the presence of EGF. There may be two 

explanations for the discrepancy in fungus-induced EphA2 activation between the two 

cell lines: the use of different media for each cell line and basic biological differences 

between the cell lines. The two cell lines are grown in different media, which are 

supplemented with different reagents. SAGM, which is the HSAEC1-KT medium, 

consists of Small Airway Cell Basal Medium with added bovine pituitary extract and 
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various other specified small molecules (Transferrin, human EGF, insulin, epinephrin, 

etc.). Meanwhile the A549 medium is composed of DMEM with heat-inactivated FBS 

added. The only common reagent between these two media is Pen-Strep. The effect of 

different medium compositions on protein expression and cell signaling networks has 

been well documented [178–180], so the variation in EphA2 phosphorylation during C. 

bertholletiae infection between the two cell lines may be in part due to media-specific 

effects. Differences between the cell lines themselves may also be responsible for this 

phenomenon, as they are phenotypically very different. Anecdotally, HSAEC1-KT cells 

take much longer than A549 cells to reach confluency in culture vessels and the protocol 

for extracting host proteins for affinity purification results in significantly more proteins 

per 150 mm culture dish of A549 cells than of HSAEC1-KT cells (Supplemental Figure 

3). Considering these differences in the HSAEC1-KT and A549 models, the lack of 

infection-induced EphA2 phosphorylation in HSAEC1-KT cells does not invalidate the 

A549 results. In fact, there is a precedence for this phenomenon; a previous study 

specifically showed that the host factors exploited by A. fumigatus to promote infection 

differ between A549 and HSAEC1-KT cells [181]. I therefore continued my investigation 

into interactions between EphA2 and C. bertholletiae but shifted my focus to A549 cells 

alone.  

EGFR mediates noncanonical EphA2 activation during infection 

As previously mentioned, EGF signaling has been shown to promote 

noncanonical activation of EphA2 [176, 182, 183]. Since our lab previously found that 

the receptor for this growth factor is activated in A549 cells during C. bertholletiae 

infection [112], I hypothesized that EGFR activation promotes infection-mediated EphA2 
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Ser897 phosphorylation. I therefore assessed the ability of C. bertholletiae to induce 

noncanonical activation of EphA2 in A549 cells treated with gefitinib, a potent inhibitor 

of EGFR signaling. Immunoblot analysis revealed that Cunninghamella-induced EphA2 

Ser897 phosphorylation was completely abrogated by gefitinib treatment, suggesting that 

EGFR activation is responsible for noncanonical EphA2 activation during infection 

(Figure 3.5). These results agree with the previously reported reduction in Candida-

induced EphA2 Ser897 phosphorylation in oral epithelial cells treated with gefitinib 

[171].  
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Host EphA2 directly interacts with C. bertholletiae spores and germlings 

Though noncanonical activation of EphA2 appears to be mediated by the 

interaction between C. bertholletiae and EGFR, canonical EphA2 activation requires 

ligand binding. Therefore, direct canonical activation by C. bertholletiae would require 

this fungus to interact with the ligand binding domain of EphA2. Proteomic analysis 

revealed the presence of EphA2 among the host proteins affinity-purified with C. 

bertholletiae (Figure 2.6), so I sought to validate this finding through immunoblot 

analysis with additional controls. The affinity purification protocol was repeated with 

both C. bertholletiae strains using unbiotinylated A549 proteins to minimize the effect of 

the biotin tag on fungal binding. Furthermore, two pull-downs per C. bertholletiae 

strain—one with germlings and one with swollen spores—were performed without host 

proteins to ensure that any fungal proteins eluted alongside the bound host proteins were 

not mistaken as host EphA2. Immunoblots showed that EphA2 was affinity-purified by 

germlings and spores of both C. bertholletiae strains (Figure 3.6). Interestingly, the 

proteins eluted from C. bertholletiae spores result in EphA2 bands that are nearly 

identical to that of C. bertholletiae germlings, despite the germling flow-through bands 

being more intense than the spore flow through bands. Theoretically, the EphA2 that is 

not in the spore flow through should be present in the elution. There are two possibilities 

that could account for this phenomenon, the first being that the same amount of EphA2 

was bound by spores and germlings, but the unbound EphA2 from the spore pulldown 

was not removed with the flow through and instead was removed during the wash steps 

prior to elution. Alternatively, more EphA2 was bound by spores—resulting in less 

EphA2 in the flow through—but not all of the bound EphA2 was eluted and some EphA2 
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remained bound to the spores after the elution step. Regardless, these results show that 

EphA2 can bind C. bertholletiae when in proximity. 

While the affinity purification experiments showed that EphA2 from A549 cells is 

capable of binding C. bertholletiae, it was unknown if the opportunity for this interaction 

occurred during infection. I therefore used immunofluorescence microscopy to determine 

if C. bertholletiae and EphA2 colocalize with each other during in vitro infection. Host 

cell nuclei were distinguished with Hoechst fluorescent stain, and fungal cells were 

imaged with a brightfield filter. To visualize the relative location of host EphA2, I used 

anti-EphA2 mouse antibodies with Alexa Fluor 488-conjugated secondary antibodies. 

Two controls were prepared to ensure the resulting EphA2 signal was not due to 

nonspecific antibody binding: A549 cells infected with C. bertholletiae 175 were stained 

with secondary antibodies alone to control for off-target binding by the secondary 

antibody, and C. bertholletiae alone was stained with both primary and secondary 

antibodies to ensure that neither antibody bound the fungal cells. Both controls resulted in 

no detectable fluorescence from the secondary antibody [data not shown]. Three hours 

post-infection, colocalization between A549 EphA2 and both strains of C. bertholletiae 

was observed (Figure 3.7). Within the micrographs, the EphA2 signal appears strongest 

around swollen spores and the spore “heads” of germlings, with few germling hyphal 

“tails” highlighted with EphA2 signal. While these findings agree with the hypothesis 

proposed in Chapter 1 that EphA2 specifically interacts with the spore structure of 

germlings and swollen spores (page 52), there is one potential alternative explanation: the 

host cells are only currently interacting with the spore structures, and the germling tails 

are not in close enough proximity with the host cell surface to associate with EphA2. 
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Since the A549 cells were infected with swollen spores, the host cells would have had at 

least two hours (the time it takes for a spore to germinate into a germling) to interact with 

the spores before hyphae even had a chance to grow from the now-germlings. Therefore, 

host proteins may not have had enough time to form a strong interaction with the newly 

grown hyphae on the germlings. Future experiments using C. bertholletiae germlings to 

infect A549 cells may help elucidate the phenomena behind the increased EphA2 signal 

surrounding spores and the heads of germlings versus germling hyphae. 
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Conclusions 

Infection with C. bertholletiae promotes EphA2 Ser897 and Tyr588 

phosphorylation in A549 cells, but does not affect phosphorylation at either of these sites 

in HSAEC1-KT cells under any of the conditions I tested. I therefore continued to study 

the EphA2-fungus interface in the A549 cell line alone. 

C. bertholletiae likely induces both canonical and noncanonical activation in 

A549 cells. The increase in EphA2 Tyr588 phosphorylation during infection is indicative 

of canonical activation, which occurs when EphA2 binds its ligand. Furthermore, binding 

between C. bertholletiae and host EphA2 was demonstrated when immunoblot analysis 

confirmed the presence of EphA2 among the host proteins that were affinity purified with 

both strains of C. bertholletiae. Finally, immunofluorescence microscopy revealed that C. 

bertholletiae colocalizes with host EphA2 on the surface of A549 cells, which 

demonstrates that the receptor and fungal cells can come into contact with each other 

during infection. The opportunity and ability for EphA2 to physically interact with C. 

bertholletiae—along with the observed increase in EphA2 tyrosine phosphorylation 

during infection—suggests that C. bertholletiae may directly contribute to canonical, 

ligand-mediated EphA2 activation. 

Noncanonical activation of EphA2 during C. bertholletiae infection is evidenced 

by the observed increase in EphA2 Ser897 phosphorylation in A549 cells 3 hours post-

infection. This form of activation occurs when extrinsic kinases (which are often 

activated by signaling through other receptors) phosphorylate this serine residue within 

the cytoplasmic region of EphA2. Prior research on the role of EphA2 during fungal 

infection highlights two host cell surface receptors that might be responsible for 
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noncanonical EphA2 activation during infection: hyaluronic acid receptor CD44 and 

growth factor receptor EGFR [171, 172]. In our C. bertholletiae pulmonary epithelial cell 

model, EphA2, EGFR, and CD44 were all predicted to be activated by both C. 

bertholletiae strains in HSAEC1-KT cells and A549 cells. Immunoblot analysis showed 

that treatment with an EGFR inhibitor prior to C. bertholletiae infection eliminates the 

infection-induced increase in EphA2 Ser897 phosphorylation. While these results 

demonstrate that EGFR is required for noncanonical EphA2 activation triggered by C. 

bertholletiae infection in A549 cells (Figure 3.5), this dependence on EGFR does not 

necessarily preclude the involvement of CD44. EGFR and CD44 have previously been 

shown to form signaling complexes in fibroblasts and squamous carcinoma cells [184, 

185], and the CD44 3v isoform is thought to present heparin-binding EGF to EGFR in 

airway epithelial cells to promote EGFR activation [186]. Since EGFR and EphA2 are 

also capable of forming complexes [173], noncanonical activation of EphA2 may occur 

in complexes containing all three receptors. Further investigation into the potential role of 

CD44 in EGFR-mediated noncanonical EphA2 activation during fungal infection is 

needed.  
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Chapter 4: Determining the role of host EphA2 in C. bertholletiae 

infection 

Introduction 

It is clear that C. bertholletiae activates alveolar epithelial EphA2 during in vitro 

infection, but the significance of this host-pathogen interaction is unclear. Not much is 

known about the function of this host receptor in normal epithelial cells, but there is an 

abundance of EphA2 research in the context of cancer. EphA2 has been shown to affect 

cancer cell migration, invasion, survival, tumor angiogenesis, and cell to cell repulsion 

[165, 169, 176, 182, 187].  

Aside from its roles in cancer, EphA2 has also been shown to promote viral, 

bacterial, parasitic, and fungal infections (Table 4.1). EphA2 is the epithelial cell entry 

receptor for Epstein-Barr virus and Kaposi’s sarcoma-associated herpesvirus, and a co-

factor for Hepatitis C virus entry into hepatocytes [188–192]. For all three of these 

viruses, EphA2 is essential for receptor-mediated endocytosis. The role of EphA2 in 

aiding host cell invasion is not limited to viral infections; EphA2 was also found to 

promote epithelial cell internalization of bacterial pathogens Staphylococcus aureus and 

Chlamydia trachomatis [193, 194]. For C. trachomatis, the interaction between the 

bacterium and EphA2 continues even after the pathogen has been internalized and 

appears to inhibit apoptosis of the host cell while C. trachomatis proliferates within the 

cytoplasmic inclusion. Unlike the previously mentioned bacterial pathogens, Listeria 

monocytogenes does not use EphA2 to promote invasion, but instead is thought to utilize  
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this host factor to escape macrophage phagolysosomes [195]. For parasitic infections, 

EphA2 was proposed to aid in Plasmodium sporozoite invasion of hepatocytes but  

another study on the subject disagreed with this finding [196, 198].  

Host EphA2 has also been shown to interact with several fungal pathogens. 

During Cryptococcus neoformans infection, the interaction between EphA2 and fungal 

cells promotes transcytosis across the blood brain barrier and invasion of embryonic 

kidney epithelial-like cells [172]. Similarly, EphA2 promotes internalization of Candida 

albicans by oral epithelial cells and was proposed to aid in Aspergillus fumigatus 

invasion of pulmonary epithelial cells [171, 197]. The A. fumigatus findings are not 

conclusive though, as the study relied on a highly unspecific EphA2 inhibitor to draw this 

conclusion.  

While EphA2 promotes C. albicans invasion of oral epithelial cells, EphA2 

knockout mice actually exhibited a higher fungal burden than their wild-type counterparts 

within the oropharyngeal model of candidiasis [171]. This paradox is likely because the 

Candida-EphA2 interaction also functions to trigger proinflammatory cytokine 

production by oral epithelial cells, which directs the immune response against the 

infection. Furthermore, the interaction between C. albicans and EphA2 on neutrophils 

enhances neutrophil-mediated fungal killing [199]. Similarly, interactions between fungal 

pathogen Pneumocystis jirovecii (previously Pneumocystis carinii) and host EphA2 on 

pulmonary epithelial cells and macrophages promotes proinflammatory cytokine release 

from both cell types [200, 201].  

There appears to be a balance between EphA2 promoting the immune response 

and promoting infection. Depending on the pathogen, EphA2 inhibition may result in 
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increased or decreased infection severity. I therefore aim to assess the effects of EphA2 

knockout on C. bertholletiae invasion and the pulmonary epithelial cell immune response 

to gain insight on the overall consequence of EphA2 inhibitor treatments on 

mucormycosis.  

Materials and Methods 

Cell lines, strains, and culture conditions 

A549 homozygous EphA2 knockout cells were generated by Ubigene 

(Guangdong, China) using CRISPR/Cas9 to delete a 115 base pair region within the gene 

(NG_021396.1:12138-12252). Wild-type A549 cells were also obtained from Ubigene to 

act as the control. A549 wild-type and EphA2 knockout cells were cultured in DMEM 

with 10% heat-inactivated FBS and 1% Pen-Strep.  

C. bertholletiae 175 was cultured on PDA for 2 to 5 days prior to spore collection, 

which was carried out as described in Chapter 2 (page 33). 

Validation of EphA2 knockout cell lines 

Wild-type and knockout A549 cells were each grown in three wells of a 6-well 

plate until confluent. Protein rich lysates were collected by incubating the cells in Cell 

Lysis Buffer with PMSF and Phosphatase Inhibitor Cocktail 2 and 3 for 5 minutes on ice, 

followed by scraping each well with a cell scraper. These lysates were sonicated to ensure 

the cells were fully disrupted, then centrifuged to remove cellular debris. The presence of 

EphA2 was detected in these lysates via immunoblot (Chapter 3, page 61) with mouse 

EphA2 primary antibody [1:500; Santa Cruz, cat: sc-398832] and IRDye 800CW Donkey 

anti-Mouse secondary antibody [LI-COR, cat: 926-32212]. 



82 

 

Cytokine analysis of infected A549 cells 

 Each A549 cell line (the wild type and EphA2 knockout clones) was grown in a 6-

well plate. C. bertholletiae 175 spores suspended in DMEM (with FBS and Pen-Strep) 

were swollen by incubating them at 37°C with vigorous shaking for 2 hours. Three wells 

from each plate were infected with 4.1 × 106 swollen spores in 1.5 mL media, while 

media alone was added to the remaining three wells which acted as uninfected controls. 

These 6-well plates were incubated at 37°C in 5% CO2 for 24 hours, at which point 1 mL 

of culture medium from each well was collected into an Eppendorf tube containing 

Protease Inhibitor Cocktail [Sigma, cat: P1860]. Tubes were centrifuged at 6,000 × g  for 

10 minutes (4°C) to separate cells and cellular debris from the supernatants. Supernatants 

underwent cytokine analysis using the Luminex Multianalyte System at the University of 

Maryland, Baltimore Cytokine Core Laboratory. The results were analyzed and graphed 

in GraphPad Prism 10.4.1, and the layouts of the graphs were modified in Inkscape. 

Cell-association assay 

A protocol developed by Povilas Kavaliauskas was used to evaluate the ability of 

C. bertholletiae to invade or adhere to host cells in vitro. A549 (wild-type and EphA2 

knockout) cells grown to confluency in 24-well plates were infected with 2.4 × 105 

swollen C. bertholletiae 175 spores per well. Two hours post-infection, each well was 

washed three times to remove any unassociated fungal cells. The A549 cells were then 

lysed with a 0.5% Triton- X-100 solution and the wells were scraped with sterile scrapers 

to free adherent and intracellular fungi. Dilution plating was used to determine the 

number of colony-forming units (CFU) recovered from each well. The dilutions were 

cultured on Rose bengal agar [Millipore, cat: R1273] supplemented with 50 µg/mL 
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chloramphenicol [Millipore, cat: 29231], incubated at 30°C overnight, and then further 

incubated at 37°C for 2–5 hours. CFUs were counted on each plate, and the original 

concentration of fungal cells in each well was calculated by multiplying CFUs by the 

reciprocal of the total dilution (the dilution in the tube multiplied by the plate dilution, 

which is 0.1). The results were analyzed for statistical significance in GraphPad Prism 

10.4.1. 

Results and Discussion 

Characterizing the A549 EphA2 knockout cell lines 

Two A549 EPHA2−/− clones were purchased from Ubigene. Clone 1 (no. F5) and 

clone 2 (no. C4) have an identical 115 base pair deletion in exon 3 of the gene, which is 

predicted to cause a frame shift mutation that introduces a premature stop codon within 

this exon (Figure 4.1, Supplemental Figure 4). Since this premature termination codon 

(PTC) is over 2,000 nucleotides away from the last exon-exon junction within the 

mRNA, nonsense-mediated mRNA decay (NMD) is likely triggered during translation. 

NMD typically occurs when a PTC occurs more than 50-55 nucleotides away from the 

final exon-exon junction of an mRNA molecule, and results in the degradation of the 

offending mRNA [202]. Recent research revealed that the resulting truncated 

polypeptides (produced during translation prior to NMD degrading the faulty mRNA) are 

also degraded [202, 203]. Therefore, any truncated EphA2 produced by the knockout cell 

line is expected to be degraded.  
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this protein would not be present on the cell surface due to the lack of a transmembrane 

domain.  

 

 

EphA2 regulates cytokine production in A549 cells during infection 

While cytokine analysis is ongoing, a preliminary experiment was performed on a 

single infection (performed in triplicate) to quantify the concentration of ten different 

cytokines produced by A549 wild-type cells and one A549 EphA2 knockout clone (Clone 

1) during C. bertholletiae infection. Six cytokines were below the limit of detection in at 

least 75% of the samples: TNF-α, CXCL10, IL-1α, IL-1β, GM-CSF, and CCL20. Four 

inflammatory mediators could be detected in a majority of the samples: IL-6, IL-8, 

CCL3, and hBD2 (Figure 4.3). CCL3 concentration in culture supernatants appeared to 

be independent of both infection and the presence of EphA2. The amount of hBD2 

antimicrobial peptide in the culture supernatant also appeared to be independent EphA2, 

but was much lower post-infection. IL-6 and IL-8 (CXCL8) secretion were both induced 

in the EphA2 knockout cell line during infection, but the same infection-induced increase 

as not observed in the wild-type cell line. Cytokine analysis of two additional infections 

(each performed in triplicate) and an additional EphA2 knockout clone is underway.  

 
 

Figure 4.2: EphA2 is not produced by the A549 EphA2 knockout cell lines. 
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A previous study demonstrated that nonspecific EphA2 inhibitor dasatinib did not 

affect the amount of IL-8 released from A549 cells 4 or 12 hours post-infection with A. 

fumigatus [197]. Meanwhile, targeted knockdown with EphA2 siRNA revealed that 

EphA2 mediates C. albicans-induced production of hBD2 and proinflammatory 

cytokines IL-1α, IL-1β, IL-8, and CCL20 in oral epithelial cells 8 hours post-infection 

[171]. P. jirovecii is similarly thought to induce proinflammatory cytokine secretion from 

pulmonary epithelial cells through host EphA2, since blocking EphA2 on mouse lung 

epithelial cells with anti-EphA2 antibodies eliminates the increase in IL-6 release 

associated with exposure to P. jirovecii β-glucans [200]. The increase I observed in 

infection-induced IL-8 production in EPHA2−/− cells did not match the published A. 

fumigatus findings, even though the A. fumigatus research also used A549 cells. This 

finding also doesn't agree with published C. albicans research, nor do my results for 

hBD2. Like with IL-8, an infection-mediated increase in IL-6 concentration was only 

observed in the EphA2 knockout cell line, which suggests the opposite of what was 

concluded in the P. jirovecii study. The differences between my results and those 

described in existing literature are likely due to the use of different fungal pathogens, host 

cells, and time points. This combination of variables can affect cytokine release 

independent of EphA2.  

IL-6 and IL-8 are proinflammatory cytokines. The main role of IL-8 is to promote 

the neutrophil response, serving as both a neutrophil chemoattractant and activator [204]. 

Since neutrophils are thought to be crucial for anti-Mucorales immunity [205], IL-8 is 

predicted to inhibit mucormycosis. IL-6, on the other hand, is a pleiotropic cytokine that  

modulates a variety of cells—both immune and nonimmune [206]. Thought to bridge 
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innate and adaptive immunity, IL-6 is required for naïve CD4+ T-cell differentiation into 

Th17 cells (named for their characteristic IL-17 production), which directs the immune 

response against extracellular bacteria and fungi. While IL-6 is best known for its role in 

adaptive immunity, it was found to promote autocrine activation of neutrophils via IL-17, 

enhancing antifungal activity against Aspergillus [207]. With two potential roles in 

combating fungal infections, IL-6 is also predicted to suppress mucormycosis. Since my 

preliminary results show C. bertholletiae only induces host IL-8 and IL-6 production in 

the absence of EphA2, the EphA2-Cunninghamella interaction appears to hinder the 

ability of alveolar epithelial cells to direct the host immune response.  

While hBD2 is an antimicrobial peptide that is best known for its ability to kill 

gram negative bacteria and Candida, it can also combat infection by modulating the 

immune system [208]. Though not considered a cytokine by most, hBD2 can act as a 

chemokine by binding with CCR6 on immature dendritic cells and memory CD4+ T-cells 

to attract them to the site of infection [208, 209]. Furthermore, it can induce 

proinflammatory cytokine production in other cells, including peripheral blood 

mononuclear cells (PBMCs) and keratinocytes [209, 210]. Of particular interest, hBD2 

increases production of both IL-6 and IL-8 in PBMCs. My results indicate hBD2 is 

decreased during C. bertholletiae infection in a manner that is independent of EphA2. 

Graf et al. observed that CCL20 was reduced by A. fumigatus during in vitro airway 

epithelial infection, eventually determining that CCL20 produced in response to infection 

is depleted through a mechanism mediated by fungal melanin [211]. This phenomenon 

has also been demonstrated with Mucorales pathogen R. delemar, likely through the same 

melanin-dependent mechanism [unpublished data]. CCL20 and hBD2 are structurally and 
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functionally similar [212], so the reduction in hBD2 during C. bertholletiae infection may 

be due to melanin-based depletion.   

EphA2 does not appear to affect association between C. bertholletiae and host cells 

 While experiments are currently ongoing, there does not appear to be a significant 

difference in the amount of C. bertholletiae associated with A549 wild type and EphA2 

knockout cells 2 hours post-infection (Figure 4.4). Further experiments are needed, 

though, as the variability between replicates is high. This variability may be due to the 

experiment relying on consistent scraping between small wells, as insufficient scraping 

leaves intact host cells and the fungi they contain attached to the plate. The small size of 

the wells (and small scale of each infection) also increases the chance of variability. 

However, it is impossible to know if the inconsistency between replicates is due to the 

infections and harvesting or due to the plating itself, since each dilution was only spread 

on one plate. Going forward, the protocol will be modified to increase the scale of the 

infections, reduce the number of infected wells to from six wells to three wells per host 

cell type, and increase the number of plates used to culture each dilution.   

 Importantly, the fungal association assay was only performed 2 hours post-

infection. With EphA2 signaling mainly observed 3 hours post-infection, 2 hours may be 

too soon for C. bertholletiae to adhere to and invade using EphA2. The protocol will be 

repeated over multiple time points in the future.  
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Conclusions 

In the previous chapter I showed that EphA2 binds to and is activated by C. 

bertholletiae, but the function of this interaction in the context of infection was unclear. I 

therefore used EphA2 knockout A549 cells to determine the role of EphA2 during C. 

bertholletiae infection in vitro by assessing the ability of the host cells to coordinate an 

immune response and evaluating the degree of fungal association with the host cells. 

Cytokine analysis was used to gauge the immune response Cunninghamella-

infected alveolar epithelial cells elicit. Through a preliminary analysis, I found that 

EphA2 inhibits the production of immune modulators during C. bertholletiae infection, 

specifically preventing infection-induced IL-6 and IL-8 production. Based on these 

results, the EphA2-Cunninhamella interaction could potentially promote infection in vivo 

by suppressing the anti-fungal immune response. The remaining samples from two other 

independent experiments—each with three uninfected and three infected replicates per 

A549 genotype (wild type and EphA2 knockout clones 1 and 2)—will undergo analysis 

for these immune modulators to confirm these preliminary results.  

EphA2 is known to mediate host cell invasion by an array of pathogens, including 

three fungal pathogens (Table 4.1). To determine if EphA2 promotes C. bertholletiae 

alveolar epithelial cell invasion or adhesion, a preliminary experiment assessing C. 

bertholletiae association with wild-type and EphA2 knockout A549 cells was carried out. 

The results from this pilot experiment did not suggest EphA2 plays any role in Mucorales 

invasion or adhesion, as there was no discernable difference in fungal CFUs recovered 

from wild-type cells versus knockout cells. It should be noted, though, that there were 

multiple issues with the experiment, as demonstrated by the high variability between 
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replicates. Therefore, this protocol will require further optimization to obtain reliable data 

under the conditions I am testing.  

One goal of this thesis was to identify a host target that can be drugged to inhibit 

C. bertholletiae infection. While this section presented preliminary data from in vitro 

experiments that provided evidence both for and against EphA2 promoting C. 

bertholletiae infection, more experiments are needed before drawing any major 

conclusions. Furthermore, in vitro experiments with an airway epithelial cell line do not 

represent the cellular diversity within the pulmonary epithelium or the surrounding 

structures. With these experiments, we can only make inferences on the effects of EphA2 

inhibition in the context of tissue-level C. bertholletiae pulmonary infection. In vivo 

experiments are needed to assess the effects of EphA2 inhibition or knockout on overall 

infection and host outcome.  
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Chapter 5: Conclusions and future directions 

Summary 

 Mucormycosis, a deadly fungal infection caused by Mucorales fungi, has become 

increasingly prevalent worldwide [13–15, 97]. While the recent surge of coronavirus-

associated mucormycosis during the global SARS-CoV-2 pandemic is partially 

responsible for the increased incidence of this disease, mucormycosis rates had already 

been climbing steadily prior to the pandemic alongside the incidence of mucormycosis 

risk factors such as diabetes mellitus and corticosteroid use [17, 18]. Without treatment, 

mucormycosis has been associated with mortality rates of >95% [16, 93]. Treatment with 

antifungals alone only reduces the mortality rate to 54–59% [19, 60, 93], which is in part 

due to the broad antifungal resistance of Mucorales pathogens. Successful treatment of 

mucormycosis requires a multifaceted approach, involving surgical resection of infected 

tissue in addition to administration of Amphotericin B—an antifungal that results in 

kidney damage among some mucormycosis patients [60]. Even with this two-pronged 

approach to treatment, there is still a risk of long-term morbidity due to mucormycosis. 

Mucorales pathogens are angioinvasive and cause thrombosis, leading to tissue necrosis 

at the site of infection that can be extensive [57, 217]. Surgical intervention in this case 

may require amputation of extremities or eyes, resulting in permanent disability and 

disfiguration [69, 218, 219]. The emerging nature, risk of morbidity, and high mortality 

rate associated with mucormycosis has led to Mucorales fungi being categorized as high 

priority in the World Health Organization Fungal Priority Pathogens list [220, 221]. 
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 Of the Mucorales fungi known to cause mucormycosis, C. bertholletiae is the 

species associated with the highest mortality [16, 19]. Despite the increased mortality 

from this species, most research surrounding mucormycosis focuses on Rhizopus and 

Mucor species. We therefore do not know if the comparatively high mortality rate 

associated with C. bertholletiae is due to unique and/or enhanced host-pathogen 

interactions. In this work, I aimed to identify host-pathogen interactions that are utilized 

by C. bertholletiae to promote pulmonary infection.  

 Previously, two approaches have been used to screen for host factors involved in 

mucormycosis: using upstream regulator analysis (URA) to predict the host pathways 

activated during infection, and affinity purification host proteins with whole fungal cells 

to identify the proteins that bind fungi [72, 111, 112]. I combined both of these methods 

to assess the host-pathogen interactions between C. bertholletiae and two airway 

epithelial cell lines: A549 and HSAEC1-KT. I prioritized host receptors that were bound 

and activated by C. bertholletiae, considering them the most likely to be involved in C. 

bertholletiae infection. As a result, I identified three host cell surface receptors that bound 

C. bertholletiae and were predicted to be activated during infection: EGFR, CD44, and 

EphA2 (Figure 2.7). In a previous study demonstrating that R. delemar activates EGFR to 

promote infection, C. bertholletiae was also shown to activate EGFR [112]. Since it is 

likely C. bertholletiae similarly utilizes EGFR to promote pulmonary infection, the 

prioritization of EGFR through my screening approach validates the approach as a whole. 

Of the two remaining prioritized host receptors, EphA2 was selected for further 

investigation.  
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 EphA2 is an ephrin receptor—a group of cell surface receptors that bind ephrin 

presented on the surface of neighboring cells. Ephrin receptor signaling regulates a wide 

array of processes, including motility, adhesion, repulsion, differentiation, and 

proliferation [166, 167]. EphA2 can be activated through two distinct mechanisms: the 

canonical pathway and the noncanonical pathway. Canonical activation of EphA2 occurs 

through ligand binding, and results in autophosphorylation of tyrosine residues across the 

intracellular region of the receptor. Noncanonical activation occurs when protein kinases 

in the cytoplasm (activated by signaling through other receptors) phosphorylate a serine 

residue within the EphA2 intracellular domain. Since only one form of EphA2 activation 

could directly result from the receptor binding C. bertholletiae, it is important to 

distinguish between the two pathways. Immunoblot analysis confirmed that C. 

bertholletiae infection triggers both canonical and noncanonical activation of EphA2 in 

A549 cells (Figure 3.3) and showed that the noncanonical pathway is dependent on 

EGFR activation (Figure 3.5). Immunoblotting was further used to confirm the presence 

of EphA2 among the host proteins that bound C. bertholletiae (Figure 3.6). Furthermore, 

immunofluorescence microscopy indicated that C. bertholletiae and host EphA2 

colocalize during infection (Figure 3.7). All together, these results suggest that C. 

bertholletiae activates host EphA2 through direct binding and through EGFR signaling.  

 An initial investigation into the role of EphA2 during C. bertholletiae infection 

was carried out in vitro using EphA2 knockout cells, specifically assessing how the C. 

bertholletiae-EphA2 interaction affects the epithelial immune response or the physical 

association between epithelial and fungal cells. While the preliminary experiments 

suggest EphA2 prevents infection-induced immune signaling from alveolar epithelial 
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cells (Figure 4.3), no difference in C. bertholletiae epithelial adhesion/invasion was 

identified (Figure 4.4). More experimentation is needed before any concrete conclusions 

can be drawn.  

 Overall, this work provided the first broad assessment of C. bertholletiae host-

pathogen interactions and outlines the process by which host-pathogen interactions used 

by other understudied species can be explored. 

Future Directions 

Further inquiry into the role of EphA2 during C. bertholletiae infection  

 As described in the previous chapter, only preliminary in vitro experiments have 

been carried out to determine the role of EphA2 during C. bertholletiae infection. These 

experiments must be optimized and modified before any conclusions can be drawn from 

them. Furthermore, the effect of EphA2 on fungus-mediated host cell damage should be 

assessed in vitro using the 51Cr-release assay, as previously described [72, 113, 114]. 

 Preliminary in vivo infections with C. bertholletiae 175 were carried out in 

C57BL/6J mice by collaborators at the Swidergall Lab at UCLA, revealing that fungal 

burden in the lungs 1 day post-infection was significantly lower in EphA2 knockout mice 

than in the wild type (Figure 5.1). The reduction in C. bertholletiae pulmonary infiltration 

observed in EPHA2−/− mice is consistent with EphA2 promoting Cunninghamella 

adherence or invasion, which has been previously documented for other fungal pathogens 

[171, 172, 197]. Future in vivo experiments assessing mortality and disease severity 

should be carried out in the cyclophosphamide/cortisone acetate neutropenic mouse 

model developed by Ibrahim et al. [222], potentially using the EphA2 knockout and wild-

type C57BL/6J mice in place of the BALB/c mice traditionally used for the model.  
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Exploring the molecular interactions between EphA2 and C. bertholletiae 

 Prior research proposed that EphA2 is activated through binding fungal β-glucans, 

which are present in the cell walls of most fungi. While these previously published 

studies showed that recombinant EphA2 binds soluble and particulate β-glucan 

(laminarin and zymosan, respectively), the authors only demonstrated noncanonical 

(ligand-independent) EphA2 activation in response to these proposed ligands [171]. In 

fact, my research is the first to examine canonical (ligand-dependent) EphA2 activation 

during fungal infection. In order to conclude that β-glucans are the fungal ligand for 

EphA2, canonical activation must be demonstrated upon treatment with β-glucans. First, 

 
 

Figure 5.1: C. bertholletiae lung burden is decreased in EphA2−/− mice. 
For each group, three male and three female 7–10 week old C57BL/6J mice (wild type or EphA2 

knockout) were intranasally inoculated with 1 × 108 C. bertholletiae 175 spores. Lungs were 

harvested 1 day post-infection, and homogenates were grown on sabouraud dextrose chloramphenicol 

agar for CFU determination. Statistical significance was determined with a two-tailed Mann-Whitney 

test.  
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canonical activation should be assessed after treatment with zymosan and laminarin to 

establish that β-glucan is indeed an EphA2 ligand. If these commercially available forms 

of purified β-glucan activate EphA2 through the canonical pathway, then further 

experiments are still needed to determine if the β-glucans within the C. bertholletiae cell 

wall are responsible for the canonical EphA2 activation observed during infection. 

Specifically, EphA2 canonical activation should be assessed after treatment with β-

glucans purified from C. bertholletiae and after infection with β-glucanase-treated C. 

bertholletiae spores.  

Determining if the fungus-EphA2 interaction is conserved across Mucorales 

 While it is clear that C. bertholletiae interacts with EphA2 on airway epithelial 

cells, it is unknown if this host-pathogen interaction occurs with other Mucorales species. 

If this interaction is unique to or strongest with C. bertholletiae, it may contribute to the 

increased virulence of this pathogen and severity of its infections as compared to other 

mucormycetes [16, 19, 141]. If several other Mucorales pathogens exhibit the same 

interaction with EphA2 as C. bertholletiae, this host-pathogen interaction may be a 

promising target for future therapies.  

 A preliminary experiment was performed in which R. delemar and C. 

bertholletiae infections were carried out side-by-side in A549 cells, and both forms of 

EphA2 activation were assessed 3 hours post-infection. Immunoblot analysis revealed 

that infection with R. delemar resulted in less canonical EphA2 activation than C. 

bertholletiae, and no detectable noncanonical activation (Figure 5.2). This experiment—

as well as the host affinity purification assay for immunoblot detection of EphA2—

should be repeated with other mucormycetes like M. circinelloides and L. corymbifera in 
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promote mucormycosis), and has been shown to promote infection by other pathogens 

[185, 223–225]. Most importantly, CD44 is known promote infection by fungal pathogen 

C. neoformans by mediating intracellular invasion [226, 227]. 

 The ability of CD44 to promote C. bertholletiae infection should be assessed both 

alone and in conjunction with EGFR and EphA2, which CD44 may act as a coreceptor to 

[172, 185, 228]. First, the ability for C. bertholletiae to adhere to and invade host cells 

should be assessed with and without neutralizing anti-CD44 antibodies, as described by 

Jong et al. [226]. Then, the effect of siRNA-based CD44 knockdown on infection-

induced EGFR and EphA2 activation should be evaluated to determine if CD44 acts as a 

coreceptor to these receptor tyrosine kinases during C. bertholletiae infection.  

Conclusion 

 Current treatment options for Mucormycosis are insufficient, as combination 

treatment with Amphotericin B and surgical intervention—the standard treatment for 

mucormycosis—still results in 23.9–32.4% mortality [15, 16, 92, 93]. Furthermore, this 

combination treatment is not always feasible and each approach is associated with certain 

risks [67, 89, 95–102]. One promising approach to identify novel treatment modalities is 

to target host factors that promote infection. This type of treatment applies less selective 

pressure on the pathogen since any form of selection would only occur during infection, 

and is therefore less likely to elicit resistance to the treatment. Another benefit of this 

approach is that it doesn't require the invention of new drugs which must then undergo 

the expensive and time-consuming regulatory process. Instead, this approach can 

leverage existing FDA-approved human protein inhibitors that were originally developed 

to treat cancer or other chronic conditions. While we do not have enough evidence yet to 
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conclude that (1) EphA2 promotes C. bertholletiae infection and (2) targeting EphA2 

reduces severity of C. bertholletiae infection, it should be noted that EphA2 is one of the 

main targets of dasatinib—an FDA-approved ATP-competitive protein tyrosine kinase 

inhibitor that has been on the market for over 15 years. Research that will conclusively 

determine the role of EphA2 in C. bertholletiae infection should therefore be prioritized.  
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Appendix 

Supplemental Tables 

Supplemental Table 1: Inhibiting host-pathogen interactions reduces severity of 

mucormycosis in vivo. 
A summary of the results from three studies assessing impact of inhibiting interactions between R. 

delemar and host Integrin β1, EGFR, and GRP78 (all of which are known to be exploited by Mucorales 

fungi to promote their endocytosis) on mucormycosis in mice.  
 

 Integrin β1 antibodies Gefitinib (EGFR inhibitor) Anti-GRP78 serum 

Mortality  30% decrease (21 dpi) 47% decrease (21 dpi) ~40% decrease (40 dpi)
†
 

Median survival 

time 

16 days 

(control = 11 days) 

> 21 days  

(control = 8 days) 
 not reported 

†
 

Fungal burden:        

.  Primary organs 

not assessed until end ~1 log reduction  

(4 dpi, lungs) 
~50% reduction  

†
 

(14 dpi, sinus) 
 

> 75% reduction 
†
 

(14 dpi, lungs) 

Fungal burden:  

.  Brain 

not assessed until end ~1 log reduction 

(4 dpi) 
~60% reduction 

†
 

(14 dpi) 

Mouse model Neutropenic mice 

inoculated intratracheally 

Neutropenic mice inoculated 

intratracheally 

DKA mice inoculated 

intranasally 

Source Alqarihi et al., 2020 Watkins et al., 2018 Liu et al., 2010 

† Calculated using estimated values from figures, since exact numbers were not reported  

 

 

 
 

Supplemental Table 2: Host cell lines and fungal strains used in the study. 
 

Cell line/strain Description Source 

C. bertholletiae 175 C. bertholletiae clinical isolate Sputum from a human patient† 

C. bertholletiae 182 C. bertholletiae clinical isolate Lung biopsy from a human patient* 

   

A549 Human adenocarcinoma alveolar 

basal epithelial cells 

Lung tumor of a 58-year-old human 

male 

HSAEC1-KT Human small airway basal 

epithelial cells (tert-immortalized) 

Lungs of a healthy 22 year-old human 

male (1mm bronchiole area) 

†Harbor-UCLA Medical Center 

* Fungus Testing Laboratory at UT Health San Antonio 

 

 

 

 

Supplemental Table 3: RNA sequencing read and alignment statistics for each sample.  
For each sample, the number of reads that mapped to the human genome exactly once was calculated from 

the HISAT2 output. FastQC was used to determine the median length of the reads after trimming. 
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Experiment Condition hpi Replicate 
Unique Mapped 

Reads 
Median Read 

Length 

A549 infection  

(C. bertholletiae 175 & 

C. bertholletiae 182) 
A549 (uninfec) 3h A 104010658 100 bp 
A549 (uninfec) 3h B 116306621 100 bp 
A549 (uninfec) 3h C 129510133 100 bp 
A549 (uninfec) 6h A 113697951 100 bp 
A549 (uninfec) 6h B 116042500 100 bp 
A549 (uninfec) 6h C 114193169 100 bp 
A549 + Cb175 3h A 122036448 100 bp 
A549 + Cb175 3h B 117286449 100 bp 
A549 + Cb175 3h C 121811168 100 bp 
A549 + Cb175 6h A 116868608 100 bp 
A549 + Cb175 6h B 123273192 100 bp 
A549 + Cb175 6h C 117103941 100 bp 
A549 + Cb182 3h A 120869712 100 bp 
A549 + Cb182 3h B 141334690 100 bp 
A549 + Cb182 3h C 152416184 100 bp 
A549 + Cb182 6h A 138021896 100 bp 
A549 + Cb182 6h B 133219489 100 bp 
A549 + Cb182 6h C 88064722 100 bp 

HSAEC1-KT infection 

(C. bertholletiae 175) 
HSAEC1-KT (uninfec) 3h A 84949331 151 bp 
HSAEC1-KT (uninfec) 3h B 97698525 151 bp 
HSAEC1-KT (uninfec) 3h C 90385138 151 bp 
HSAEC1-KT (uninfec) 6h A 95076303 151 bp 
HSAEC1-KT (uninfec) 6h B 97794764 151 bp 
HSAEC1-KT (uninfec) 6h C 138574090 151 bp 
HSAEC1-KT+ Cb175 3h A 98017607 151 bp 
HSAEC1-KT+ Cb175 3h B 91270163 151 bp 
HSAEC1-KT+ Cb175 3h C 100716819 151 bp 
HSAEC1-KT+ Cb175 6h A 106008366 151 bp 
HSAEC1-KT+ Cb175 6h B 76044540 151 bp 
HSAEC1-KT+ Cb175 6h C 93854924 151 bp 

HSAEC1-KT infection 

(C. bertholletiae 182) 
HSAEC1-KT (uninfec) 3h A 124400484 100 bp 
HSAEC1-KT (uninfec) 3h B 122166673 100 bp 
HSAEC1-KT (uninfec) 3h C 133369718 100 bp 
HSAEC1-KT (uninfec) 6h A 142606574 100 bp 
HSAEC1-KT (uninfec) 6h B 117127574 100 bp 
HSAEC1-KT (uninfec) 6h C 95078076 100 bp 
HSAEC1-KT + Cb182 3h A 124414700 100 bp 
HSAEC1-KT + Cb182 3h B 121423464 100 bp 
HSAEC1-KT + Cb182 3h C 117781420 100 bp 
HSAEC1-KT + Cb182 6h A 63623119 100 bp 
HSAEC1-KT + Cb182 6h B 133149255 100 bp 
HSAEC1-KT + Cb182 6h C 118908187 100 bp 
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Supplemental Table 4: Detailed omics results for EphA2.   
For each host cell line, the results for EphA2 from the differential expression analysis, upstream regulator 

analysis, and proteomic analysis of the affinity-purified host proteins are shown. (A) Differential expression of 

EPHA2 is given as log2-transformed fold change (logFC) with significance indicated by false discovery rate 

(FDR). Higher logFC translates to upregulation in the infected samples as compared to the control. The values 

highlighted in orange indicate EphA2 is differentially expressed during infection. (B) Upstream regulator analysis 

predictions for EphA2, with the predicted activation state indicated by activation z-score and significance 

indicated by p-value. The values highlighted in red indicate that upstream regulator analysis predicts EphA2 is 

activated during infection. (C) The signal intensity of EphA2 peptides in the proteome for each sample (acting as 

a measure of relative protein quantity between samples from the same host cell line) as well as the number of 

distinct EphA2 peptides  are shown. For all three tables, n.r. indicates the value for EphA2 was absent from the 

specified dataset. Abbreviations: Cb, C. bertholletiae; hpi, hours post-infection; n.r., value not reported. 

 

A Differential Expression Analysis 

Cb175 3 hpi Cb175 6 hpi Cb182 3 hpi Cb182 6 hpi 

logFC FDR logFC FDR logFC FDR logFC FDR 

HSAEC1-KT -0.324 0.02418 -0.120 0.39601 0.922 5.27E-07 2.302 7.47E-06 

A549 -0.209 0.19090 0.231 0.37692 -0.231 0.13940 -0.020 0.96594 
         

B  Upstream Regulator Analysis 

Cb175 3 hpi Cb175 6 hpi Cb182 3 hpi Cb182 6 hpi 

activation 

z-score p-value 
activation 

z-score p-value 
activation 

z-score p-value 
activation 

z-score p-value 

HSAEC1-KT n.r. n.r. 2.000 0.00106 2.449 7.3E-06 2.138 7.5E-05 

A549 n.r. 4.2E-05 2.828 5.7E-09 n.r. 0.00507 2.333 2.4E-11 
         

 C  
 

 

Pull-down Proteome     

Cb175 Spores Cb175 Germlings     

signal 

intensity peptides 
signal 

intensity peptides     

HSAEC1-KT 428760 2 181697 1     

A549 199211 1 n.r. 0     
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