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Summary 1  
Summary 
Opportunistic fungal pathogens, such as Candida albicans, are serious threats especially for the 

increasing number of immunocompromised patients susceptible to infection. C. albicans, which is 

an otherwise harmless commensal on mucosal surfaces, can under certain circumstances cause 

both relatively benign superficial as well as life-threatening systemic infections. Main risk factors 

associated with the development of candidiasis are immunosuppression, especially neutropenia, 

and use of long-term antibiotics,. Systemic infections can arise endogenously from primary sites of 

colonization, mainly the gastrointestinal tract, from local infections or as consequence of the use 

of medical devices such as intravenous catheters. Via distribution of fungal cells through the blood 

stream, C. albicans infections can affect all inner organs. With a mortality rate of up to 50% despite 

antifungal therapy and the development of resistance against antifungal drugs, systemic candidiasis 

is of significant clinical importance.  

The ability to undergo morphologic transition from yeast to hypha has been considered for a long 

time to be essential for pathogenesis and virulence of C. albicans. This view has been supported by 

findings that C. albicans strains locked in the yeast or filamentous morphology are less or even 

avirulent in murine systemic infection models. Nevertheless, both morphologies are found during 

colonization and infection in men and mice and are thought to contribute to pathogenesis: Whereas 

yeast are believed to promote dissemination, hyphae are likely required for the traversal from the 

gastrointestinal tract to the blood stream, mediate tissue invasion, damage, and escape from 

immune cells. In line with this, this thesis shows that C. albicans mutants lacking EED1, either due 

to deletion (eed1Δ/Δ mutant) or repressed expression (t-EED1 strain in the presence of 

doxycycline), which are unable to maintain hyphal growth resulting in the switch back to yeast cell 

growth after germ tube formation, are attenuated in virulence in an invasion-based intraperitoneal 

infection model. Surprisingly though, these mutants retain their virulence in a murine infection 

model of systemic candidiasis leading to disease progression indistinguishable from the filamentous 

wild type. The results of this thesis challenge the central dogma that hyphal formation per se is 

required for virulence in candidiasis. The retained virulence of mutants lacking EED1 or its 

expression was accompanied by rapid yeast replication within internal organs, especially in the 

kidney, the main target organ of systemic candidiasis. Whereas the renal pro-inflammatory cytokine 

response was delayed early after infection, increased cytokine production was observed at later 

time points, likely as the result of the increased immune cell infiltration, suggesting a contribution 

of immunopathology to pathogenesis. This work shows that rapid proliferation is likely the 

consequence of enhanced metabolic adaptation and increased fitness, as the eed1Δ/Δ mutant 

shows better growth in kidney homogenates and on certain physiologically relevant carbon sources 
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in vitro. High kidney yeast burden resulted in kidney damage and systemic inflammation 

comparable to wild type infections. Therefore, rapid proliferation by metabolic adaptation and 

increased fitness, resulting in high organ yeast burden, can compensate for the loss of filament 

formation in C. albicans. 

Taken together, this thesis shows that hyphae are required for damage and virulence in invasion-

based infection models but are dispensable for pathogenesis during systemic candidiasis. The data 

obtained in this study might have implications on the development of therapeutic strategies: Drugs 

preventing hyphal formation might be advantageous to treat candidiasis to a certain extent, but it 

has to be kept in mind that C. albicans can vigorously adapt and can compensate for the loss of 

hyphae by using other virulence properties.   
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Zusammenfassung 
Opportunistische Krankheitserreger wie z.B. Candida albicans stellen ernstzunehmende 

Bedrohungen vor allem für die zunehmende Anzahl an immunsupprimierten Patienten dar. Der Pilz 

C. albicans, der als harmloser Kommensale auf Schleimhäuten gesunder Menschen zu finden ist, 

kann unter bestimmten Voraussetzungen sowohl oberflächliche Schleimhautinfektionen als auch 

lebensbedrohliche systemische Infektionen verursachen. Die Hauptrisikofaktoren, die zur 

Entwicklung einer Candidose beitragen können, sind Immunsuppression und die Verwendung von 

Antibiotika über einen längeren Zeitraum. Die meisten systemischen Candidosen haben einen 

endogenen Ursprung und können durch Translokation aus dem kolonisierten Magen-Darm-Trakt, 

Disseminierung lokaler Infektionen, oder auch über die Bildung von Biofilmen auf 

Medizinprodukten wie z.B. intravenösen Kathetern, in die Blutbahn gelangen. Über den Blutstrom 

kann der Pilz alle inneren Organe befallen. Mit einer Mortalitätsrate, die trotz der Verwendung von 

Antimykotika bei bis zu 50% liegt, sowie der Entwicklung behandlungsresistenter C. albicans 

Stämme ist die systemische Candidose von großer klinischer Bedeutung.  

Der Fähigkeit von C. albicans, vom Hefewachstum in ein filamentöses Wachstum übergehen zu 

können, wird seit jeher als essentieller Virulenzfaktor angesehen. Diese Ansicht beruht unter 

anderem auf Beobachtungen, dass Mutanten, die ausschließlich in der Hefeform oder als Filamente 

wachsen können, in murinen systemischen Infektionsmodellen eine reduzierte Virulenz aufweisen 

oder gar avirulent sind. Nichtsdestotrotz sind beide Morphologien während der Kolonisierung und 

der Infektion in Mäusen und Menschen zu finden und tragen mutmaßlich zur Pathogenese bei. 

Während der Hefeform eine Rolle bei der Disseminierung zugeschrieben wird, tragen Filamente 

wahrscheinlich zur Translokation vom Magen-Darm-Trakt, zum invasiven Wachstum im Gewebe, 

zur Gewebsschädigung, und dem Entkommen aus Phagozyten bei. Im Einklang damit konnte 

innerhalb dieser Arbeit gezeigt werden, dass C. albicans Mutanten, die Aufgrund der Deletion 

(eed1Δ/Δ Mutante) oder Repression von EED1 (t-EED1 Stamm in Gegenwart von Doxycyclin) das 

Hyphenwachstum nicht aufrechterhalten können, eine attenuierte Virulenz in einem 

invasionsbasierten intraperitonealen Infektionsmodell aufweisen. Überraschenderweise waren 

diese Mutanten, die zwar noch Keimschläuche ausbilden können, danach aber wieder ins 

Hefewachstum zurückwechseln, in einem systemischen Infektionsmodell genauso virulent und 

wiesen einen vergleichbaren Infektionsverlauf wie der filamentöse Wildtyp auf. Die Ergebnisse der 

hier vorliegenden Arbeit stellen daher das zentrale Dogma in Frage, dass die Hyphenbildung 

essentiell für die Virulenz von C. albicans ist. Die Virulenz der Mutanten, die kein EED1 

besitzen/exprimieren, ging mit einer erhöhten Replikation in der Hefeform in den Organen einher. 

Im Besonderen waren die Nieren betroffen, die das Hauptzielorgan der systemischen Candidose 



4 Zusammenfassung  
darstellen. Während die anfängliche proinflammatorische Zytokinfreisetzung innerhalb der Nieren 

verzögert war, kam es zu späteren Zeitpunkten zu einer erhöhten Produktion, mutmaßlich 

begründet durch den vermehrten Einstrom von Immunzellen, was auf einen Beitrag der 

Immunpathologie zur Pathogenese in der Abwesenheit von EED1 schließen lässt. Diese Arbeit zeigt, 

dass die schnelle Vermehrung wahrscheinlich die Folge einer verbesserten metabolischen 

Anpassung und einer erhöhten Fitness ist, da die eed1Δ/Δ Mutante ein besseres Wachstum in vitro 

in Medien zeigt, die Nierenhomogenisat oder andere physiologisch relevante Kohlenstoffquellen 

enthalten. Die hohe Nierenbelastung durch die Hefezellen führte zu einer Nierenschädigung und 

systemischen Entzündung, vergleichbar mit Infektionen, die durch den C. albicans Wildtyp 

ausgelöst wurden. Daher kann durch rapide Vermehrung des Pilzes, gewährleistet durch 

metabolische Anpassung und gesteigerter Fitness die fehlende Hyphenbildung kompensiert 

werden. 

Zusammengefasst konnte in dieser Arbeit gezeigt werden, dass Hyphen zwar für Schädigung und 

Virulenz innerhalb invasionsbasierter Infektionsmodelle, jedoch nicht für die Pathogenese  

systemischer Infektionen benötigt werden. Die Ergebnisse dieser Arbeit sind für die Entwicklung 

therapeutischer Strategien relevant: Therapeutika, welche die Filamentierung unterdrücken, 

können zu einem gewissen Grad für die Behandlung von Vorteil sein, da sie invasives Wachstum 

verhindern. Jedoch ist dabei zu bedenken, dass C. albicans in der Lage ist, sich rasch anzupassen 

und der Verlust der Hyphenbildung eventuell durch andere Virulenzfaktoren und Fitnessattribute 

kompensiert werden kann. 

   



1. Introduction 5  
1. Introduction 

1.1 Human pathogenic fungi 
The fungal kingdom is estimated to include 3.5-5.1 million species (Brien et al. 2005). Of the 120,000 

fungal species described so far, around 600 are known to cause disease in humans (Hoog 2000). 

Healthy individuals are armed with effective mechanisms provided by the immune system to 

prevent fungal infections and battle disease progression suceessfully in most cases (Köhler et al. 

2017, Brown et al. 2012). Nevertheless, some fungi like e.g. Histoplasma capsulatum, 

Paracoccidioides brasiliensis and Cryptococcus gattii are true pathogens that are able to infect 

humans independent of their immune status (Hall and Noverr 2017, Klein and Tebbets 2007, Sil and 

Andrianopoulos 2014, Kronstad et al. 2011, Byrnes et al. 2011). However, the majority of the 

pathogenic fungi are considered opportunistic pathogens that primarily cause infections in 

individuals with a weakened or dysfunctional immune system (Hall and Noverr 2017, Gostinčar et 

al. 2018). Fungal opportunistic pathogens are distributed all over the fungal tree (Gostinčar et al. 

2018) and include amongst others Aspergillus spp., Candida spp., Cryptococcus neoformans, and 

Taleromyces marneffei (Pasricha et al. 2017, Kronstad et al. 2011, Pfaller and Diekema 2004). Most 

of the fungal infections present as benign superficial infections of the skin or mucosa that can even 

be asymptomatic. Dermatophytes like Epidermophytum spp., Microsporum spp. and Trichophyton 

spp. as well as Malassezia spp. are able to infect keratinized tissue like skin, hair, and nails 

superficially and together account for the majority of fungal infections worldwide (White et al. 

2014, Weitzman and Summerbell 1995). However, fungi can potentially cause life-threatening 

systemic infections associated with high morbidity and mortality despite antifungal treatment 

(Horn et al. 2009, Perlroth, Choi, and Spellberg 2007). In fact, every year around 1.6 million people 

die worldwide due to fungal infections but still, in comparison to pathogenic bacteria, fungal 

pathogens remain underestimated and understudied (Almeida, Rodrigues, and Coelho 2019, 

Casadevall 2017, Brown et al. 2012). 

 

1.2. Candida albicans 
Within the phylum Ascomycota the genus Candida comprises approximately 150 very 

heterogeneous species (Moran, Coleman, and Sullivan 2012). Most of these mainly grow as yeast 

but some have the ability to grow in filamentous forms as pseudo- or true hypha. More than 20 

Candida species can cause infections in humans (Calderone and Clancy 2012, Pfaller et al. 2010). 

The medically most important ones are C. albicans, C. glabrata, C. parapsilosis, C. tropicalis, 

C. krusei (Yapar 2014, Das et al. 2011), and the recently emerging C. auris (Pfaller et al. 2010, Meis 
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and Chowdhary 2018). In fact, C. albicans is the species most commonly isolated from infection 

sites (Pfaller et al. 2010). Most of the time C. albicans infections are of intrinsic origin; in fact in up 

to 70-80 % of the human population, C. albicans resides as a harmless commensal, thereby 

colonizing the mucosal surfaces of the gastrointestinal (GI) and/or genitourinary tract as part of the 

normal microbiota (Hall and Noverr 2017). C. albicans has coevolved with its mammalian host 

(Kadosh and Lopez-Ribot 2013) and is considered an obligate commensal (Odds 1988). Although 

some environmental isolates have been found (Bensasson et al. 2019), a natural environmental 

reservoir has not been identified, yet (Hall and Noverr 2017).   
1.3. Infections caused by C. albicans 
As with other diseases caused by opportunistic fungal pathogens, immunosuppression or a 

dysfunctional immune system, the use of long-term and/or broad-spectrum antibiotics, and 

uncontrolled diabetes are amongst others the main risk factor for the development of candidiasis 

(Brusselaers, Blot, and Vogelaers 2011, Delaloye and Calandra 2014, Greenfield 1992). The 

spectrum of diseases ranges from mild superficial mucosal to severe and life-threatening systemic 

candidiasis.  

1.3.1. Mucosal infections 
The most common and relatively benign infections are superficial infections affecting the 

vulvovaginal, oropharyngeal and/or esophageal mucosa (Fidel 2002, Delaloye and Calandra 2014). 

Although in most of the cases non-lethal, symptomatic infections reduce the quality of life and are 

globally associated with high medical costs (Willems et al. 2020). Oropharyngeal candidiasis (OPC) 

is most prevalent in human immunodeficiency virus (HIV)-infected individuals (Pankhurst 2009) and 

is frequently one of the first clinical indications of an HIV infection (Berberi, Noujeim, and Aoun 

2015). More than 90% of HIV+/acquired immunodeficiency syndrome (AIDS) patients will 

experience OPC at some time during the disease progression (Samaranayake 1992, Samaranayake 

and Holmstrup 1989). In addition, risk factors for OPC include e.g. local or systemic 

immunosuppression, wearing of dentures, and chemotherapeutic therapy (Swidergall and Filler 

2017, Akpan and Morgan 2002). In some cases C. albicans can spread from the oropharynx to the 

esophagus causing esophageal candidiasis. This illness is commonly observed in patients with 

advanced AIDS, leads to difficulties in swallowing and is often associated with pain (Vazquez 2000). 

The most prevalent C. albicans infection, however, is represented by vulvovaginal candidiasis (VVC), 

with three out of four women experiencing VVC at least once in their lifetime (Willems et al. 2020). 

Eight percent of women suffer from recurrent VVC, defined as more than 3 episodes per year 
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(Denning et al. 2018). In contrast to other mucosal infections caused by C. albicans VVC is often 

affecting otherwise immunocompetent women that are predominantly in child-bearing age 

(Willems et al. 2020). Further factors that predispose for VVC are hormone therapy, high-estrogen 

containing oral contraceptives, pregnancy, and sexual activity (Sobel et al. 1998, Fidel 2004). 

1.3.2. Invasive Candidiasis 
C. albicans is able to cause life-threatening infections that are often health-care-associated and 

primarily affect critically ill immunocompetent or severely immunocompromised patients (Pfaller 

1996, Perlroth, Choi, and Spellberg 2007) resulting in high mortality rates of up to 50% despite 

antifungal therapy (Horn et al. 2009, Perlroth, Choi, and Spellberg 2007, Delaloye and Calandra 

2014). With the advances of modern medicine, the incidence of candidiasis increased together with 

the number of immunosuppressed patients susceptible to opportunistic pathogens (Yapar 2014, 

Delaloye and Calandra 2014, MacCallum 2012). Invasive or systemic candidiasis (terms are often 

interchangeably used) can be divided in bloodstream infections, defined as the presence of Candida 

in the blood (candidemia), and deep-seated candidiasis (Pappas et al. 2018, Clancy and Nguyen 

2013). Candidemia is considered the third or fourth most common cause of bloodstream infections 

in the intensive care unit (ICU) in the USA and therefore represents a significant clinical problem 

(Kullberg and Arendrup 2015, Delaloye and Calandra 2014). Risk factors for the development of 

systemic infections are multi-factorial and include: I) Intrinsic factors such as C. albicans 

colonization, increased age, gastrointestinal perforation (Pappas et al. 2018); II) iatrogenic factors 

such as prolonged stays in the hospital or ICU, hematological and solid malignancies, 

chemotherapeutic/immunosuppressive therapy, organ transplantation, major surgery (especially 

gastrointestinal surgery), and the presence of a central venous catheter (Pappas et al. 2018, Yapar 

2014, Das et al. 2011). Further factors associated with an increased risk to develop systemic 

candidiasis are profound neutropenia and graft-versus-host disease (Pappas et al. 2018). 

Additionally, congenital immune deficiencies and genetic alterations such as single-nucleotide 

polymorphisms (SNPs) can predispose for systemic C. albicans infections. For example SNPs in 

genes coding for Toll-like receptors (TLR1-4) mediating pathogen recognition or in the interleukins 

IL-12b and IL-10 (Johnson et al. 2012) are associated with an increased risk for systemic and 

persistent candidemia, respectively (Kumar et al. 2014, Johnson et al. 2012). 

Different scenarios exists how C. albicans is able to reach the bloodstream: I) endogenously from 

the gut, either directly due to fungal overgrowth as a consequence of microbial dysbiosis, leading 

to fungal invasion, damage and breaching of the intestinal barrier or indirectly by leakage of the gut 

during abdominal surgery or due to secondary effects of medications such as e.g. 

cyclophosphamide, having a negative impact on the intestinal barrier function (Owari et al. 2012, 
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Koh et al. 2008); II) from deep-seated local infections, as consequence of e.g. a progressing 

peritonitis or mucocutaneous infection (Kullberg and Arendrup 2015); III) C. albicans is introduced 

directly via intravenous catheters in the nosocomial setting, directly circumventing the hosts 

physical barrier functions (Kullberg and Arendrup 2015, Delaloye and Calandra 2014). Once in the 

bloodstream C. albicans is able to disseminate systemically and to infect and invade into almost all 

internal organs (referred to as systemic candidiasis) (Lionakis et al. 2011) resulting in different 

clinical manifestations. Depending on the host immune status and the route of infection, the 

kidneys, liver, spleen but also the brain and the heart are the organs most often affected by 

systemic candidiasis (Moore, Leef, and Pang 2003, Cornely, Bangard, and Jaspers 2015, Walsh and 

Dixon 1996). Deep-seated candidiasis is defined as the fungal invasion and growth in otherwise 

sterile tissues that is arising often preceding candidemia (Kullberg and Arendrup 2015, Pappas et 

al. 2018). Severe Candida infections can progress to sepsis (Delaloye and Calandra 2014, Spellberg 

et al. 2005), defined as “life-threatening organ dysfunction caused by a dysregulated host response 

to infection” (Singer et al. 2016). Accurate early diagnosis is key to a successful treatment (Pappas 

et al. 2018, MacCallum and Odds 2004, Garey et al. 2006), however, clinical presentations of 

invasive candidiasis are rather unspecific and mimic those of viral and bacterial infections (Delaloye 

and Calandra 2014, Dolin et al. 2019) and therefore present a diagnostic challenge.  

 

1.4. Host defense against C. albicans infections 
In the healthy host a balanced interplay between C. albicans and the host immune system is 

required to keep C. albicans in a commensal state (Richardson and Moyes 2015). The innate 

immune system constituting of epithelial and endothelial cells, providing a passive physical barrier, 

together with the complement system and phagocytic cells present the first line of defense against 

potential pathogens (Gilbert, Wheeler, and May 2014, Yan, Yang, and Tang 2013, Chowdhury, 

Sacks, and Sheerin 2004). Professional phagocytes such as neutrophils, monocytes/macrophages 

and dendritic cells (DCs) are key players in the antifungal host response as they are able to engulf 

and kill pathogens (Miramón et al. 2012, Brown 2011). The importance of neutrophils but also 

macrophages for controlling fungal infections was shown in infection models in mice depleted of 

these cells rendering the mice susceptible to systemic C. albicans infections (Fulurija, Ashman, and 

Papadimitriou 1996, Qian et al. 1994). The requirement of neutrophils to combat fungal infection 

is consistent with neutropenia being a predisposing factor for the development of candidemia in 

humans (Pappas et al. 2018). The first point of interaction between host cells and pathogen is the 

cell wall of C. albicans (Chaffin 2008). The cell wall constitutes of two layers built of the 

polysaccharides mannans (O-linked and N-linked), glucans and chitin. The outer most exposed layer 
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consists of mannosylated proteins. They shield the inner layer consisting of carbohydrate polymers 

β-1,3 glucan covalently linked to β-1,6 glucan and chitin (Gow and Hube 2012). Phagocytes as well 

as epithelial and endothelial cells are able to sense pathogens through the action of pattern 

recognition receptors (PRRs) recognizing various conserved pathogen-associated molecular 

patterns (PAMPs) that in part are present on the fungal cell wall (Brown 2011). PRRs such as the 

Toll-like receptors TLR2 and TLR4 and the C-type lectin receptors Dectin-1 and mannose receptor 

(MR) recognize phospholipomannan, O-mannan, β-glucan and N-mannan, respectively (Cheng et 

al. 2012). Receptor binding triggers a signaling cascade that results in the release of pro-

inflammatory cytokines and activation of the innate immune response (Netea et al. 2006). In 

addition to the immediate but rather unspecific innate immune response, phagocytosis of 

pathogens by antigen-presenting cells such as DCs is crucial for the initiation of the specific adaptive 

immune response (Richardson and Moyes 2015). DCs are able to degrade phagocytosed fungal cells 

and present antigenic peptides using major histocompatibility complex class II molecules (MHC II) 

and present them to antigen-reactive T cells after migration to the lymphoid tissue (Clement et al. 

2016, Steinman 2006). After activation these T cells can, depending on e.g. the external cytokine 

environment, differentiate into different subsets of T-helper effector cells such as Th1, Th2, Th17 

and Treg cells (Dong and Flavell 2000, Richardson and Moyes 2015, Alberts et al. 2002). These 

subsets differ in their cytokine expression pattern as well as in their effect on the immune function. 

Th1 cells, characterized amongst others by the release of pro-inflammatory cytokines such as 

interferon-γ (IFN-γ) (van de Veerdonk and Netea 2010), mediate protective effects against 

C. albicans mucosal and systemic infections (Balish et al. 1998, Cenci et al. 1998). Activation of Th1 

cells results in macrophage and neutrophil activation, enhanced phagocytic function and killing (van 

de Veerdonk and Netea 2010, Alberts et al. 2002). In contrast Th2 cells, characterized by producing 

interleukins IL-4 and IL-10, have a dampening effect on inflammation. Although they are helpful in 

fighting parasitic pathogens (van de Veerdonk and Netea 2010), if activated in the context of 

candidiasis, they rather mediate fungal growth and dissemination and are therefore considered 

non-protective (Richardson and Moyes 2015, Alberts et al. 2002). Differentiation of naïve T cells 

into IL-17 producing Th17 cells is crucial for the recruitment and activation of neutrophils to the site 

of infection. While a Th17 response is needed to fight systemic candidiasis in mice (Huang et al. 

2004), in humans it is mainly needed for protection against mucocutaneous C. albicans infections 

(Eyerich et al. 2008).    
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1.5. C. albicans virulence factors and fitness attributes 
In microbiology virulence is defined as the capacity of an organism to cause damage and/or disease 

in a host (Shapiro-Ilan et al. 2005, Casadevall and Pirofski 1999). In order to do so, C. albicans must 

be able to evade or counter the host immune system, survive, replicate and adapt quickly to ever-

changing conditions in vivo (Köhler et al. 2017, Gauthier 2017). Many virulence factors and fitness 

attributes have been described to contribute to the pathogenic potential of C. albicans. The fungal 

polymorphism, the ability to adhere to, invade, and damage host cells, and the production of 

extracellular hydrolytic enzymes like secreted aspartyl proteases (Saps), lipases and phospholipases 

are amongst the most important virulence factors (Mayer, Wilson, and Hube 2013).  

1.5.1. Adhesion, invasion and damage 
The prerequisite for successful colonization and the establishment of an infection is the ability of 

C. albicans to adhere to cells, tissues and inert abiotic surfaces, e.g. medical devices such as 

intravascular catheters or prostheses (de Groot et al. 2013, Verstrepen and Klis 2006). Furthermore, 

adhesion is required for biofilm formation and for cell-cell interaction of C. albicans (flocculation) 

or interaction with other microbes termed coaggregation (Chaffin 2008). C. albicans possesses 

plenty of specialized cell-surface proteins, mainly glycoproteins that promote adhesion (Verstrepen 

and Klis 2006, Essen, Vogt, and Mösch 2020). These adhesins commonly share a three-domain 

structure and are linked to the glucan layer of the cell wall via a glycosyl-phosphatidyl-inositol (GPI)-

anchor (Verstrepen and Klis 2006, de Groot et al. 2013). The N-terminal domain, exposed at the cell 

surface is required for ligand recognition and binding (Essen, Vogt, and Mösch 2020). Although 

yeast have the capacity to adhere, the morphological transition to hyphae is coinciding with 

enhanced adhesive properties as a result of varying expression and surface exposure of adhesins 

during different morphological stages (Chaffin 2008). The most thoroughly studied adhesins are the 

hyphal wall protein Hwp1 and the members of the agglutinin-like sequence (ALS)-family, consisting 

of Als1-7 and Als9 (Hoyer 2001). Hwp1 is hypha-associated and the N-terminus that mimics 

transglutaminase substrate is covalently cross-linked to yet unknown host proteins via the activity 

of mammalian transglutaminase (Nobile et al. 2006, Staab et al. 1999). Although not required for 

systemic infection, Hwp1 is needed for colonization of the oral cavity (Staab, Datta, and Rhee 2013). 

Among the eight Als proteins Als3 is the most prominent adhesin, only expressed during hyphal 

development (Hoyer et al. 1998). Als3 promotes adhesion to host cells through interaction with N-

cadherin on endothelial and E-cadherin on epithelial cells (Phan et al. 2007). In addition, Als3 but 

also Ssa1 serve as fungal invasins required for C. albicans to promote induced endocytosis by 

endothelial and epithelial cells (Phan et al. 2007, Yang et al. 2014, Sun et al. 2010). Besides induced 

endocytosis which is a passive process, C. albicans is able to invade via active fungal-driven 
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penetration (Phan et al. 2007, Dalle et al. 2010, Zakikhany et al. 2007). Both mechanisms can result 

in epithelial cell damage but require proper hyphal formation (Filler et al. 1995, Phan et al. 2007, 

Zhu and Filler 2010). Fungal driven penetration requires hyphal elongation, physical forces and the 

secretion of hydrolytic enzymes (Yang et al. 2014). However, damage of epithelial cells is not 

directly coupled to hyphae formation or fungal invasion, as it requires the hypha-associated 

secreted peptide toxin Candidalysin (Moyes et al. 2016). A mutant unable to produce Candidalysin 

encoded by ECE1 is still able to invade and penetrate through epithelial cells but lost its damage 

potential resulting in avirulence or reduced virulence in a murine OPC model (Moyes et al. 2016) 

and a systemic infection model (Swidergall et al. 2019), respectively, despite proper hyphal 

formation. 

1.5.2. Hydrolytic enzymes 
Hydrolytic enzymes contribute directly to the virulence potential of C. albicans. Secreted enzymes 

like the secreted aspartyl proteases (Saps), lipases and phospholipases facilitate nutrient acquisition 

by degradation of extracellular complex substrates allowing the fungus to transport the breakdown 

products into the cell (Chaffin 2008). However, in addition to their role in nutrient acquisition, 

proteinases can directly damage host cells and can be involved in immune evasion by degradation 

of host molecules of the immune system (Naglik, Challacombe, and Hube 2003). The Sap family 

comprises ten members that have different pH optima for activity and differ in their substrate 

specificity (Schild et al. 2011, Naglik et al. 2004). Whereas Sap1-3 are mainly associated with yeast 

cells, Sap 4-6 are hyphae-associated (Naglik et al. 2004). 

1.5.3. Metabolic flexibility 
During colonization of different niches as well as during infection C. albicans faces a great variety 

of different nutrient compositions (Brock 2009). Metabolic flexibility is the ability to quickly respond 

and adapt to changing conditions and different nutrients to generate energy depending on the 

energy demand (Smith et al. 2018). Metabolic flexibility is considered a fitness attribute of 

C. albicans (Mayer, Wilson, and Hube 2013) and is key for the success of C. albicans as a commensal 

but also provides advantages during infection. In addition, it is known to increase fungal 

colonization, resistance to phagocytic recognition and killing (Ballou et al. 2016), and enhances 

pathogenicity (Childers et al. 2016, Ene et al. 2014). In an effort to restrict fungal growth, especially 

during infection, the host actively withholds nutrients, a measure known as ‘nutritional immunity’ 

(Crawford and Wilson 2015). Like every other living cell, C. albicans requires macronutrients (e.g. 

carbon and nitrogen; needed in higher quantities) and micronutrients (e.g. vitamins, trace metals 

such as zinc and iron; needed in smaller quantities) for survival and growth (Ene et al. 2014, 

Crawford and Wilson 2015). Especially in niches in which nutrients are limited, e.g. within 
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phagocytic cells or in the GI tract, where C. albicans has to compete with other microorganisms for 

nutrients (Brock 2009), metabolic flexibility allows C. albicans to assimilate the available carbon 

sources (Huang et al. 2017). C. albicans is a Crabtree-negative yeast that, in contrast to e.g. 

Saccharomyces cerevisiae, is able to assimilate glucose and alternative carbon sources such as 

amino acids, fatty acids, and carboxylic acids at the same time (Sandai et al. 2012, Childers et al. 

2016). Physiological concentrations of preferred fermentable carbon sources such as glucose and 

fructose vary greatly in the GI tract depending on food intake (Van Ende, Wijnants, and Van Dijck 

2019), are low in blood (Brown et al. 2014, Laughlin 2014), and are rather scarce in tissues or even 

absent in micro-environments and in phagocytes (Barelle et al. 2006, Lorenz, Bender, and Fink 

2004). Therefore, C. albicans has to additionally rely on the assimilation of non-fermentable carbon 

sources via the glyoxylate cycle, β-oxidation and gluconeogenesis (Ramírez and Lorenz 2007) to 

feed its demand for energy and to generate macromolecules from C2 compounds such as acetate, 

ethanol and citrate (Lorenz and Fink 2002) in order to survive and replicate in vivo. C. albicans 

deletion mutants lacking genes coding for key enzymes of alternative carbon metabolic pathways 

like the glyoxylate cycle (ICL1) and gluconeogenesis (PCK1) appeared less virulent in murine 

systemic infection models (Lorenz and Fink 2001, Barelle et al. 2006). However, a mutant lacking 

the gene coding for the glycolytic enzyme pyruvate kinase PYK1 was avirulent as well indicating that 

glycolysis is needed for growth inside the host (Barelle et al. 2006). Interestingly, Barelle et al. 

showed that within an organ, or even within close proximity, fungal cells are able to activate 

different pathways indicating that fungal cells are exposed to micro-environments with varying 

carbon sources and are therefore highly heterogeneous with respect to assimilation (Barelle et al. 

2006).  

1.5.4. Polymorphism 
C. albicans is a polymorphic fungus that can grow in three major vegetative growth forms: as 

unicellular yeast or filamentous as pseudohypha or hypha (Fig.1) (Sudbery, Gow, and Berman 2004). 

Oval-shaped yeast are around 6-7 µm in diameter (Mukaremera et al. 2017) and propagate by 

asymmetric budding (Berman 2006). Both filamentous forms are able to grow in a highly polarized 

fashion (Thompson, Carlisle, and Kadosh 2011). However, whereas pseudohyphae are ellipsoid with 

a minimum width of 2.8 µm in the middle, have constrictions at the septal side and are highly 

branched (Sudbery, Gow, and Berman 2004), true hyphae appear parallel-walled with segments 

that are constant in width (approximately 2 µm) (Desai 2018, Thompson, Carlisle, and Kadosh 2011, 

Chen et al. 2020, Carlisle et al. 2009). It is still a matter of debate whether pseudohypha, that appear 

like elongated yeast cells attached end-to-end can be considered an independent morphotype or 

whether they are resembling an intermediate form between yeast and hyphae as they show some 
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similarities with both cell types (Noble, Gianetti, and Witchley 2017, Sudbery, Gow, and Berman 

2004).  

 

Fig. 1: C. albicans can exist in three main morphologies: Yeast, pseudohyphae and hyphae. The 

figure was adapted from Thompson et al. (Thompson, Carlisle, and Kadosh 2011). The scale bar 

represents 10 µm. 

 

C. albicans is able to rapidly and reversibly transit between these morphologies, also known as 

phenotypic plasticity (Whiteway and Bachewich 2007), which can have an impact on both 

commensalism and pathogenicity (Xie et al. 2013). Phenotypic plasticity is the consequence of the 

response to different environmental conditions and stimuli via expression of different gene sets 

(Rai et al. 2018, Tao et al. 2014). In addition to the three main morphologies described above 

C. albicans is capable of forming chlamydospores, which are large 10-20 µm in diameter, thick-

walled cells that can be formed by filaments at the hyphal tip (the so-called suspensor cell) under 

certain nutrient starvation conditions (Staib and Morschhäuser 2007, Böttcher et al. 2016). Until 

now it is unknown whether chlamydospores have a biological function (Staib and Morschhäuser 

2007, Böttcher et al. 2016). Furthermore, yeast-like morphotypes have been described such as 

opaque cells that play a role in mating (Soll 2004), gastrointestinal-induced transition (GUT) and 

gray cells (Noble, Gianetti, and Witchley 2017, Tao et al. 2014). C. albicans is, in addition, able to 

form (single species or mixed species) biofilms composed of yeast, pseudohyphae and hyphae that 

form a three-dimensional structure surrounded by an extracellular matrix (Blankenship and 

Mitchell 2006). Biofilms are established primarily by planktonic yeast cells that adhere to a suitable 

biotic or abiotic surface (Chin et al. 2016). In the clinical setting C. albicans biofilms formation on 



14 1. Introduction  
implanted devices e.g. on catheters, pacemakers or prosthetic joints are a serious concern as they 

can directly and perpetually seed systemic infections (Nobile and Johnson 2015, Chin et al. 2016). 

Following adhesion, yeast start to proliferate and to form hypha in the initiation stage of biofilm 

formation (Gulati and Nobile 2016). Afterwards, the biofilm starts to mature coinciding with 

repression of yeast and enhancement of filamentous growth (Nobile and Johnson 2015). At this 

stage the three-dimensional structure is developing and the extracellular matrix is built that 

protects the biofilm by maintaining its integrity, preventing the diffusion of administered 

antibiotics/antifungals or other toxic substances from diffusion into the biofilm and/or ultimately 

defends the biofilm against phagocytic activity in the in vivo setting (Blankenship and Mitchell 2006, 

Wall et al. 2019, Chandra et al. 2001). As a consequence, biofilms present a therapeutic challenge 

as they exhibit a high resistance to antifungal drugs and the defense measures of the host immune 

system (Nobile and Johnson 2015). The depletion of nutrients and accumulation of quorum sensing 

molecules inside the biofilm is initiating the dispersal stage that closes the life-cycle of biofilms 

(Blankenship and Mitchell 2006). In the dispersal stage yeast can be released by budding off from 

the top-most hyphal layer from biofilms creating the opportunity to access and colonize new host 

niches (Uppuluri et al. 2010, Gulati and Nobile 2016).  

1.5.4.1. Regulation of the transition from yeast to hypha morphology 
The transition from yeast to hypha has been extensively studied in C. albicans. Hypha formation is 

a two-step process that requires the initiation of filamentation and the maintenance of hyphal 

growth (Martin et al. 2011, Lu, Su, and Liu 2014) and is regulated in a complex signaling network 

(Chen et al. 2020, Noble, Gianetti, and Witchley 2017). Several environmental and nutritional cues 

present in the mammalian host such as physiological temperature (37 °C), serum, neutral/alkaline 

pH, N-acetyl-glucosamine (GlcNAc), elevated CO2 and low O2 concentration alone or in combination 

have the potential to trigger the yeast-to-hypha transition (Fig. 2) (Sudbery 2011, Ernst 2000, Noble, 

Gianetti, and Witchley 2017, Kornitzer 2019, Desai 2018, Taschdjian, Burchall, and Kozinn 1960, 

Biswas, Van Dijck, and Datta 2007). Depending on the signals sensed, different signaling cascades, 

which are partly interconnected, are activated and transduce the signal into the cell resulting in the 

underlying cellular response (Kornitzer 2019, Sudbery 2011). This response can have an extensive 

impact not only on morphology but also on the structure of the cell wall, the gene expression profile 

and the expression of virulence characteristics (Jacobsen et al. 2012, Biswas, Van Dijck, and Datta 

2007). One central signaling pathway involved in the initiation of filamentation is the Ras1-cAMP-

protein kinase A (PKA) pathway (Shapiro, Robbins, and Cowen 2011). Sensing of a broad range of 

environmental stimuli (GlcNAc, CO2, physiological temperature, hypoxia, nutrient limitation and 

serum amongst others) result in the activation of the small GTPase Ras1 (Inglis and Sherlock 2013, 
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Huang et al. 2019, Hogan and Muhlschlegel 2011). By physical interaction, the activated Ras1 

stimulates the enzymatic activity of the downstream located adenylyl cyclase Cyr1, resulting in 

increasing intracellular cAMP level. The cAMP level can be influenced by the phosphodiesterases 

Pde1 and Pde2 that can degrade cAMP (Inglis and Sherlock 2013). However, the Ras1-cAMP-protein 

kinase A (PKA) pathway can also be activated independently of Ras1 through sensing of hyphal 

inducing conditions directly by Cyr1 (Hogan and Muhlschlegel 2011). The cAMP-dependent PKA is 

consisting of the catalytic subunits Tpk1 and Tpk2 and the regulatory subunit Bcy1 (Huang et al. 

2019). Bcy1 is able to bind cAMP, leading to its dissociation from PKA and the release of the catalytic 

subunit (Huang et al. 2019), resulting in the regulation of transcription factors (TFs). The master 

transcriptional regulator downstream of the cAMP-PKA pathway is represented by Efg1 (Bockmühl 

and Ernst 2001) (Biswas, Van Dijck, and Datta 2007). In addition, Ras signaling can activate a 

conserved mitogen-activated protein kinase (MAPK) pathway with the downstream major TF Cph1 

(Inglis and Sherlock 2013, Biswas, Van Dijck, and Datta 2007). Both, Efg1 and Cph1 promote the 

transcription of hypha-associated genes (HAGs). One of the key targets of these TFs is the UME6 

gene coding for a transcriptional regulator that is required for the induction of the hyphal-specific 

G1 cyclin encoded by HGC1 (Carlisle and Kadosh 2010, Zeidler et al. 2009). Besides Hgc1 and Ume6, 

Eed1 is essential for hyphal elongation (Martin et al. 2011, Zheng, Wang, and Wang 2004, Carlisle 

and Kadosh 2010).  
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Fig. 2: Simplified regulatory network for hyphal initiation and elongation adapted from Martin et 

al. (Martin et al. 2011). Hyphal formation requires the initiation of germ tube formation of yeast 

cells (yellow) by sensing environmental signals such as 37 °C, serum components, neutral pH, GlcNAc, 

elevated CO2 or low O2 concentration. Via e.g. the Ras1-cAMP-PKA pathway the signals are 

transduced into the cell resulting in the activation of downstream TFs such as Cph1 and Efg1 

promoting expression of hypha-associated genes. The quorum sensing molecule farnesol (FOH) is 

able to inhibit the yeast-to-hypha transition by binding to the Ras1-cAMP-PKA pathway component 

Cyr1 thereby interfering with cAMP production. The elongation of germ tubes into true hypha (grey) 

requires derepression of genes targeted by the transcriptional repressors Nrg1 and Tup1, and 

expression of UME6 and EED1. In red: homozygous deletion of UME6 or EED1 results in the switch 

from hyphal to yeast cell growth as elongation of germ tubes into hypha could not be maintained. In 

contrast, deletion of TUP1 or NRG1 results in filamentous growth even under conditions that do not 

favor hyphal growth. 

In addition to the positive regulations described above, pathways that are negatively regulating 

morphogenesis exist. Tup1, Nrg1 and Rfg1 represent repressor of filamentation that in the absence 

of hyphal inducing signals prevent hyphal formation (Cleary et al. 2012, Braun et al. 2000, Banerjee 

et al. 2008). Initiation of filamentation requires Nrg1 level to decrease (Braun, Kadosh, and Johnson 

2001) and the subsequent dissociation of Nrg1 allows the GATA family TF Brg1 to recruit the histone 



1. Introduction 17  
deacetylase 1 (Hda1) to the promotor regions of HAGs resulting in chromatin modifications. As a 

consequence, this prevents Nrg1 from binding promoting the elongation of germ tubes into hyphae 

(Lu, Su, and Liu 2012).  

1.5.4.2. The C. albicans EED1 gene 
One of the genes strictly required for hyphal maintenance in C. albicans is EED1 (alias DEF1, EDT1, 

ORF19.7561). EED1 was identified as one of the genes up-regulated in samples from HIV+ patients 

with oropharyngeal candidiasis and in a reconstituted human oral epithelium (RHE) model by 

Zakikhany et al. (Zakikhany et al. 2007). A mutant lacking EED1 (eed1Δ/Δ) is able to initiate hyphal 

growth under hypha-inducing conditions resulting in germ tube formation, but switches back to 

yeast cell growth by budding off yeast at the apical pole, the site of septation and from the mother 

cells after approximately 4 h of growth in vitro (Polke et al. 2017, Martin et al. 2011, Zakikhany et 

al. 2007). Within the time frame of hyphal initiation, the eed1Δ/Δ mutant is able to express HAGs 

such as HGC1, ALS3, HWP1 and UME6 at wild type (WT) levels (Zakikhany et al. 2007, Martin et al. 

2011). With the switch back to yeast growth the expression of HAGs is abolished (Martin et al. 

2011). The phenotype of the eed1Δ/Δ mutant closely resembles the phenotype of a mutant lacking 

UME6, a TF that is also required to maintain hyphal extension (Banerjee et al. 2008). 

The defect in maintaining hyphal elongation, which was found under various hypha-inducing 

conditions (Zakikhany et al. 2007, Martin et al. 2011), resulted in a reduced capacity of the eed1Δ/Δ 

mutant to induce tissue damage in oral epithelial cells and enterocytes and in the RHE model in 

vitro (Wächtler et al. 2011, Zakikhany et al. 2007). Adhesion and invasion of C. albicans was not 

affected by the absence of EED1 (Wächtler et al. 2011, Zakikhany et al. 2007). However, the 

eed1Δ/Δ mutant was unable to escape from epithelial cells but instead remained trapped and 

proliferated in the yeast form in the upper layer of the RHE, the reason why it was termed Epithelial 

Escape and Dissemination (Zakikhany et al. 2007). Martin et al. showed, that EED1 can be integrated 

into the regulatory circuit of hyphal maintenance, as expression of EED1 was regulated by Efg1, 

Nrg1 and Tup1 and that UME6 expression depends on the expression level of EED1 (Fig. 2)(Martin 

et al. 2011).  

Recently it was shown that the eed1Δ/Δ mutant produces high amounts of the quorum sensing 

molecule farnesol (FOH) and, in addition, is hypersensitive to this compound (Polke et al. 2017). 

The presence of small amounts of FOH exert a negative impact on the length of germ tubes and the 

number of cells that are able to initiate filamentation, an effect that could also be observed when 
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cells were seeded in higher densities (Polke et al. 2017). Despite considerable efforts (Polke 2017), 

the molecular function of EED1 remains unknown until today. 

1.5.4.3 Role of morphology during commensalism and disease 
It has been proposed that all morphologies of C. albicans play their own role during commensalism 

and pathogenicity (Jacobsen et al. 2012). This view is supported by the fact that all morphologies 

can be detected during infection in men and mice (Cleary et al. 2016, Di Carlo et al. 2013, Gupta 

2001). As a harmless colonizer of mucosal surfaces of the GI tract and/or the vaginal mucosa, 

C. albicans is primarily found in the yeast form (Willems et al. 2020, Vautier et al. 2015). The yeast-

to-hyphal transition has been linked with the shift from the commensal to the pathogenic state 

(Cleary et al. 2016, Desai 2018). Hyphal formation: I) enables the fungus to invade and II) damage 

epithelial layers and tissues in vitro (Wächtler et al. 2011, Dalle et al. 2010) and in vivo (Felk et al. 

2002); III) represents a mechanism to evade phagocytes, e.g. macrophages after phagocytosis by 

piercing leading to the fungal outgrowth (Lorenz, Bender, and Fink 2004, Miramón, Kasper, and 

Hube 2013); and IV) is linked to the expression of genes coding for virulence factors such as Sap4-

6, Hwp1 and Als3, Ece1 and Hgc1 (Mayer, Wilson, and Hube 2013, Jacobsen et al. 2012). Therefore, 

it is not very surprising that hyphal formation is thought to be closely linked to virulence. During 

the course of infection, the yeast form is believed to promote dissemination through the 

bloodstream, adherence to endothelial cells and to play a role in the establishment of biofilms 

(Thompson, Carlisle, and Kadosh 2011, Jacobsen et al. 2012, Gulati and Nobile 2016). Further 

insights into the role of morphology during infection was obtained by the generation of C. albicans 

strains locked in the yeast or filamentous form, which were tested in different in vitro and in vivo 

infection models. In colonization experiments, yeast-locked strains showed higher and more stable 

colonization levels compared to strains locked in the filamentous form in the GI tract (Vautier et al. 

2015) as well as in the vagina (Peters et al. 2014). Mucosal infection models in vitro (Wächtler et al. 

2011, Zakikhany et al. 2007) as well as in vivo models such as OPC (Swidergall et al. 2019, Park et al. 

2005) and vaginitis models (Peters et al. 2014) revealed that hypha (together with ECE1 expression) 

are essential for pathogenesis whereas yeast appeared to be avirulent. Similar results have been 

obtained for systemic infection models mimicking disseminated C. albicans infections in humans 

(Spellberg et al. 2005): Strains locked in the yeast form such as efg1Δ/Δcph1Δ/Δ (Lo et al. 1997), 

hgc1Δ/Δ (Zheng, Wang, and Wang 2004) and a strain constitutively expressing the hyphal repressor 

NRG1 (tet-NRG1 in the absence of doxycycline (Saville et al. 2003, Saville et al. 2008)) have been 

shown to be avirulent or attenuated in virulence. Although it seems that hyphae are fundamental 

for virulence, hyphal formation alone is not sufficient to drive pathogenesis during systemic 
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candidiasis as mutants locked in a filamentous state such as the tup1Δ/Δ mutant (Cleary et al. 2016, 

Braun et al. 2000), the nrg1Δ/Δ mutant (Murad et al. 2001, Braun, Kadosh, and Johnson 2001) and 

the rfx2Δ/Δ Mutant (Hao et al. 2009) are attenuated in virulence in comparison to the wild type in 

systemic infections as well. Hence, it was therefore concluded that morphological plasticity is 

required for pathogenicity in systemic candidiasis (Kadosh and Lopez-Ribot 2013). 
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2. Aim of this study 
The ability of C. albicans to form hyphae is considered one of its most important virulence factors. 

Hyphae are important for invasive growth and tissue damage (Dalle et al. 2010, Wächtler et al. 

2011, Felk et al. 2002). In addition, upon phagocytosis by professional phagocytes such as 

macrophages, C. albicans is able to initiate the yeast-to-hypha transition within the phagosomes. 

This eventually can lead to fungal outgrowth and damage of the immune cells and therefore 

represents one mechanism of C. albicans to evade the immune system (Lorenz, Bender, and Fink 

2004, Miramón, Kasper, and Hube 2013). Manuscript I (Gerwien et al. 2020) shows that clinical 

vaginal isolates of C. albicans with certain defects in filamentation are less able to damage 

macrophages. In addition, C. albicans mutants unable to form proper hyphae and mutants locked 

in the yeast form are attenuated or even avirulent in murine systemic infection models (Lo et al. 

1997, Zheng, Wang, and Wang 2004, Saville et al. 2008, Saville et al. 2003). On the other hand, 

C. albicans strains locked in the hyphal form are attenuated in virulence as well (Cleary et al. 2016, 

Braun et al. 2000, Murad et al. 2001, Braun, Kadosh, and Johnson 2001, Hao et al. 2009), indicating 

that the reversible transition and the presence of different morphologies in vivo are required for 

proper virulence during systemic candidiasis. The first host cells C. albicans encounters during 

experimentally induced systemic candidiasis are cells of the blood. Manuscript II (Machata et al. 

2021) deals with the establishment of an ex vivo murine whole-blood model to investigate the host-

pathogen interplay early after systemic infection. Interestingly, in contrast to human blood, murine 

blood was not able to kill fungal cells and to prevent hyphal formation. However, hyphal formation 

was not the reason for reduced killing in murine blood, as a filament-deficient strain likewise 

survived. While ex vitro and in vitro experiments are helpful to investigate certain aspects of the 

interaction between a pathogen and the host, they can only in part reflect the complex in vivo 

situation: An eed1Δ/Δ mutant, unable to maintain hyphal growth, shows reduced invasion and 

damage capacities in vitro (Wächtler et al. 2011), surprisingly however, although slightly delayed in 

comparison to the WT, the mutant was causing 100% mortality in a systemic infection model 

(Martin et al., unpublished). These results challenge the long-standing hypothesis of the 

requirement of hyphal formation for virulence during systemic candidiasis. The major aim of this 

study was to characterize the virulence phenotype of strains lacking EED1 or repressing its 

expression in different in vitro and in vivo infection models, and to discover mechanisms leading to 

virulence in the absence of hyphal formation. The results are summarized in manuscript III (Dunker 

et al. 2021). The insights gained from this thesis shed new light on the role of filamentation in 

systemic C. albicans infections. 
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3. Manuscripts 

3.1. Manuscript I: Gerwien et al., mSphere, 2020  
 
Clinical Candida albicans Vaginal Isolates and a Laboratory Strain Show Divergent 
Behaviors during Macrophage Interactions  
Franziska Gerwien, Christine Dunker, Philipp Brandt, Enrico Garbe, Ilse D. Jacobsen, Slavena 
Vylkova 

mSphere. 2020 Aug 19. 5(4):e00393-20. doi: 10.1128/mSphere.00393-20. 

 

Summary 

The opportunistic fungal pathogen C. albicans is the most common cause of vulvovaginal 
candidiasis, affecting 75% of women at least once in their lifetime. Although non-lethal, infections 
can affect quality of life and are globally associated with high medical costs. In this study, C. albicans 
isolates from three different patient groups: I) asymptomatic C. albicans colonization, II) 
symptomatic vulvovaginal candidiasis and III) recurrent vulvovaginal candidiasis were compared 
with the commonly used C. albicans laboratory strain SC5314 regarding their interaction with 
macrophages as key players of the innate immune system. The ability to form hyphae shaped the 
interaction with macrophages in a group-independent manner: Strains capable of proper hyphal 
formation damaged macrophages more efficiently than strains with certain defects in 
filamentation. However, strains that caused symptomatic infections showed a higher β-glucan 
exposure on their surface, indicating that they are potentially more immunoreactive. The results 
show, that although heterogenic with respect to filamentation and macrophage interaction, all 
these strains are highly adapted to their local environment. 
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FIG S1 
 
Filamentation of vaginal isolates in different hypha-inducing media. Color coding indicates the 
isolate type. Degree of hyphal formation (DMEM with macrophages, 24 h, 37°C) is indicated by 
pattern of the bar: ++++, hyphae length exceeds SC5314; +++, SC5314-like hypha length with 
branching; ++, moderate hyphae length with marginal branching; +, short hyphae; –, no hyphae or 
sporadic germ tubes. Incubation time was 6 h (liquid) or 2 days (solid). Composition of media: 
GlcNac (2% N-acetyl-d-glucosamine, 0.5% ammonium sulfate, 0.17% YNB), human serum (10% 
heat-inactivated human serum, 0.5% ammonium sulfate, 0.17% YNB, 2% glucose, 2% agar), or 
Spider (1% nutrient broth, 1% mannitol, 0.2% K2HPO4, 2% agar [pH 7.2]) 
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FIG S2 
 
Filamentation of vaginal isolates with J774.1 macrophages in DMEM. C. albicans strains were 
cocultured with J774.1 macrophages in DMEM (MOI of 5, 24 h). Pictures were taken after 
conducting the macrophage killing assay. Between the three infection-related groups 
(asymptomatic, acute, and recurrent isolates), various isolates showed group-independent 
filamentation defects. Scale bar, 100 μm.     
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 FIG S3 
Gating strategy for staining of C. albicans cell wall components. C. albicans was incubated as 
indicated in YPD or VSM; stained for the respective cell wall components chitin, mannan, and β-
glucan; and analyzed with a FACSVerse (BD Biosciences) counting 10,000 single yeast cells. Gating 
was performed to exclude debris and doublets. The median fluorescence intensity (MFI) was 
quantified and compared to an unstained control. Data analysis was performed using FlowJo 10.6.2 
software. Exemplary measurements for YPD-grown strains SC5314 and JS14 are shown.  
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3.2. Manuscript II: Machata et al., Front. Immunol., 2021  

Significant Differences in Host-Pathogen Interactions Between Murine and Human 
Whole Blood 
Silke Machata, Sravya Sreekantapuram, Kerstin Hünniger, Oliver Kurzai, Christine Dunker, Katja 
Schubert, Wibke Krüger, Bianca Schulze-Richter, Cornelia Speth, Günter Rambach, and Ilse D. 
Jacobsen 

Frontiers in Immunology. 2021 Jan 15. 11:565869. doi: 10.3389/fimmu.2020.565869 

 

Summary 

Systemic candidiasis is often arising as consequence of dissemination of fungal cells via the 
bloodstream. In this study, a human whole-blood model was adapted to murine blood to study the 
complex host-pathogen interplay ex vivo. This publication shows that murine blood significantly 
differs from human blood not only with regards to its composition: While neutrophils are the most 
abundant leukocytes in human blood, lymphocytes are the most frequent cell type in murine blood. 
In contrast to human blood, murine blood was not able to kill fungal cells, and was less able to 
prevent hyphae formation by C. albicans. However, less efficient killing was neither due to hypha 
formation by C. albicans nor due to the reduced number of neutrophils in comparison to human 
blood. Therefore, caution has to be payed when translating data obtained in one host with another. 

 

The candidate is: 
 

 First author,  Co-first author,  Corresponding author,  Coauthor. 
 

Estimated authors’ contributions in %: 

Author Conception Data analysis Experimental Writing Provision of 
the material 

Silke Machata 50 53 64 46 50 
Sravya Sreekantapuram   8   

Kerstin Hünniger  5 5   
Oliver Kurzai      

Christine Dunker  6 8  5 10 
Katja Schubert   2   
Wibke Krüger  6 2   

Bianca Schulze-Richter   1   
Cornelia Speth  10 5 2 10 

Günter Rambach  10 5 2 10 
Ilse D. Jacobsen 50 10  45 20 

 



32 Manuscript II  

 



Manuscript II 33 
 



34 Manuscript II  



Manuscript II 35 
 



36 Manuscript II  



Manuscript II 37 
 



38 Manuscript II  



Manuscript II 39 
 



40 Manuscript II  



Manuscript II 41 
 



42 Manuscript II  

 



Manuscript II 43 
 



44 Manuscript II  



Manuscript II 45 
 



46 Manuscript II  

 



Manuscript II 47 
 

 



48 Manuscript II  

 



Manuscript II 49 
 

 



50 Manuscript II  

 



Manuscript II 51 
 

 



52 Manuscript II  

 



Manuscript II 53 
 

 
 



54 Manuscript III  
3.3. Manuscript III: Dunker et al., Nat. Commun., 2021 
 

Rapid proliferation due to better metabolic adaptation results in full virulence of a 

filament-deficient Candida albicans strain 

Christine Dunker, Melanie Polke, Bianca Schulze-Richter, Katja Schubert, Sven Rudolphi, A. 
Elisabeth Gressler, Tony Pawlik, Juan P. Prada Salcedo, M. Joanna Niemiec, Silvia Slesiona-Künzel, 
Marc Swidergall, Ronny Martin, Thomas Dandekar & Ilse D. Jacobsen 

Nature Communications. 2021 June 23 . 12(1): 3899. doi: 10.1038/s41467-021-24095-8. 
 

Summary 

The yeast-to-hypha transition of C. albicans is considered to be a key virulence factor. This study 
shows that hyphae are required for tissue invasion, damage, and virulence in invasion-based 
infection models. However, hypha formation is not required for virulence in systemic candidiasis, 
as filament-deficient mutants lacking EED1 (expression) were as virulent as the wild type in murine 
infection models resembling catheter-associated candidiasis in humans. Retained virulence of the 
eed1Δ/Δ mutant was associated with rapid yeast proliferation, which is likely the result of better 
metabolic adaptation and increased fitness, leading to high organ fungal burden and disease 
progression indistinguishable from infections caused by the C. albicans wild type. These data 
challenge the central dogma that hypha formation is per se essential for pathogenesis.  
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attenuated in the intraperitoneal infection model, a higher liver fungal burden was observed for 

tet-NRG1- yeast in comparison to the respective WT (Fig. 4c). 

 

 

Fig. 4: tet-NRG1- yeasts are attenuated in the murine intraperitoneal infection model despite higher 

liver fungal burden. Mice were infected intraperitoneally with 1 × 108 cells of C. albicans WT (THE1-

CIp10) or tet-NRG1 in the presence (+) or absence (−) of doxycycline supplied via the drinking water. a) 

Infection with tet-NRG1- yeast resulted in significantly reduced clinical symptoms in mice. The 

semiquantitative clinical score was determined by assessing fur, coat and posture, behavior and 

lethargy, fibrin exudation and other symptoms like diarrhea. The score ranges from 0 (no symptoms) to 

10 (severe illness). b) Damage of liver and pancreas was quantified by measuring serum levels of alanine 

aminotransaminase (ALT) and pancreatic amylase, respectively. Enzyme levels of uninfected mice (n = 

9) served as negative control. c) Fungal burden in the liver. a-c) Respective fungal morphologies are 

depicted in the graph. Data derived from two independent experiments, WT+/- doxycycline and tet-

NRG1- n = 10, tet-NRG1+ n = 8 animals per group. Shown is the median and interquartile range, two-

sided Mann–Whitney test. p values are shown in the graph, asterisks above bars represent significant 

differences compared to the uninfected control *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.   
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5. Discussion 
The transition from yeast to hypha is considered to be one of the key virulence factors of C. albicans 

as it facilitates tissue invasion and damage as well as escape from phagocytes. C. albicans strains 

that are locked in the yeast or the hyphal morphology were repeatedly found to be attenuated or 

avirulent in systemic infection models (Lo et al. 1997, Zheng, Wang, and Wang 2004, Braun et al. 

2000, Braun, Kadosh, and Johnson 2001). Hence, it was argued that the morphological transition in 

either direction is required for full virulence in systemic infections (Kadosh and Lopez-Ribot 2013). 

However, a C. albicans eed1Δ/Δ mutant, although unable to maintain hyphal growth, retains its 

virulence in a murine systemic infection model challenging the central dogma that hypha formation 

is per se essential for pathogenesis.  

 

5.1. Yeast growth of C. albicans results in decreased damage and virulence in 

invasion-based infection models 
Invasion and damage of epithelial and endothelial cells by C. albicans is directly coupled to hypha-

formation associated with the expression of hypha-associated genes (HAGs) and production of the 

Ece1-derived peptide toxin Candidalysin (Richardson et al. 2018, Moyes et al. 2016, Swidergall et 

al. 2019). It is therefore not surprising, that mutants unable to maintain filamentation (eed1Δ/Δ, 

hgc1Δ/Δ), strains unable to filament at all (tet-NRG1-, efg1Δ/Δcph1Δ/Δ), but also the Candidalysin-

deficient ece1Δ/Δ mutant, which forms normal filaments, show a reduced capacity to damage 

epithelial and/or endothelial cells in vitro (Wächtler et al. 2011, Moyes et al. 2016, Dunker et al. 

2021). Consistent with in vitro observations, infection models in mice mimicking superficial 

candidiasis (OPC and VVC) showed the inability of the yeast morphology to induce damage and 

disease, whereas strains able to filament and produce Candidalysin induced tissue damage, which 

coincided with immune cell infiltration, inflammation, and disease progression (Moyes et al. 2016, 

Peters et al. 2014). 

In the eed1Δ/Δ mutant, the switch back to yeast cell growth after hyphal initiation is linked to the 

down-regulation of hypha-associated genes such as ECE1 (Martin et al. 2011). In another filament-

deficient C. albicans strain, the hgc1Δ/Δ mutant, expression of HAGs and filamentation appears 

uncoupled as the mutant is able to express ECE1, HYR1 and HWP1 after 5 h of growth at 37 °C 

(Zheng, Wang, and Wang 2004). Still, this mutant is not able to damage epithelial cells (Wächtler et 

al. 2011), implying that expression of HAGs alone does either not lead to production of a sufficient 

quantity of damaging factors, or these factors are not directed to the hyphal tip in sufficient 

concentrations and therefore cannot unfold their full damage potential. Importantly, although 
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adhesion to and invasion into epithelial and endothelial cells by the eed1Δ/Δ mutant appeared to 

be unaltered (Wächtler et al. 2011), the transient germ tube formation seems not sufficient to 

generate damage. 

Since in vitro models cannot mimic all aspects of the in vivo situation, the C. albicans t-EED1 and 

the tet-NRG1 strains were tested in an intraperitoneal infection model to evaluate the importance 

of hyphal formation (Fig. 4 and Manuscript III, Fig. 1). To induce Candida peritonitis, C. albicans is 

injected into the otherwise sterile peritoneal cavity of immunocompetent mice. The model mimics 

e.g. catheter-induced C. albicans peritonitis after peritoneal dialysis, required in patients with 

restricted kidney function or end-stage kidney disease (Hu et al. 2019, Prasad and Gupta 2005). 

From the peritoneal cavity C. albicans is able to cross the peritoneum and invades deeply into the 

underlying intraperitoneal organs such as the liver and the pancreas via hyphal formation. In 

contrast to filamenting strains (WT± doxycycline, tet-NRG1+, t-EED1-), yeast strains (t-EED1+ and 

tet-NRG1-) were unable to cause liver and pancreas damage as measured by the concentration of 

tissue specific enzymes in the blood of the mice in comparison to the WT. However, although not 

able to form proper hyphae, t-EED1+ yeast were detected below the liver capsule (Manuscript III, 

Fig. 1c) indicating that either hyphal formation was not required or that transient filamentation was 

sufficient for superficial invasion into this organ. These results are in line with observations made 

in a RHE model in vitro by Zakikhany et al.: The eed1Δ/Δ mutant was able to invade into the 

uppermost cell layer, proliferated within these cells but caused no detectable damage (Zakikhany 

et al. 2007). Replication in the liver tissue resulted in higher CFU levels for the t-EED1+ but also for 

tet-NRG1- yeast when compared to the respective WT (Fig. 4c and Manuscript III, Fig. 1e). However, 

liver fungal burden for t-EED1+ yeast was approximately 7-fold higher than for tet-NRG1- yeast, 

indicating that either the genetic basis of filament-deficiency affects the ability to proliferate, or 

that transient filamentation provides access to tissue that provides a better nutrient source. Since 

both mutants were attenuated in their ability to cause organ damage, it can be concluded that 

hyphal formation is required for deep invasion of tissues in vivo, ultimately resulting in measurable 

tissue damage.  

 

5.2. In the absence of EED1 expression, C. albicans yeast retain their virulence 

potential in a murine systemic infection model 
Systemic fungal infections are a serious concern especially in the ICU (Girmenia et al. 2011). Two 

mouse models to study invasive Candidiasis and investigate fungal virulence and the complex host-

pathogen interplay in mice exist: The systemic, intravenous infection model and the gastrointestinal 

colonization model in which stable colonization is obtained by antibiotic and dissemination is 
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subsequently induced by antibiotic and immunosuppressive treatment (Koh et al. 2008, MacCallum 

2012). The GI tract is the main reservoir of C. albicans in humans and is suggested to be the primary 

endogenous source of systemic infection (Nucci and Anaissie 2001, Miranda et al. 2009). In the 

commensal state C. albicans is primarily found in the GI tract in the yeast morphology (Vautier et 

al. 2015) although hyphal forms can be observed as well (Vautier et al. 2015, Böhm et al. 2017, 

Witchley et al. 2019). When mice were colonized orally with the eed1Δ/Δ mutant, colonization 

levels in the GI tract were higher than for the WT in immunocompetent antibiotic-treated mice 

(Manuscript III, Fig. 2d). This is in accordance with previous data showing that the yeast-locked 

efg1Δ/Δcph1Δ/Δ and the hgc1Δ/Δ mutant reach higher colonization levels in the murine GI tract 

(Vautier et al. 2015). In contrast, the filamentous nrg1Δ/Δ and tup1Δ/Δ mutant showed reduced 

colonization levels (Koh et al. 2008, Vautier et al. 2015). In addition, the regulable tetO-UME6 strain 

colonized the GI tract comparable to the WT, when kept in the yeast morphology by addition of 

doxycycline to the drinking water. However, when the strain was enforced to filament by 

withdrawal of doxycycline, colonization level rapidly declined but recovered to normal levels when 

doxycycline was administered again and the yeast morphology was recovered (Vautier et al. 2015), 

further emphasizing the importance of yeast cell growth for colonization. In the healthy host, the 

mucosal barrier in addition to a functional immune system prevents C. albicans translocation. 

When the mucosal barrier is breached e.g. by gastrointestinal surgery and/or the individual is 

severely immunosuppressed e.g. due to myelosuppressive cancer therapy (Moore, Leef, and Pang 

2003) C. albicans is able to translocate from the GI tract. It still remains unknown how C. albicans is 

translocating across the intestinal barrier. Filamentation is required for translocation of epithelial 

cells in vitro (Allert et al. 2018), and has been suggested to be required for translocation by Koh et 

al. in vivo in conjunction with disturbed barrier function and immunosuppression (Koh et al. 2008). 

However, in the study by Koh et al., a WT strain was compared with the non-filamentous 

efg1Δ/Δcph1Δ/Δ mutant that is avirulent in murine systemic infection models (Lo et al. 1997). Since 

survival after dissemination served as read out, it appears possible that this mutant might had 

translocated to the same extent as the WT but, due to its intrinsic virulence defect, was nonetheless 

unable to cause lethal disease. In another study, translocation (based on organ fungal burden) has 

been observed in immunocompetent mice independent of fungal morphology (Vautier et al. 2015). 

Translocation from the GI tract is primarily resulting in dissemination to the liver via the hepatic 

portal circulation manifesting as hepatosplenic candidiasis (Moore, Leef, and Pang 2003), but in 

principle every organ can get affected. In accordance with that, low level dissemination of the WT 

to the liver but not to the kidney was observed in immunocompetent mice, whereas in only 1/4 

mice dissemination to the liver was observed for the eed1Δ/Δ mutant (Manuscript III, Fig. 2f). This 
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suggests that in vivo, as in vitro, hyphae are required for active translocation. However, increased 

dissemination of the WT and the eed1Δ/Δ mutant to the kidneys and the liver was observed upon 

cyclophosphamide treatment, a drug that, in combination with other medications, is used by 

clinicians to treat hematological malignancies (Miyazaki and Hirano 1996). Cyclophosphamide 

reduces the numbers of immune cells but, as unwanted side effect disturbs the intestinal barrier 

function (Koh et al. 2008, Owari et al. 2012, Yang et al. 2013), in consequence likely resulting in the 

dispensability of hyphal formation for the translocation process. Interestingly, fungal burden of the 

eed1Δ/Δ mutant in the kidney were significantly higher than fungal burden of the WT in antibiotic-

treated immunosuppressed mice (Manuscript III, Fig. 2f). However, whether this is due to 

enhanced translocation or due to increased proliferation within the kidney (see also discussion 

below), remains speculative. Therefore, the fungal morphology is likely irrelevant for translocation 

in an immunosuppressed host but might rather decide how the infection progresses once 

C. albicans disseminates via the blood stream and reaches deeper tissues. 

Another common route of systemic infection in the nosocomial setting is catheter-associated 

systemic candidiasis in humans. The mouse model of systemic candidiasis is the gold standard 

model used to study host-pathogen interactions and pathogenesis during systemic infections 

(MacCallum 2012, Spellberg et al. 2005). Surprisingly, EED1 deficient/repressing C. albicans nutants, 

unable to maintain hyphal growth were as virulent as the WT in systemic infection in mice when 

intermediate infectious doses were used (Manuscript III, Fig. 3c). This finding is in stark contrast to 

the generally accepted assumption that hyphal formation is a prerequisite for the virulence 

potential of C. albicans in this model. In addition, another interesting observation was made: When 

infectious doses were lower or higher an inverse correlation was observed. Lower infectious doses 

led to enhanced virulence of the eed1Δ/Δ mutant whereas infection with high doses of t-EED1+ 

yeast resulted in delayed mortality compared to infections caused by the WT (Manuscript III, Fig. 

3a,b). These findings challenge the long-standing hypothesis that C. albicans yeast cells are per se 

less or even avirulent. In fact, in the yeast-locked mutants that were found to be avirulent in 

systemic infections, important transcription factors have been deleted (efg1Δ/Δcph1Δ/Δ mutant) 

(Lo et al. 1997), or a transcriptional repressor of hyphal formation was constitutively expressed (tet-

NRG1 without doxycycline) (Saville et al. 2008, Saville et al. 2003). Efg1 and Cph1 represent 

downstream transcription factors of the cAMP-PKA and MAPK pathway, respectively, which 

function not only on the level of filamentation. Efg1, for example, is also responsible for the 

regulation of metabolic genes, for the expression of genes in response to hypoxia (Doedt et al. 

2004), and genes involved in cell wall biogenesis (Doedt et al. 2004, Sohn et al. 2003). It is therefore 

not surprising that this filament-deficient mutant, which is lacking two central TFs, shows 
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attenuated fitness and virulence in the systemic infection model, likely as combined consequence 

of the absence of hypha formation and other pleiotropic effects (Saville et al. 2003). The tet-NRG1 

strain is unable to form hypha in the absence of doxycycline due to the continuous expression of 

the transcription factor and repressor of hyphal formation Nrg1 (Saville et al. 2008, Saville et al. 

2003, Cleary and Saville 2010). Mice even survived when systemically challenged with doses as high 

as 1.7x106 CFU/mouse of tet-NRG1- yeast (equaling approximately 8.5x105 CFU/g bodyweight 

assuming that mice weigh approximately 20 g) (Saville et al. 2008). As Nrg1 is regulating the 

expression of various hypha-associated genes such as HWP1 and ALS3, it cannot be excluded that 

other processes dependent on NRG1 led to the observed phenotype (Cleary and Saville 2010, Saville 

et al. 2003). Taken together, strains that were used in the past to analyze the importance of the 

yeast morphology for systemic infection are likely biased as the genes that were deleted encoded 

important regulators regulating more than just fungal morphology. Pleiotropic effects of EED1-

deficiency cannot be excluded as well. Unfortunately, the molecular function of EED1 is still 

unknown (Martin et al. 2011, Polke et al. 2017). EED1 is considered a unique gene of C. albicans 

with a distant uncharacterized ortholog found in C. dubliniensis (Polke 2017) and is likely not coding 

for a transcription factor as no DNA-binding domains were identified (Martin et al. 2011). EED1 is 

distantly related to S. cerevisiae DEF1 (Polke 2017), coding for a RNA polymerase II degradation 

factor with multiple biological functions (Stepchenkova, Shiriaeva, and Pavlov 2018). The only motif 

of the Eed1 protein that could indicate a cellular function is a central glutamine- and proline-rich 

region (Martin et al. 2011, Polke 2017), which could be involved in protein-protein interactions 

(Martin et al. 2011, Tanaka, Clouston, and Herr 1994, Xiao and Jeang 1998). Nevertheless, 

C. albicans EED1-deficient or repressing cells are the first mutants that are fully virulent in systemic 

infection models in immunocompetent mice despite the lack of hyphal maintenance. 

In this study, all C. albicans strains were injected into the bloodstream via the lateral tail vein of 

mice in the yeast morphology to induce systemic candidiasis. Systemic distribution of fungal yeast 

cells over the bloodstream happens fast: A 20 g mouse has an approximate blood volume of 1.2- 

1.6 ml (6-8% of bodyweight) and a cardiac output of 14.3 ml/min (Wiesmann et al. 2000), hence 

the blood volume is circulating 9-12 times per minute. C. albicans is rapidly disappearing from 

circulating blood, with only 10% of the initial inoculum present 10 min p.i. (MacCallum and Odds 

2005), and less than 1% present 1 h p.i. (Lionakis et al. 2011). Using low infectious doses, viable 

C. albicans cells were no longer found in murine blood 5 h p.i., and only occasionally thereafter, 

when intermediate infectious doses were administered (MacCallum and Odds 2005). The first host 

cells C. albicans encounters in the systemic infection model are blood cells. As murine blood, in 

stark contrast to human blood, is not able to kill C. albicans in whole-blood infection models in vitro 
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(Manuscript II, Fig. 1a,b), disappearance of C. albicans from the blood stream after infection is likely 

due to adhesion to the endothelium lining the blood vessels (and subsequent escape into deeper 

tissues) rather than to the result of extensive killing by circulating immune cells. Resident 

macrophages of the spleen (marginal zone macrophages) and the liver (Kupffer cells) contribute to 

filter C. albicans from the blood, as depletion of these cells in mice slowed down the clearance of 

fungal cells from the blood system (Qian et al. 1994) and increased the number of fungal cells 

deposited in the kidneys (Sun et al. 2019). As fast as C. albicans is disappearing from the blood 

stream, it can be found in all internal organs (MacCallum and Odds 2005, Lionakis et al. 2011). In 

order to establish deep-seated infections, following adhesion C. albicans needs to traverse from 

the bloodstream through the endothelium (Filler et al. 1995). Evidence exists that hyphae perform 

better in adhering to epithelial and endothelial cells than yeast cells under static conditions because 

they express hypha-associated adhesins such as Als3 and Hwp1 (Wilson, Naglik, and Hube 2016). 

However, under flow conditions which more closely resemble the in vivo situation in the blood 

stream, it has been shown that yeast cells adhere better than hyphae (Wilson and Hube 2010, 

Grubb et al. 2009). In addition, an als3Δ/Δ mutant that is still forming hypha is defective in adhesion 

to endothelial and epithelial cells under static condition (Zhao et al. 2004). In contrast, under flow 

conditions yeast and hyphal cells of an als3Δ/Δ mutant adhered to the same extent as the WT to 

endothelial cells (Cleary et al. 2011). Nonetheless, hyphal formation is likely not required for 

traversal from the blood stream in vivo as all yeast-locked strains and strains unable to maintain 

hyphal growth were detected within kidney parenchyma after intravenous challenge in this study 

and by others (Saville et al. 2003, Wartenberg et al. 2014, Zheng, Wang, and Wang 2004, Grubb et 

al. 2009). C. albicans can induce its own endocytosis by vascular endothelial cells, a passive process 

that requires no metabolically active cells since living and killed fungal cells can be taken up (Filler 

et al. 1995). Two mechanisms of escape from endothelial cells to the abluminal side exist: On the 

one hand C. albicans can form hyphae upon contact with endothelial cells leading to invasion, cell 

damage and subsequent translocation to the other side. On the other hand endothelial cells can 

transport fungal cells, as upon phagocytosis by endothelial cells, C. albicans was found in phagocytic 

vacuoles that opened up at the abluminal side, which was observed for killed yeast as well (Filler et 

al. 1995). The latter would also explain how non-filamentous species such as C. auris and C. glabrata 

are able to establish systemic candidiasis and reach deeper tissues. Therefore, C. albicans can 

traverse the endothelial lining independent of the fungal morphology. However, given the fact that 

induced endocytosis happens within 2 h p.i. in vitro (Filler et al. 1995), C. albicans cells lacking or 

repressing EED1 likely traversed before differences in morphology in comparison to the WT become 
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apparent (EED1-deficient strains switch back to yeast cell growth after approximately 4 h), a view 

that is supported by Grubb et al. (Grubb et al. 2009).  

Within 6 h p.i. with an intermediate infectious dose, WT+ and t-EED1+ yeast had traversed 

successfully and reached similar fungal burden in kidney, liver and spleen, which was in the range 

of the infectious dose whereas the brain showed an initial 10-fold lower involvement (Fig. 5). In 

accordance with previous work by others (Lionakis et al. 2011, MacCallum and Odds 2005), after 

reaching all internal organs fungal burden progression was organ-specific: Fungal burden declined 

in liver and spleen of WT-infected mice but not in the kidney and in the brain. The highest fungal 

burden was detected in the kidney, the main target organ of disseminated candidiasis in mice 

(Manuscript III, Fig. 3e). Different reasons could explain why the kidney is the primary target orgen: 

(I) Despite their small size, kidneys of mice receive 9-22% of the cardiac output. Most of the blood 

is directed to the glomerular capillaries within the cortex (Munro, Hohenstein, and Davies 2017), 

probably resulting in high numbers of C. albicans cells concentrated within this tight area of the 

kidney. (II) Fungal traversal from the blood stream might be eased in the kidneys by fenestrations 

in the endothelium (Grubb et al. 2008), transcellular holes with 60-70 nm in diameter that enable 

blood filtration (Satchell and Braet 2009). (III) The kidney possesses a lower number of tissue 

residential immune cells compared to other organs (Fig. 6). In combination with a delay in immune 

cell infiltration (Lionakis et al. 2011) these factors might explain why the kidneys are especially 

vulnerable to systemic candidiasis. Fungal replication in the kidney starts already 10 h after 

experimentally induced systemic infection (MacCallum and Odds 2005). Surprisingly, the eed1Δ/Δ 

mutant massively proliferated, especially in the kidney of mice reaching 25-fold higher levels than 

the WT and filamentous t-EED1- strain after 24 h p.i. Within a short time frame of 18 h (between 6 

h p.i. and 24 h p.i.), the fungal burden of t-EED1+ yeast increased 100-fold in immunocompetent 

mice (Manuscript III, Fig. 3e). The fungal burden of tet-NRG1- yeast increased as well, reaching 

highest levels 72 h p.i (Manuscript III, Supplementary Fig. 4d). However, for this mutant the onset 

of fungal replication started later (after 24 h p.i.) than observed for t-EED1+ yeast (after 6 h p.i.). In 

addition, with a 10-fold lower fungal burden in the kidneys, tet-NRG1- yeast never reached the high 

fungal burden found for t-EED1+ yeast. Similar observations have been made by others for the 

avirulent efg1Δ/Δcph1Δ/Δ mutant, that was shown to be able to replicate in vivo (Chen et al. 2006). 

However, fungal burden remained 10-fold lower compared to the respective WT (Chen et al. 2006) 

and 10-fold lower than observed for EED1 deficient/repressing C. albicans yeast. These results 

indicate that yeast can proliferate in vivo in the absence of hypha formation. However, although 

they share the same morphology, these yeast cells differ: Deletion or repression of EED1 in 

C. albicans led to the highest kidney fungal burden observed with a filament-deficient mutant. As 
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the WT and the t-EED1- filamenting strain, in moribund mice t-EED1+ yeast were found in the renal 

pelvis. Whereas filamentous strains diffusely grew through the tissue, t-EED1+ yeast were found in 

large numbers mainly within tubules (Manuscript III, Fig. 3d). Accumulation of cells within close 

proximity or aggregate formation might display a mechanism of immune evasion as it hinders 

phagocytosis of fungal cells by immune cells, a mechanism that has been proposed to promote 

virulence of C. auris (Xin et al. 2019). Noteworthy, while the liver and the spleen were able to 

initially restrict growth of t-EED1+ yeast after infection with intermediate doses, both organs were 

unable to completely contain yeast growth as t-EED1+ yeast started to replicate after 48 h and 72 

h, respectively, in stark contrast to WT cells and the t-EED1- filaments (Manuscript III, Fig. 2e). 

Therefore, in t-EED1+ yeast infected mice, multi-organ involvement could contribute to multi-organ 

failure, whereas for WT and t-EED1- infections the kidney was the primarily affected organ.  

Interestingly, with lower infectious doses (104 and 103 CFU/g body weight) the eed1Δ/Δ mutant 

appeared to be even more virulent than the WT strain in immunocompetent mice (Manuscript III, 

Fig. 3a). Fungal burden increased rapidly in the kidney as well: When moribund after challenge with 

104 CFU/g body weight, the renal fungal burden had increased 1532-fold in eed1Δ/Δ mutant and 

only 13.6-fold in WT infected mice with median survival times of 6 d and 8 d, respectively (Fig. 7 

and Fig. 8). With an infectious dose of 103 CFU/g body weight the majority of the mice infected with 

the WT (6/7) survived until the end of the experiment (Manuscript III, Fig. 3a), an effect that had 

been described before to happen with infectious does lower than 104/g body weight by MacCallum 

and Odds (MacCallum and Odds 2005). Again, the kidneys were the organs most affected by fungal 

growth, whereas the WT was cleared from liver spleen and brain (Fig. 9). Although most of the WT-

infected mice survived the challenge until the end of the experiment, the kidneys showed a fungal 

burden comparable to mice that succumbed to infection with higher infectious doses (Fig. 7). Since 

for fungal burden determination both kidneys were sampled together, it cannot be excluded that 

unilateral kidney involvement, that can be observed with low infectious doses (MacCallum and 

Odds 2005), is the reason for the high fungal burden in surviving mice. This is supported by gross 

pathology as in 4/7 mice one kidney appeared healthy and normal in weight, whereas the other 

appeared partly or completely pale, swollen and showed an increase in size and weight. In contrast, 

only 3/8 mice survived in the eed1Δ/Δ mutant-infected group (median survival time 12.5 d; 

Manuscript III, Fig. 3a). In all mice infected with the eed1Δ/Δ mutant fungal cells could be recovered 

from the kidney, although mice that survived showed a lower kidney fungal burden (Fig. 9). In 

addition, fungal cells could be recovered from mice that succumbed to infection from the brain, 

whereas liver and spleen where less affected by fungal growth with 3/8 and 4/8 mice affected, 

respectively. Consequently, the eed1Δ/Δ mutant rapidly proliferated in murine kidneys 
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independent of the infectious dose applied; however, the time to reach the threshold of eed1Δ/Δ 

yeast cells in the kidney incompatible with survival of mice was longer with lower infectious doses. 

 

5.3. The eed1Δ/Δ mutant rapidly proliferates in vivo  
In order to replicate rapidly in vivo, the C. albicans EED1 deficient/repressing yeast must be able to 

withstand the attack of phagocytes that form the first line of the host defense, and gain access to 

nutrients. As phagocytosis was not affected by the absence of EED1 and killing by macrophages 

after 6 h was even higher for the mutant in vitro (Manuscript III, Fig. 5), decreased fungal killing 

could not be the reason for the rapid increase in fungal burden. Immune cells are the first cells in 

the blood as well as in tissues after systemic infections that encounter fungal cells. After 

phagocytosis by professional phagocytes, fungal cells are contained in phagosomes that mature by 

fusion with lysosomes into phagolysosomes. These phagolysosomes generate an acidic, hostile 

environment that is poor in nutrients (Lorenz, Bender, and Fink 2004). C. albicans is able to initiate 

the yeast-to-hypha transition within the phagosome and eventually grows out by piercing the 

membrane of macrophages (Miramón, Kasper, and Hube 2013, Ghosh et al. 2009). In addition, 

C. albicans can trigger macrophages to undergo pyroptosis, an inflammasome-mediated 

programmed cell death. Although pyroptosis is a hypha-independent killing mechanism, filaments 

induce higher levels of pyroptosis than yeast (Wellington, Koselny, and Krysan 2012, Wellington et 

al. 2014, Krysan, Sutterwala, and Wellington 2014). Overall, C. albicans strains able to robustly form 

hyphae have a greater capacity to damage macrophages than strains that show impaired or no 

hypha formation (Manuscript I, Fig. 1a)(McKenzie et al. 2010). Although not able to escape by 

hypha formation, the yeast-locked C. albicans efg1Δ/Δcph1Δ/Δ mutant, the non-filamentous 

Candida species C. glabrata, (Kaur, Ma, and Cormack 2007, Seider et al. 2011, Rai et al. 2012, 

Wartenberg et al. 2014, Lorenz, Bender, and Fink 2004) and C. auris (personal communication with 

Dr. Stefanie Allert) as well as the dimorphic opportunistic fungal pathogen Talaromyces marneffei, 

which grows as yeast in the host (Pongpom et al. 2017) have been shown to replicate within 

macrophages, giving rise to the assumption that sufficient nutrients are present. The exact 

composition of nutrients in phagolysosomes is not known (Lorenz, Bender, and Fink 2004), but it is 

reasonable to assume that they contain carboxylic acids, proteins, peptides, amino acids, fatty 

acids, and the amino sugar GlcNAc, a potent inducer of hyphal formation (Alvarez and Konopka 

2007, Vesely et al. 2017, Lorenz and Fink 2001, Williams and Lorenz 2020, Min, Naseem, and 

Konopka 2019). C. albicans mutants unable to import or catabolize GlcNAc and amino acids have 

been shown to be more prone to killing by macrophages (Vesely et al. 2017, Vylkova and Lorenz 

2014), and are attenuated in virulence in murine systemic infection models (Singh, Ghosh, and 
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Datta 2001, Vylkova and Lorenz 2014) indicating that both nutrients are available carbon sources 

in macrophages and in vivo. Evidence exists that the eed1Δ/Δ mutant, which shows enhanced 

growth on amino acids, GlcNAc and citrate (Manuscript III, Fig. 6), is able to replicate within 

macrophages (Wittig 2016; Polke and Dunker et al., unpublished): 6 h after infection of human 

monocyte-derived macrophages, the number of eed1Δ/Δ mutant cells contained per macrophage 

increased in comparison to 1 h whereas for the WT the number of internalized cells remained 

unaltered over time (Wittig 2016). In addition, time-lapse microscopy showed that the eed1Δ/Δ 

mutant can escape from some macrophages by intracellular replication leading eventually to the 

rupture of the macrophage membrane within approximately 10-12 h, while the WT is able to pierce 

the membrane of some macrophages after 6-9 h (Wittig 2016; Polke and Dunker et al., 

unpublished). These observations are currently under further investigation. During the infection of 

tissues C. albicans is able to metabolize carbon by glycolysis, gluconeogenesis, the glyoxylate cycle, 

amino acid degradation and fatty acid ß-oxidation (Miramón and Lorenz 2017). It is assumed that 

especially early in infection, phagocytosed fungal cells shift their metabolism from glycolysis to 

gluconeogenesis and the glyoxylate cycle (Williams and Lorenz 2020, Barelle et al. 2006, Lorenz, 

Bender, and Fink 2004). In later stages of infection, fungal cells heterogeneously perform mainly 

glycolysis but also gluconeogenesis (Barelle et al. 2006), indicating that to some extent glycolytic 

substrates must be available in tissues. Mutants with defects in either pathway are attenuated to 

some degree in virulence during systemic candidiasis suggesting that all pathways contribute to the 

virulence potential of C. albicans (Lorenz and Fink 2001, Barelle et al. 2006, Ramírez and Lorenz 

2007). In tissues, preferred glycolytic substrates like glucose are scarce and C. albicans, in addition, 

has to compete with infiltrating immune cells as well, which in order to unfold their full 

antimicrobial potential are dependent on glucose metabolism (Tucey et al. 2018). Sources of energy 

for C. albicans might derive from metabolism of carboxylic acids such as citrate, likely abundant in 

the renal cortex (discussed in detail in Manuscript III), of amino acids as break down products of 

proteins, but also from the amino sugar GlcNAc that can be fed into glycolysis (Min, Naseem, and 

Konopka 2019). GlcNAc is part of glycosaminoglucans such as hyaluronic acid and thereby present 

in the extracellular matrix of all tissues and organs (Frantz, Stewart, and Weaver 2010, Bülow and 

Boor 2019). During systemic candidiasis, infection with the WT leads to the accumulation of 

hyaluronic acid (Ruhela et al. 2015), likely as a result of kidney injury that actively triggers its 

production (Jiang, Liang, and Noble 2011). Via the hexokinase Hex1 C. albicans is able to degrade 

hyaluronic acid in vitro and in vivo resulting in the release and free availability of GlcNAc (Ruhela et 

al. 2015) that could fuel the fungal metabolism. The importance of GlcNAc metabolism is 

demonstrated by a mutant lacking HEX1, which shows attenuated virulence in the systemic 
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infection model (Ruhela et al. 2015). It is therefore likely, that enhanced GlcNAc assimilation by 

EED1 deficient or repressing yeast cells contributes to intracellular replication in macrophages but 

also to the replication in tissues in vivo. The importance of proteins and their breakdown products 

(amino acids) as carbon and nitrogen sources in vivo is displayed by the fact that amino acid 

auxotrophies of C. albicans strains had no impact on virulence in systemic infections (Noble and 

Johnson 2005) suggesting that amino acids are available in adequate concentrations in vivo. In the 

presence of bovine serum albumin (BSA) as sole nitrogen source (Staib et al. 2008) the eed1Δ/Δ 

mutant showed an early onset of growth indicating that the mutant is proteolytically more active 

than the WT in vitro (Manuscript III, Fig. 6). However, it has to be noted that in vitro growth 

experiments were conducted at pH 4, the optimal pH for the activity of the proteases Saps1-3 that 

are primarily yeast-associated (Naglik et al. 2004). Not surprisingly, the SAP1 and SAP3 genes were 

up-regulated during growth on amino acids at 37°C in the eed1Δ/Δ mutant in vitro (Manuscript III, 

Supplementary Fig. 16b), which might explain the observed phenotype. The pH of 4 differs greatly 

from physiological pH 7.4 in tissues; however, inflammation is known to reduce the local pH, 

although it drops only as low as pH 6 in tissue (Dong et al. 2013). This is still within the pH optimum 

of the hypha-associated Saps 4-6 which is pH 5-7 (Naglik et al. 2004). It might nevertheless be 

possible, that the eed1Δ/Δ mutant benefits from higher proteolytic activity e.g. in the acidic 

environment of the phagolysosomes of macrophages that has a pH between 4.5-5.5 (Seider et al. 

2011). If this contributes to immune evasion remains to be determined.  

Another factor that could have an impact on fungal proliferation, especially of the eed1Δ/Δ mutant, 

is farnesol. The quorum sensing molecule has been shown to be produced by the eed1Δ/Δ mutant 

in high amounts in vitro and is in part contributing to the defect in hyphal maintenance: When FOH 

was not able to accumulate in the supernatant due to flow conditions, the maintenance of 

filamentation of the eed1Δ/Δ mutant was prolonged leading to longer initial filaments than under 

static conditions (Polke et al. 2017). It is conceivable that C. albicans is producing FOH in vivo 

(Hornby et al. 2001). This might be especially true for the eed1Δ/Δ mutant that endogenously 

produces high amounts of FOH in vitro (Polke et al. 2017) and reaches high cell densities especially 

in the kidneys as shown in this thesis. It is, however, uncertain, which concentrations of FOH are 

produced and present in C. albicans infected tissues as FOH is able to diffuse and integrate into host 

membranes (Langford, Atkin, and Nickerson 2009, Nickerson et al. 2012). The presence of FOH in 

tissues could have many implications on pathogenesis. FOH has been shown to: (I) attract 

macrophages in vitro and in vivo (Hargarten et al. 2015), (II) low-grade activate neutrophils and 

monocytes (without having an impact on fungal phagocytosis or killing) (Leonhardt et al. 2015), (III) 

induce the formation of neutrophil extracellular traps (NETs) in vitro (Zawrotniak, Wojtalik, and 
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Rapala-Kozik 2019), which are web-like structures, decorated with antimicrobial granule proteins, 

able to trap and kill C. albicans (Mantovani et al. 2011, Urban et al. 2006); (IV) alter the 

differentiation of monocytes into DCs (Leonhardt et al. 2015), (V) shift the immune response 

towards an unprotective Th2 rather than a protective pro-inflammatory Th1 response (Navarathna, 

Nickerson, et al. 2007), (VI) protect C. albicans from oxidative stress in vitro (Westwater, Balish, and 

Schofield 2005), and (VII) modulate the fungal metabolism (Han, Cannon, and Villas-Bôas 2012a). 

The attraction of higher numbers of immune cells at later time points in response to C. albicans t-

EED1+ yeast (Manuscript III, Fig. 4b) might therefore be also a consequence of increased FOH 

production by the yeast cells. Han et al., showed, that when yeast growth of C. albicans was 

enforced under hypha-inducing conditions by addition of FOH, pathways involved in central carbon 

and energy metabolism were overall up-regulated (Han, Cannon, and Villas-Bôas 2012a), whereas 

the transition from yeast to hyphal growth is associated with down-regulation of metabolism 

accompanied by lower ATP production (Han, Cannon, and Villas-Bôas 2012b). This might, in part, 

explain the better initial growth of the eed1Δ/Δ mutant in the presence of different carbon sources 

(Manuscript III, Fig. 6). Interestingly, exogenous addition of FOH to the WT dose-dependently 

promoted the growth of the WT to almost eed1Δ/Δ mutant level in media containing citrate as sole 

carbon source and led to a dose-dependent earlier onset of growth in media with BSA as sole 

nitrogen source at 37 °C (Zeuch 2019). Thus, the production of FOH by the eed1Δ/Δ mutant in vivo 

might be advantageous as it potentially allows the mutant to better use alternative carbon sources, 

thereby increasing the fitness of the mutant in the absence of filamentation. Because FOH is able 

to block one of the most important virulence traits, the yeast-to-hypha transition, and prevents 

biofilm formation, it was considered to be a useful therapeutic target to lower the pathogenic 

potential of C. albicans. (Hornby et al. 2001). While in superficial candidiasis models FOH was 

proven to have a positive impact on disease progression (Hisajima et al. 2008), in systemic infection 

the obverse effect was observed: Administration of FOH either intraperitoneally or orally in the 

drinking water promoted infection and led to accelerated mortality (Navarathna, Hornby, et al. 

2007). Likewise, strains producing higher FOH concentrations in vitro turned out to be more virulent 

in systemic infection than strains that endogenously produce less FOH like an dpp3Δ/Δ mutant, that 

despite proper hyphal formation showed attenuated virulence (Navarathna, Hornby, et al. 2007). 

Interestingly, the application of exogenous FOH resulted in early and rapid fungal replication in the 

kidneys of infected mice (Navarathna, Hornby, et al. 2007), similar to what was observed in this 

thesis with C. albicans strains lacking or repressing EED1. Fungal replication in the kidney started 

between 8 and 12 h p.i. when FOH was administered to mice, whereas infection with the same 

strain in absence of FOH reached these high fungal burdens only 48 h later, indicating that FOH acts 
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as a virulence factor of C. albicans in systemic infection (Navarathna, Hornby, et al. 2007, 

Navarathna, Nickerson, et al. 2007). It is therefore likely that the increased FOH production by 

C. albicans in absence of EED1 speeds up fungal replication in the kidneys, probably by altering 

fungal metabolism. Exogenously applied FOH to mice, however, had no effect on fungal 

morphology of the WT (Navarathna, Hornby, et al. 2007). It might be possible, that FOH 

concentration necessary to affect fungal metabolism is lower than the level for filamentation; in 

that case WT metabolism could be altered despite hyphal formation. However, it cannot be 

excluded that other factors, e.g. immunomodulation, contribute to the observed phenomenon. 

Interestingly though, the filamentous nrg1Δ/Δ and tup1Δ/Δ mutants are producing high amounts 

of FOH (Kebaara et al. 2008) but show reduced virulence in a systemic infection model (Murad et 

al. 2001, Braun, Kadosh, and Johnson 2001). In contrast to an eed1Δ/Δ mutant, however, both 

mutants are unresponsive to FOH with regards to fungal morphology (Kebaara et al. 2008). 

Consequently, the nrg1Δ/Δ and the tup1Δ/Δ mutant grow constitutively as hyphae or 

pseudohyphae respectively, even under non-hypha inducing conditions and in the presence of FOH 

(Braun et al. 2000, Cleary et al. 2016, Braun, Kadosh, and Johnson 2001, Kebaara et al. 2008). In 

fact, filamentous mutants such as the nrg1Δ/Δ mutant are cleared more efficiently from infected 

tissue after injection in the filamentous form (Cleary et al. 2016). Regulable strains, such as the tet-

NRG1 strain allow injection in the yeast form with subsequent regulation of morphology via gene 

expression in vivo by doxycycline (Saville et al. 2003, Saville et al. 2008, Cleary et al. 2016). In the 

systemic infection model the fungal burden of the tet-NRG1+ filamentous strain, in which only one 

allele of NRG1 is repressed (Saville et al. 2003), initially dropped between 6 and 48 h p.i., increased 

thereafter in the kidney until mice become moribund, but never exceeded 2x104 CFU/g body weight 

(WT+ reached median renal burden of 8x104 CFU/g body weight; (Manuscript III, Supplementary 

Fig. 4d). Fungal burden for the tet-NRG1+ filamentous strain continuously decreased over time in 

liver and spleen even faster than observed for the WT. It might therefore be possible that the 

nrg1Δ/Δ and the tup1Δ/Δ mutants are not reaching sufficiently high numbers of cells in tissue to 

produce concentrations of FOH that are necessary to exert a biological effect. On the other hand, 

the unresponsiveness of the nrg1Δ/Δ and the tup1Δ/Δ mutant to FOH (Kebaara et al. 2008), in 

contrast to C. albicans EED1-deficient mutants, might render these strains unable to benefit from 

an FOH-mediated altered metabolism. 

In summary, in the absence of EED1 (expression) C. albicans is able to rapidly replicate in the host 

environment, especially in the kidney, likely because of better metabolic adaptation to the 

nutritional environment of the host that could be in part shaped by higher local FOH concentrations. 
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5.4. High numbers of EED1-repressing yeast damage kidneys to the same extent 

as the WT 
Progression of systemic candidiasis in the mouse model is associated with a steady increase in 

kidney fungal burden, hyphal formation and the attraction of leukocytes to the site of infection that 

contribute to renal damage, organ dysfunction and eventually lead to sepsis and death (Spellberg 

et al. 2005, Lionakis et al. 2011). Considering the reduced capacity of an eed1Δ/Δ mutant to damage 

different epithelial cells in vitro, initial early damage of kidney tissue in vivo is likely reduced as well. 

This explains the lower induction of renal pro-inflammatory cytokines observed 24 h p.i. in 

comparison to WT (Manuscript III, Fig. 4b). Initial lower cytokine responses might also be the 

consequence of the lack of ECE1 expression in the eed1Δ/Δ mutant, as lower renal cytokine levels 

have been observed after systemic infection with an ece1Δ/Δ mutant despite hyphal formation and 

a higher kidney fungal burden in comparison to the WT 24 h p.i. (Swidergall et al. 2019). Kidney 

damage, detected by determination of urinary Kidney Injury Molecule-1 (KIM-1) concentrations 

was measurable 48 h p.i. with an intermediate infectious dose of C. albicans WT and eed1Δ/Δ 

mutant (Manuscript III, Fig. 8a). The type 1 transmembrane protein KIM-1 serves as an early 

biomarker of proximal tubular injury in men and mice (Han et al. 2002, Sabbisetti et al. 2013b) and 

is negatively correlating with kidney function (Edelstein 2008). KIM-1 (mRNA and protein) is 

expressed at low levels in the healthy kidney but is highly expressed upon kidney injury (Edelstein 

2008, Sabbisetti et al. 2013a). The ectodomain of KIM-1 is shed into the urine, and by noninvasive 

measurement of urinary KIM-1 levels, sensitive detection of injury is possible within 12 h after the 

insult (Han et al. 2002, Sabbisetti et al. 2013a). Therefore, it is reasonable that kidney damage by 

C. albicans occurred within the time frame of 24-36 h. Twenty four hours p.i. t-EED1+ yeast already 

had a 25-fold higher kidney fungal burden than the WT, however, immune cell infiltration and 

neutrophil activation as measured by renal MPO concentrations (Fig. 10) was comparable between 

WT and t-EED1+ yeast 24 h p.i. KIM-1 level further increased until 72 h p.i. indicative of progressing 

kidney disease. Whereas kidney damage was detected early p.i., kidney function, measured by 

blood urea nitrogen (BUN) and serum creatinine level, was impaired only in moribund mice infected 

with C. albicans  (Manuscript III; Fig. 8b,c), which is in accordance with Spellberg et al. (Spellberg et 

al. 2005). Both markers are known for their late response and lack of sensitivity and specificity 

during kidney injury (Sabbisetti et al. 2013a): BUN and serum creatinine level in mice rise only when 

70-75% of the nephrons are dysfunctional (Perše and Večerić-Haler 2018). However, both markers 

increased to the same degree in WT and t-EED1+ yeast-infected mice, indicating that kidneys were 

severely damaged in moribund mice irrespective of the fungal morphology. In addition, 

immunohistochemistry showed similar areas of apoptotic renal tissue (Manuscript III, Fig. 8d,e). Of 
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note, kidneys of mice infected with t-EED1+ yeast were damaged to the same extent as kidneys of 

WT-infected mice, although the fungal burden of t-EED1+ yeast were higher, indicating that (I) a 

higher number of yeast cells are necessary to cause similar damage, and (II) that yeast can damage 

the kidney in the absence of filamentation. It might be reasonable, that fungal intracellular 

replication, like observed in the RHE model by Zakikhany et al. (Zakikhany et al. 2007), is sufficient 

to damage the kidney to an extent leading to KIM-1 levels comparable to WT infections early after 

infection, although damage was not observed in vitro (Zakikhany et al. 2007).  

 

5.5. Contribution of immunopathology to virulence of the eed1Δ/Δ mutant 
Damage during progressing infection in immunocompetent mice can be enhanced by 

immunopathology, driven by recruitment and activation of immune cells such as neutrophils, 

whose antimicrobial activities can cause collateral tissue damage (Kruger et al. 2015). In fact, 72 h 

p.i. higher numbers of immune cells infiltrated the kidneys of t-EED1+ yeast infected mice in 

comparison to WT-infected mice. Abscesses containing high numbers of immune cells were also 

observed by histological analysis of moribund immunocompetent mice, infected with low infectious 

doses of the eed1Δ/Δ mutant (Manuscript III, Fig. 9b), indicating that immunopathology might play 

a more prominent role in pathogenesis during disease progression at later stages. In moribund 

mice, t-EED1+ yeast were found in large numbers mainly within tubules and in the renal pelvis; it 

appears possible that massive replication of yeast led to obstruction of tubules and the collecting 

duct system (Boulanger et al. 2016). Together with an increased immune cell infiltration in the 

kidneys, which possess rigid capsules, this could generate high intrarenal pressure possibly 

contributing to kidney damage in the progressing disease. Although e.g. neutrophils can contribute 

to immunopathology, their importance in combating systemic candidiasis becomes most obvious 

when they are absent reflected by neutropenia being a major risk factor for systemic candidiasis 

(Pfaller 1996, Abi-Said et al. 1997, Gilbert, Wheeler, and May 2014). In contrast to the situation in 

humans, lymphocytes and not neutrophils are the most abundant cell type in murine blood 

(Manuscript II). However, neutrophils are as important to fight experimentally induced systemic 

candidiasis in mice as in humans (Fulurija, Ashman, and Papadimitriou 1996, Han and Cutler 1997). 

In addition, monocytes and macrophages contribute to antifungal defense as well, as their absence 

is associated with increased mortality in experimental candidiasis (Qian et al. 1994). While 

neutrophils mediate protective effects especially early after infection, their continuous infiltration 

into and activation within the kidney drives immunopathology and accelerates disease progression 

(Lionakis et al. 2011, Lionakis et al. 2012). Interestingly, whereas immune cell infiltration in 

response to infection with the t-EED1+ yeast was comparable to the WT early after infection, the 
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number of infiltrating immune cells increased for t-EED1+ yeast 72 h p.i. likely due to the higher 

kidney fungal load. The larger number of leukocytes is also likely the explanation for the increased 

concentrations of pro-inflammatory cytokines observed at that time point. Systemic inflammation 

measured by serum neutrophil gelatinase-associated lipocalin (NGAL) and soluble triggering 

receptor expressed on myeloid cells (sTREM-1) levels was detected early after infection (24 h p.i.) 

and rose until mice become moribund (Manuscript III, Fig. 4c). However, both markers were not 

affected by the increased local renal inflammation 72 h p.i., as their levels did not differ in serum of 

mice infected with intermediate doses of either C. albicans WT, t-EED1+ yeast, or t-EED1- hyphae. 

To test whether the renal damage caused by the eed1Δ/Δ mutant was driven by immunopathology, 

mice rendered immunosuppressed by the antibody-mediated depletion of neutrophils and 

monocytes were infected with C. albicans WT or eed1Δ/Δ mutant. Although the infectious dose was 

lowered to 103  and 102 CFU/g body weight, disease started early and progressed rapidly, especially 

in response to WT infections (Manuscript III, Fig. 9a). The eed1Δ/Δ mutant showed a delayed onset 

of disease compared to the WT; nonetheless, the mutant caused lethal infection in all mice. Fungal 

burden of mice infected with the WT increased rapidly until a certain threshold was reached that 

was incompatible with survival of the mice. Interestingly, the threshold level was approximately in 

the same range as for immunocompetent mice only that the time required to reach this threshold 

was markedly reduced in immunosuppressed mice (Fig. 7), underscoring the importance of 

neutrophils and monocytes to restrict fungal growth early after infection. Hyphae detected by 

histopathology were found frequently in the renal cortex and were much shorter than hypha 

observed in immunocompetent mice. This is due to the reduced time the fungus was able to 

perform unconstrained growth in immunosuppressed mice, however, the shortened time was likely 

compensated by the amount of cells that began germinating and filamenting in the renal cortex in 

consequence leading to early onset of disease. 

Like observed after WT infection in immunosuppressed mice, fungal burden increased rapidly after 

challenge with the eed1Δ/Δ mutant, especially in the kidneys but also in the spleen and in the liver 

(Manuscript III, Fig. 9c). Twelve hours p.i. renal fungal burden of the eed1Δ/Δ mutant was already 

10-fold higher in comparison to the WT. Interestingly, higher eed1Δ/Δ yeast burden in the kidney 

correlated with increased kidney damage measured by urinary KIM-1 level (Manuscript III, Fig. 9d), 

suggesting that yeast cells are able to damage renal tissue in the absence of an overt inflammation. 

Histology showed massive yeast replication especially in the tubules of cells (Manuscript III, Fig. 9b) 

what could impede kidney function (Fulurija, Ashman, and Papadimitriou 1996). 

The delay in disease onset observed after infection with the eed1Δ/Δ mutant is likely the 

consequence of the time required to reach detrimental fungal densities within the kidneys after 
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challenge with a low infectious dose. Interestingly, tet-NRG1- yeast were also found capable of 

inducing lethal infection in neutropenic mice: Although avirulent in immunocompetent mice, tet-

NRG1- yeast led to 100% mortality in cyclophosphamide-cortisone acetate treated leukopenic mice, 

with a slight delay in onset of mortality in comparison to tet-NRG1+ filaments, too (Saville et al. 

2008). In addition, tet-NRG1- yeast reached similar levels (2.1x107 CFU/g) (Saville et al. 2008) as the 

eed1Δ/Δ mutant (2.0-2.2x107 CFU/g) in immunosuppressed mice. However, in comparison to the 

low dose of the eed1Δ/Δ mutant applied (103 CFU/g body weight), that led to a medium survival of 

30 h, Saville et al., infected mice with a 85-fold higher infectious dose (8.5x104 CFU/g body weight) 

resulting in 100% mortality within two days. Hence, it appears likely that the rapidly proliferating 

eed1Δ/Δ mutant is more virulent than tet-NRG1- yeast in immunosuppressed mice. Nevertheless, 

immunosuppressed mice are equally susceptible to both, the yeast and the hyphal morphology of 

C. albicans. The results of this thesis hint towards a partial contribution of immunopathology to 

pathogenesis of systemic infection by C. albicans EED1 deficient or repressing yeast but not during 

tet-NRG1- yeast infection: Whereas tet-NRG1- yeast can be cleared in immunocompetent mice 

(Saville et al. 2006), in mice challenged with the t-EED1+ yeast fungal burden increased rapidly in 

the presence of immune cells, which continuously infiltrated the kidneys in the later stages of 

infection and likely accelerated disease progression.  
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5.6. Conclusion 
The transition of yeast to hypha is considered to be the key virulence factor of C. albicans. Hyphae 

are likely required for the traversal from the gastrointestinal tract and are essential for deep 

invasion of tissue in invasion-based murine infection models. In addition, hyphal formation allows 

C. albicans to escape from immune cells and therefore represents an immune evasion strategy.  

Strikingly however, hyphae are not essential for virulence in systemic infections as filament-

deficient C. albicans strains unable to express EED1 retain their virulence in immunosuppressed, 

but also in immunocompetent mice. It is therefore likely, that in a susceptible host the fungal 

morphology is less important during systemic candidiasis than previously thought. The results 

obtained in this thesis challenge the central dogma that hypha formation is per se essential for 

pathogenesis. This thesis further shows that, although different C. albicans mutants share the same 

yeast morphology, they can differ with regards to their virulence potential. 

Retained virulence of C. albicans mutants unable to express EED1 was associated with rapid 

proliferation in the yeast morphology especially within the kidneys, likely the consequence of a 

better adaptation to the local environment and increased metabolic fitness. In addition, like the 

non-filamentous species C. glabrata, C. auris and the C. albicans mutant efg1Δ/Δcph1Δ/Δ (Kaur, 

Ma, and Cormack 2007, Seider et al. 2011, Rai et al. 2012, Wartenberg et al. 2014, Lorenz, Bender, 

and Fink 2004), the eed1Δ/Δ mutant is able to replicate inside macrophages. Whether the ability of 

the eed1Δ/Δ mutant to intrinsically produce high amounts of farnesol (Polke et al. 2017) contributes 

to the metabolic fitness and rapid replication in vivo remains elusive. However, evidence exists that 

exogenously supplied FOH improves the growth of the WT on certain physiologically relevant 

carbon sources in vitro (Zeuch 2019), implying that FOH could contribute to the virulence 

phenotype observed. High renal fungal burden of C. albicans EED1 deficient or repressing yeast 

resulted in tissue damage indistinguishable to infections caused by the filamentous WT, which, to 

a certain degree is attributable to immunopathology.  

Although the molecular function of Eed1 remains unclear, the eed1Δ/Δ mutant allows studying the 

importance of the yeast morphology during pathogenesis. This work further shows how well 

C. albicans is able to adapt to its environment. In addition, this work provides some explanations 

how non-albicans species that are not able to form filaments establish serious systemic infections. 

A better understanding of the processes that lead to pathogenesis in the absence of hyphal 

formation could aid in finding strategies to combat fungal infections other than blocking 

filamentation. 
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7. Appendix 

7.1. Abbreviations 

AIDS acquired immunodeficiency syndrome 

ALS agglutinin-like sequence 

ALT alanine aminotransaminase 

BMDM bone marrow-derived macrophage 

BSA bovine serum albumin 

C. Candida 

CAA casamino acid 

cAMP 3’,5’-cyclic adenosine monophosphate 

CFU colony forming units 

CO2 carbon dioxide 

DCs dendritic cells 

DNA deoxyribonucleic acid 

ELISA enzyme-linked immunosorbent assay 

FOH E,E-farnesol 

GI gastrointestinal 

GlcNAc N-acetyl-glucosamine 

GPI glycosyl-phosphatidyl-inositol 

GUT cells gastrointestinal-induced transition cells 

HAG hypha-associated gene 

HIV human immunodeficiency virus 

HK heat-killed 

i.p. latin: intra peritoneal 

i.v. latin: intra venous 

ICU intensive care unit 

ID infectious dose 

IFN-γ interferon-γ 

IL interleukin 

LDH lactate dehydrogenase 

MHC II major histocompatibility complex class II molecules 

MOI multiplicity of infection 
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MR mannose receptor 

NGAL neutrophil gelatinase-associated lipocalin 

O2 oxygen 

OD optical density 

OPC oropharyngeal candidiasis 

p.i. post infection 

PAMPs pathogen-associated molecular patterns 

PBS phosphate buffered saline 

pH latin: potential hydrogenii 

PKA protein kinase A 

PRRs pattern recognition receptors 

RHE reconstituted human oral epithelium 

RNA ribonucleic acid 

S. Saccharomyces 

Saps secreted aspartyl proteases 

SD synthetic minimal media 

SNP single-nucleotide polymorphism 

sTREM-1 soluble triggering receptor expressed on myeloid cells 

Th cells T-helper cells 

TLR Toll-like receptor 

Treg regulatory T cells 

USA united states of america 

VVC vulvovaginal candidiasis 

WT wild type 

YPD yeast peptone dextrose 
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7.2. Additional methods 
MPO ELISA 

Myeloperoxidase MPO ELISA (Hycultec) was performed from supernatants of murine kidney 

homogenates according to manufacturer’s instructions. 
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wrote the manuscript and was responsible for the revision. 
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precedes renal damage in mice systemically infected with Candida albicans 
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pathogenicity of Candida albicans infections 
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