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Summary 

Lichtheimia corymbifera is one of major causative agents for mucormycosis which is a 

severe human fungal infection with a high mortality up to 90 %. It mainly affects 

immunocompromised as well as poorly controlled diabetic patients. The airborne spores 

of the fungus can enter into the lungs via inhalation. Once the spores reach the lungs, 

they encounter the first line of defence of the innate immunity such as alveolar 

macrophages and exposure to the complement system.  

Currently, little is known about the interplay between L. corymbifera and professional 

phagocytes like alveolar macrophages. The study of the interaction between the fungus 

and the host cells will improve our understanding of the infection process.  

This thesis work shows that spores of L. corymbifera can be recognised and 

phagocytosed by macrophages. Subsequently, the spores persist as a spore stage inside 

the macrophages for long term without hyphal formation and damage to the host cells. 

Internalised spores interfere with the phagosome maturation by inhibiting the fusion of 

phagosome and lysosome, a critical step for the clearance of invaded pathogens. This 

strategy allows a long-term survival of L. corymbifera within the macrophages. It was also 

found that the inhibition of phagosome maturation is dependent on the viability of the 

spores as well as surface factor(s), indicating a metabolically active interference of the 

fungus for the persistence inside the host cells. This persistence then may enable the 

fungus to evade the other more harmful immune cells and even utilise the infected 

macrophages as a vehicle to systemically disseminate within the host. In addition, 

investigation of two different L. corymbifera isolates revealed differences in their 

recognition by immune cells and components of the complement system. Furthermore, 

surface proteomic analysis showed differences in the abundances of some proteins (e.g., 

HsbA) which may result in the differences in the recognition by the alveolar macrophage.  

Overall, the data represent valuable asset for the future research in revealing the 

underlying mechanisms of host pathogen interaction which may serve to develop new 

therapeutic approaches to fight mucormycosis. 
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Zusammenfassung 

Lichtheimia corymbifera ist einer der Hauptverursacher für Mukormykoses, welche mit 

einer Mortalität von bis zu 90% eine schwerwiegende Pilzinfektion beim Menschen ist. 

Hauptsächlich sind immungeschwächte Patienten sowie unzureichend behandelte 

Diabetes-Patienten betroffen. Die Pilzsporen werden über die Luft übertragen und können 

so durch Inhalation in die Lunge gelangen. In der Lunge treffen sie auf 

Abwehrmechanismen des angeborenen Immunsystems wie z.B. Alveolarmakrophagen 

und das Komplementsystem. Über die Interaktion zwischen L. corymbifera und den 

professionellen Phagozyten ist momentan wenig bekannt. Die Untersuchung der 

Wechselwirkungen zwischen Pilz und Wirtszellen ermöglicht ein besseres Verständnis 

des Infektionsprozesses. In der vorliegenden Arbeit wird gezeigt, dass L. corymbifera von 

Makrophagen erkannt und phagozytiert wird. Anschließend kann der Pilz als Spore in den 

Makrophagen längerfristig verbleiben, ohne Hyphen zu bilden und der Wirtszelle zu 

schädigen. L. corymbifera verhindert die Reifung des Phagosoms durch Hemmung der 

Fusion von Phagosom und Lysosom, welches ein kritischer Schritt für die Abwehr 

eindringender Pathogene ist. Dies erlaubt dem Pilz ein langfristiges Überleben im Inneren 

der Makrophagen. Es konnte außerdem gezeigt werden, dass die Hemmung der 

Phagosomenreifung nicht nur auf die Oberflächenbeschaffenheit des Pilzes, sondern 

auch auf die Lebensfähigkeit der Sporen zurückzuführen ist. Dies lässt auf einen aktiven 

Eingriff des Pilzes in den Wirtsmetabolismus schließen. Die infizierten Makrophagen 

könnten den persistierenden Pilz als Transportmittel für die systemische Verbreitung im 

Wirtsorganismus dienen, außerdem entkommt der Pilz so anderen, möglicherweise 

schädlicheren Immunzellen. Des Weiteren zeigte die Untersuchung von zwei 

L. corymbifera-Stämmen Unterschiede in der Erkennung durch Immunzellen und 

Bestandteile des Komplementsystems. Die Analyse des Oberflächenproteoms ergab 

abweichende Abundanzen einiger Proteine (u.a. HsbA), welche die unterschiedliche 

Wahrnehmung durch die Alveolarmakrophagen auslösen könnten. Insgesamt stellen die 

vorgelegten Ergebnisse einen wichtigen Schritt in der Aufklärung von der Pathogenese zu 

Grunde liegenden Mechanismen dar, welche Hinweise für neue Therapieansätze gegen 

Mukormykose geben können. 
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1. Introduction 

1.1  The human pathogenic fungal genus Lichtheimia  

The genus Lichtheimia (formerly known as Absidia) belongs to the order Mucorales, one 

of the most ancient terrestrial fungal groups. Like other mucoralean fungi, 

Lichtheimia species are saprotrophic fungi found ubiquitously in the nature. Soil is thought 

to be the main habitat of this fungi but to date there are no comprehensive ecological data 

available (Ribes et al. 2000).The mucoralean fungi are also found in different organic 

materials (e.g., fruits and bread) and in agricultural environments such as hay and grains 

(Alastruey-Izquierdo et al. 2010; Ribes et al. 2000; Schwartze & Hoffmann 2015). 

Additionally, different species of Lichtheimia along with other mucoralean fungi are found 

in Asian food productions such as meju (i.e., soybean based fermented products) and 

nuruk (i.e., starter culture) (Kim et al. 2011; Hong et al. 2012; Kim et al. 2015).  

Similar to most of the other mucoralean fungi, the formation of small (3 – 11 µm in 

diameter), asexual, haploid spores is the main form of the propagation of Lichtheimia. 

Beside asexual reproduction, the mucoralean fungi can reproduce via sexual zygospores. 

However, the importance of zygospores in nature remains unknown as a germination 

under the laboratory conditions is rare (Michailides & Spotts 1988; Yu & Ko 1997; 

Schwartze & Hoffmann 2015).  

All species of Lichtheimia grow well on all media commonly used for a fungal cultivation 

and have a growth optimum at around 33 - 37 °C in the laboratory (Alastruey-Izquierdo et 

al. 2010). Currently, there are six described species belonging to the genus Lichtheimia; 

L. corymbifera, L.  ornata, L. ramosa, L. sphaerocystis, L. hyalospora and L. brasilliensis 

(Alastruey-Izquierdo et al. 2010; Santiago et al. 2013) (Figure 1.1). Three species; 

L. corymbifera, L. ornata, and L  ramosa are known to be human pathogens and seem to 

possess a higher virulence potential than the other Lichtheimia species (Schwartze et al. 

2012). 
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Figure 1.1: Phylogenetic tree of Lichtheimia species. *Clinically relevant species in red. 
Modified from Schwartze et al. 2014. 

1.1.1 Human infections of Lichtheimia and related diseases 

Mucormycosis is a human fungal infection caused by different mucoralean species which 

occurs worldwide (Petrikkos et al. 2012; Lanternier et al. 2012) and includes superficial 

infections (e.g., cutaneous and subcutaneous infections) as well as pulmonary 

rhinocerebral and gastrointestinal infections (Petrikkos et al. 2012; Lanternier et al. 2012). 

Although, this is a rare infection in comparison to aspergillosis and/or candidiasis (Brown 

et al. 2012), it is associated with high mortality rate (> 50 %) including superficial 

infections (Brown et al. 2012; Ibrahim et al. 2012).  

The infection is characterised by angioinvasion resulting in, thrombosis and tissue 

necrosis which contribute to dissemination of the infection (23 % of cases) and the high 

mortality rates (Tronchin et al. 2008; Meis & Chakrabarti 2009; Mantadakis & Samonis 

2009; Brown et al. 2012; Petrikkos et al. 2012). The treatment for mucormycosis includes 

anti-fungal therapy and invasive growth in combination with the high intrinsic resistance to 

azole antifungals (Alastruey-Izquierdo et al. 2009; Sun et al. 2002) often make it nearly 

impossible for only drugs to manage the infection henceforth, a subsequent surgical 

removal of the deep wounded area is required. This often requires reconstructive 

surgeries as the surgical eradication of the infected sites are linked to distortion (Spellberg 

et al. 2005; Alastruey-Izquierdo et al. 2009).  

Pathogenic Lichtheimia species are the second and third most common causative agents 

of mucormycosis depending on geographic regions (Roden et al. 2005; Skiada et al. 

2011; Gomes et al. 2011; Petrikkos et al. 2012; Skiada et al. 2012; Schwartze et al. 2014) 

(Figure1.2). Within the genus Lichtheimia, L. corymbifera appears to be the clinically most 

important species, representing 84 % of all Lichtheimia infections in Europe (Skiada et al. 

2011) and it was the only Lichtheimia species found in the clinical cases in United States 
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(Alvarez et al. 2009). However, an accurate assessment on the prevalence of 

L. corymbifera should be handled with care as L. corymbifera and L. ramosa were treated 

as synonyms and thus, not differentiated for a long time until the molecular methods were 

introduced to the taxonomy of Lichtheimia species (Garcia-Hermoso et al. 2009; 

Alastruey-Izquierdo et al. 2009; Alastruey-Izquierdo et al. 2010).  

 

Figure 1.2: Prevalence of Lichtheimia species in mucormycosis. Collection of 

epidemiological studies on aetiological agents of mucormycosis from several countries in the 

period of 2005 – 2014. 

 

Like other fungal pathogens such as Aspergillus fumigatus, airborne mucoralean fungal 

spores are inhaled everyday (Richardson 2009; Fröhlich-Nowoisky et al. 2009). The 

inhalation of asexual spores of the fungus is believed to represent the primary route of the 

infection, causing rhinoorbital and pulmonary infections (Spellberg et al. 2005; Roilides et 

al. 2009; Mantadakis & Samonis 2009). Generally, pulmonary infections exhibit rather 

unspecific signs such as inflammation and dyspnoea (Mattner et al. 2004; Barr et al. 2006; 

Schwartze & Jacobsen 2014). However, endobronchial bleeding can be characteristic for 

mucormycosis but not specific for Lichtheimia infections (Mattner et al. 2004; Barr et al. 

2006; Schwartze & Jacobsen 2014). Patients with underlying conditions such as bone 

marrow or solid organ translations and leukaemia were reported with pulmonary infections 

of L. corymbifera (Barr et al. 2006; Zaki et al. 2014; Krauze et al. 2005; Borrás et al. 2010; 

Dabritz et al. 2011; Kleinotiene et al. 2013; Mattner et al. 2004). Pulmonary infection 

caused by Lichtheimia species can disseminate to different internal organs (Skiada et al. 

2009; Dabritz et al. 2011; Campbell et al. 2014) and are often linked to fatal outcomes. 

Less common forms of Lichtheimia infections include cutaneous or subcutaneous 

infections (commonly after traumatic injuries such as car accidents and/or surgeries) and 

gastrointestinal infections which occur in especially in neonates but also in adult patients 
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with no specific underlying conditions (Roilides et al. 2009; Tiong et al. 2006; Bibashi et al. 

2012; Razouk et al. 2012; Geramizadeh et al. 2012; Kleinotiene et al. 2013).  

A variety of risk factors are associated with mucormycosis. One of major risk group for the 

development of mucormycosis are diabetic patients with poor glycaemic control worldwide 

(Roden et al. 2005; Chakrabarti et al. 2006; Rammaert et al. 2012). In India, 70 % of 

reviewed clinical cases involved diabetic patients (Kindo et al. 2007) while, it was the 

second most important risk factor in Europe (Ibrahim et al. 2010). The differences in 

diagnosis and management of diabetes mellitus in the different regions may lead to this 

discrepancy (Chakrabarti et al. 2006; Schwartze & Hoffmann 2015). Diabetic conditions 

are also shown to be responsible for the development of mucormycosis in animal infection 

models (Waldorf et al. 1984; Ibrahim et al. 2010; Liu et al. 2010). It was first shown that 

diabetic macrophages cannot clear the spores efficiently which then resulted in fatal 

infections in mice (Waldorf et al. 1984). In recent study, it was found that administration of 

metformin, a commonly used drug for controlling the blood sugar level for diabetic 

patients, together with diet modification improved the outcome of mucormycosis in a fly 

model (Shirazi et al. 2014). In vitro studies with endothelial cells revealed that glucose-

regulated protein 78 (GRP78) receptor, a chaperone is one of the major surface proteins 

for adhesion and invasion of Rhizopus arrhizus (formerly R. oryzae); one of the major 

causative agents in mucormycosis (Liu et al. 2010). GRP78 was highly expressed in 

internal organs (e.g., lungs and brain) of diabetic mice with ketoacidosis (i.e., elevated 

serum iron levels and high glucose concentration) in comparison to normal mice, resulting 

in enhanced invasion and damage by R. arrhizus (Liu et al. 2010). Recently, a family of 

proteins which is similar to the bacterial spore coat protein, CotH was identified as a 

ligand for GRP 78 (Gebremariam et al. 2014). These proteins are commonly expressed in 

all mucoralean fungi including L. corymbifera. Furthermore, heterologous expression of 

these proteins in Saccharomyces cerevisiae allowed increased adhesion and invasion to 

Chinese hamster ovary (CHO) cells (Gebremariam et al. 2014). When the interaction 

between these two proteins is inhibited, the outcome of the ketoacidotic mice is 

significantly improved (Liu et al. 2010; Gebremariam et al. 2014). However, the role of 

CotH was only investigated in R. arrhizus and there is no study on its role in the immune 

interaction.  

High levels of freely available iron in serum and/or tissue is also a risk factor for the 

development of mucormycosis (Ibrahim 2014). Particularly, those patients receiving an 

iron chelation therapy with deferoxamine (DFO) due to the underlying conditions (e.g., 

dialysis and iron overload and haematological malignancy) are often associated with the 
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infection (Boelaert et al. 1991; Ibrahim et al. 2012). Iron is an essential trace element for 

the growth and development in all organisms (Howard 1999). Rhizopus species can utilise 

iron-loaded DFO (ferrioxamine) as an iron source (Boelaert et al. 1993). Hence, the 

treatment with DFO acts as a xenosiderophore for some microorganisms including 

mucoralean fungi. When Infected guinea pigs and mice are treated with DFO, it reduced 

survival of those animals (Boelaert et al. 1993; Symeonidis 2009). Contrarily, other iron 

chelators such as deferiprone and deferasirox improved the outcome of the infected 

animals (Symeonidis 2009). It was proposed that irons from those alternative iron 

chelators cannot be acquired by the fungi due to several reasons such as their high 

affinity to iron, low molecular mass, stable chemical structure and additionally, their ability 

of detaching iron from fungi (Symeonidis 2009).  

Another important risk factor for the development of mucormycosis is haematological 

malignancies. This is the most common factor for the development of mucormycosis in 

Europe (Skiada et al. 2011; Lanternier et al. 2012). Pulmonary and disseminated 

infections are the most common types of infections in these patients (Lanternier et al. 

2012). Increased usage of voriconazole as a prophylaxis against aspergillosis in these 

patients group was also linked with mucormycosis (Roden et al. 2005; Mantadakis & 

Samonis 2009; Alastruey-Izquierdo et al. 2009) as mucoralean fungi are resistant against 

voriconazole (Sun et al. 2002; Spellberg et al. 2005; Vitale et al. 2012).  

Of note, mucormycosis is not only affecting humans, but also warm-blooded and cold-

blooded animals. There were case reports from a wide range of animals such as frogs, 

cats, and monkeys (Obendorf et al. 1993; Torres-Urbano et al. 2010; Olias et al. 2010; 

Cunha et al. 2011). In stork chicks, mucoralean fungi were main causative agents (44 %) 

for fungal pneumonia. L. corymbifera and Rhizopus species were found to be the most 

common mucoralean species in these cases (Olias et al. 2010). 

1.1.2 Non-infectious disease: Farmer's lung disease  

Besides mucormycosis in humans, Lichtheimia species can be responsible for a type of 

hypersensitivity pneumonitis known as Farmer's lung diseases (FLD). Fungal spores are 

often found in agricultural environments e.g., hay, grains and silage (Reboux et al. 2007; 

Bellanger et al. 2010). Inhalation of the spores can result in a disorder of respiratory tract 

due to an accumulation of the inflammatory cells reacting to the spores, which can later 

demolish the normal function of the lungs. One study showed that L. corymbifera was the 

only microorganism with increased up-regulation of inflammatory and allergic cytokines, 
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indicating the possibility of L. corymbifera playing a pivotal role in the development of FLD 

(Bellanger et al. 2010). 

1.2  Innate immunity in mucormycosis 

Innate immunity is the first surveillance that a pathogen encounters, once entered in the 

host. Innate immunity is composed of numerous barriers including cellular components 

such as macrophages, neutrophils and humoral components e.g., the complement 

system. The main route of the infections with mucoralean fungi is via inhalation of fungal 

spores (Spellberg et al. 2005; Roilides et al. 2009; Mantadakis & Samonis 2009). As a 

counteraction to this, the respiratory tract has different innate defence mechanisms to 

maintain the airway clean. An important primary mechanism of removing inhaled particles, 

consists of the cilia and mucus layer which eliminate most of the inhaled allergens and 

pathogens including spores (Munkholm & Mortensen 2014). Spores that are not cleared 

during this process will further travel down to the lungs and encounter epithelial cells and 

phagocytes. In immunocompetent host, professional phagocytes such as alveolar 

macrophages (AM) express different types of receptors to recognise the foreign material 

to initiate the phagocytosis in order to clear those fungal spores (Gordon & Read 2002; 

Van Waeyenberghe et al. 2012; Segal 2007; Aimanianda et al. 2009). Phagocytosis is an 

ancient adaptation which was primarily required for the nutrient acquisition in primitive 

organisms such as amoeba (Cardelli 2001). However, in higher organisms, specialised 

cells such as AM and neutrophils are essentially involved (Aderem 2003) in host defence. 

Those phagocytes allow the internalisation of pathogens which will be alternately digested 

and processed further for an effective clearance of invading microorganisms. In the lungs, 

AM can also produce cytokines, anti-microbial peptides to assist in the process of 

clearance and link the innate and adaptive immunity for more sophisticated response in 

the lungs (Gordon & Read 2002; Philippe et al. 2003; Warris et al. 2005; Dubourdeau et 

al. 2006), demonstrating that AM play a central role in fungal pulmonary infections 

(Gordon & Read 2002). 

Early studies on mucoralean fungal infections emphasised the importance of the innate 

immune system in particular, AM for mucormycosis development (Waldorf et al. 1984; 

Waldorf & Diamond 1984; Waldorf et al. 1984b; Chamilos et al. 2008; Voelz et al. 2015). 

Infected mice without underlying conditions such as diabetes or corticosteroid treatment 

prevented spore germination thus, reducing fatal infections in these mice significantly 
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(Waldorf et al. 1984; Waldorf et al. 1984b; Jorens et al. 1995). However, when the 

immune system is weakened by corticosteroid treatment and/or induced diabetic 

condition, infected mice showed spore germination and high mortality (Waldorf et al. 1984; 

Waldorf & Diamond 1984; Waldorf et al. 1984b), which all demonstrated the significant 

involvement of AM in mucoralean infections. 

Besides mammalian models, alternative infection models were adapted to understand the 

immunopathogenesis of mucormycosis (Chamilos et al. 2008; Voelz et al. 2015). 

Drosophila melanogaster (fruit fly) has an innate immunity with evolutionarily conserved 

Toll pathway (i.e., similar to mammalian TLR (Toll-like receptor) signalling pathway) which 

prompts the phagocytosis and consequent killing of a pathogen (Lemaitre & Hoffmann 

2007; Valanne et al. 2011). When toll deficient mutant D. melanogaster were infected with 

clinical isolates of mucoralean fungi, high mortality rates were found in comparison to wild-

type flies, suggesting a vital role of innate immunity and phagocytosis in the disease 

progress (Chamilos et al. 2008). In addition, they also showed a down-regulation of 

several genes that are involved in host defences (e.g., pathogen recognition, immune 

defence) of R. oryzae infected D. melanogaster in contrast to A. fumigatus infection 

(Chamilos et al. 2008). Zebrafish (Danio rerio) larval model was also used for host-

pathogen interaction analysis of Mucor circinelloides, another aetiological agent of 

mucormycosis (Voelz et al. 2015). When larvae were immunosuppressed (i.e., treated 

with corticosteroid dexamethasone), the mortality in the models was increased. 

Furthermore, induction of macrophage depletion significantly increased mortality in larvae 

model, proposing an importance of immunity, in particular of macrophages response to 

pathogens in the infection model (Voelz et al. 2015). In addition, it also showed fast 

recruitment of macrophages and neutrophils to the site of an infection in a dose-

dependent manner whereas, UV-killed spores showed reduced recruitment of neutrophils 

and macrophages, indicating the importance of fungal viability in the recruitment of innate 

immune cells (Voelz et al. 2015).  
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1.2.1 The phagocytic process of macrophages 

Cellular components of innate immunity include professional phagocytes such as 

macrophages, and neutrophils to eradicate pathogens efficiently. To be a successful 

pathogen, an organism must either evade and/or survive various mechanisms of innate 

immunity. Once entered, microorganisms immediately encounter innate immune response 

such as phagocytosis. Macrophages do phagocytosis for many purposes and one of the 

main functions is to degrade invading infectious agents (Parihar et al. 2010). They can 

uptake particles with > 0.5 µm in size (Hirota & Terada 2012). The overall process of the 

phagocytosis can be divided into three steps; I. Recognition II. Internalisation and III. 

Degradation (Figure 1.3).  

 

Figure 1.3: Simplified schematic process of phagocytosis. Phagocytosis is a complex 

process for the elimination of pathogens in the innate immunity, which can be divided into three 
steps; I. recognition II. internalisation and III. degradation. PRRs:Pattern-recognition receptors. 

Recognition 

One of the essential steps for the defence against a pathogen is the ability to recognise 

the pathogen, which involves the interaction between the various receptors present on the 

immune cells with the ligands present on the surface of the pathogens. Macrophages 

express a variety of receptors known as pattern-recognition receptors (PRRs) on their 

surface to recognise pathogen-associated molecular patterns (PAMPs) on pathogens. 

This step is a prerequisite for cytokine production and immune cell recruitment (Aderem & 
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Underhill 1999; Gordon & Read 2002).  

Fungal cell walls are mostly composed of carbohydrates such as β-glucan which are 

necessary for structural integrity and survival of the fungus (Latgé 2007). One of the well-

known receptors is dectin-1 which is a major β-glucan receptor on macrophages 

recognising highly conserved β -1,3 and β -1,6 linked glucans on a fungal pathogen 

(Brown et al. 2002; Herre 2004). Some fungal pathogens like Histoplasma capsulatum 

and Candida albicans block the immune recognition through the shielding of β-glucan 

layer in order to avoid the immune response (Rappleye et al. 2007; Shen et al. 2015). 

When such a shield of GPI (glycosylphosphatidyl inositol) anchored proteins on 

C.albicans is removed, an enhanced recognition by immune cells occurs and 

subsequently leads to significant recruitment of neutrophils and cytokine production 

through the activation of dectin-1 receptor in vitro (Shen et al. 2015). Moreover, dectin-1 

signalling is not only involved in activation of phagocytes but also orchestrating the 

infection process for a pathogen. Dectin-1 dependent activation of Spleen tyrosine kinase 

(Syk) permits phagosomal maturation, reactive oxygen production and T helper cell 

differentiation (Gringhuis et al. 2009; Underhill et al. 2011; Mansour et al. 2013). 

Mannose receptor (MR) can recognise chitin, a β-1,4-linked homopolymer of N-

acetylglucosamine (GlcNAc) of different fungi. Pneumocystis jirovecii, a causative agent 

for pneumonia in HIV (human immunodeficiency virus) patients is recognised by MR on 

the macrophages and this activation of MR induces pro-inflammatory cytokine production 

(Zhang et al. 2004).  

Toll-like receptors (TLR) are a family of proteins that are structurally associated to toll of 

drosophila (Takeda et al. 2003). TLR2 recognises a wide range of ligands including 

zymosan, a glucan commonly found on fungal cell wall (Takeda et al. 2003). Zymosan can 

induce inflammatory signals in macrophages through TLR2 as well as TLR6 (Underhill 

2003). TLR2 together with TLR4 are known to be involved in phagocytosis of C. albicans 

and A. fumigatus (Blasi et al. 2005; Luther et al. 2007; van de Veerdonk et al. 2008). 

Besides PPR, complement receptors (CR) and/or FC receptors allow the efficient 

phagocytosis of opsonised pathogens. Opsonisation involves a labelling of a pathogen 

with opsonins such as immunoglobulins and complement components which in return 

enhances the recognition of the invading microorganisms (van Lookeren Campagne et al. 

2007; Zipfel & Skerka 2009). There are several CR identified to be expressed on 

macrophages such as CR1, CR3 and CR4 that are known to improve the clearance of 

pathogens (Aderem & Underhill 1999; van Lookeren Campagne et al. 2007). In infection 
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with Histoplasma, a dimorphic fungal pathogen, CR3 in collaboration with dectin-1 induces 

production of TNF- α (Tumour necrosis factor α) and IL-6 (Interleukin) after phagocytosis 

(Lin et al. 2010). For complement evasion, some pathogens e.g., C. albicans and 

A. fumigatus acquire complement regulators such as factor H (FH) and factor H like 

protein 1 (FHL-1) in order to avoid the complement mediated immune responses (Meri et 

al. 2002; Behnsen et al. 2008). Additional aspects of the complement system will be 

explained in the last part of the chapter.  

Of note, some pathogens produce anti-phagocytic factors in order to prevent the immune 

recognition by the phagocytes (Wilson et al. 2002; Poeta 2004), for example, 

Cryptococcus neoformans produces a capsule and A. fumigatus sheds its conidia with a 

rodlet layer (hydrophobins) (Poeta 2004; Aimanianda et al. 2009; Aimanianda & Latge 

2010).  

Overall, the initial recognition permits immune cells to respond appropriately in regard to 

clearance of the foci of the infection. This recognition step is essential as it will direct the 

kind of immune response depending on the nature of PAMPS (Aderem & Underhill 1999; 

Aderem 2003). 

Internalisation and degradation 

Once sensed by specific receptors, the pathogen is internalised by the macrophage via 

actin-based mechanism. Actin-rich membrane wraps up the ingested material forming a 

phagosome and this phagosome undergoes a maturation phase which involves a series 

of fusion and fission (Chow et al. 2004). During this maturation process, the phagosome 

obtains different proteins (e.g., Rab) in sequence, which later leads to fusion with an 

acidic lysosome structure and a profusion of degradative enzymes (e.g., proteases, 

nucleases, lipases) for the elimination of invading pathogens (Flannagan et al. 2015). The 

marker for phagosome maturation is its progressive acidification (Aderem & Underhill 

1999; Flannagan et al. 2015). This drop of pH is achieved by the vacuolar ATPase (H+ 

pump) in a phagocyte (Chai et al. 2009; Kasper et al. 2014), allowing the activation of 

enzymes for degradation of engulfed pathogen (Aderem & Underhill 1999; Chow et al. 

2004; Henry et al. 2004; Kinchen & Ravichandran 2008). However, some organisms like 

H. capsulatum and Aspergillus. fumigatus can interfere with this particular step to inhibit 

the acidification process (Strasser et al. 1999; Philippe et al. 2003). Furthermore, many 

pathogens can manipulate numerous complex steps of this microbicidial mechanism 

favourable for their persistence in the host.  
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Recently, it was found that the secondary metabolite gliotoxin of A. fumigatus prevents the 

internalisation by macrophages by interfering with ruffling of the macrophage membrane 

(Schlam et al. 2016). While actin-polymerisation allows the enclosure of the targeted 

pathogen, F-actin depolymerisation occurs at the bottom of the phaogocytic cup (i.e., a 

cup-shaved invagination of cell membrane to form phagosome) consequently, pulling the 

phagosome to the centre of cytoplasm (Flannagan et al. 2015; Schlam et al. 2015). 

However, Leishmania donovani, a causative agent of visceral leishmaniasis inhibits F-

actin depolymerisation, preventing the phagosomal maturation process (Winberg et al. 

2007).  

Mycobacterium tuberculosis survives intracellularly inside macrophages by the inhibition 

of phagosome and lysosome fusion (Deretic et al. 2006). Rab5, a small GTPase 

(guanosine triphosphatase) is acquired in an early phagosome for phagosomal 

remodelling which is later substituted by an attainment of Rab7 during the maturation of 

the phagosome (Harrison et al. 2003). However, Rab7 was not found in M. tuberculosis 

infected macrophages (Via et al. 1997). Notably, Rab conversion is not the only process 

of phagosomal biogenesis that is affected by M. tuberculosis. Synthesis of phosphatidyl 

inositol 3-phosphate (PI3P) is essential for an appropriate membrane trafficking and 

sorting events in the late stages of maturation (Deretic et al. 2006). M. tuberculosis is able 

to produce substances such as liparabinomannan (LAM) and a SapM (acid PI3P 

phosphatase) that can thwart the generation of PI3P (Saleh & Belisle 2000; Fratti et al. 

2001; Deretic et al. 2006). LAM of M. tuberculosis can also interfere with Ca2+ fluxes 

which are important for distribution of lysosomal components to the phagosome (Deretic 

et al. 2006). Many fungal pathogens including Candida glabrata also display some 

mechanisms to intervene the maturation process of a phagocyte (Seider et al. 2011; 

Kasper et al. 2014). It was shown that, despite of localisation of lysosomal-associated 

membrane protein 1 (LAMP-1), a marker of late phagosome, viable C. glabrata restricted 

the acidification of the phagosome (Seider et al. 2011). This was due to the involvement of 

an active alkalisation of the phagosome by mannosyltransferases of C. glabrata (Kasper 

et al. 2014). Consequently, the fungus alters the acidic environment of the host for their 

benefits, resulting in replication of C. glabrata inside the macrophages (Seider et al. 2011; 

Kasper et al. 2014). In addition to the intervention in the maturation process of 

phagosome, pathogens like C. albicans and C. neoformans can escape out of 

macrophages by pyroptosis (proinflammatory macrophage death) and non-lytic expulsion 

respectively (Ma et al. 2006; Uwamahoro et al. 2014), demonstrating a variety of 

counteractions from certain pathogens towards the infection process.  



12 | I n t r o d u c t i o n  

 

Complement system 

Besides the cellular part of the innate immunity, there is a humoral component which 

encompasses more than 40 soluble proteins that are present in serum and other body 

fluids like mucosal surfaces (Nicolas S Merle et al. 2015). The complement system is a 

major part for this humoral component and is essential for the elimination of pathogens 

(van Lookeren Campagne et al. 2007; Lambris et al. 2008; Ricklin et al. 2010). 

The complement system can be triggered by three ways; the classical, the alternative and 

the lectin pathway which differ in the nature of the recognition. The classical pathway is 

activated by antigen-antibody complexes and other factors such as c-reactive protein 

(CRP) while the lectin pathway recognises carbohydrate patterns on microbial surfaces 

(e.g., mannose-binding lectin by PAMPS). In contrast, the alternative pathway is 

continuously active at a low level. Once activated, they can lead to a cascade of 

proteolytic reactions on microbial surfaces leading to the formation of membrane attack 

complex (MAC) or terminal complement complex (TCC) resulting in the lysis of the 

pathogen (Zipfel & Skerka 2009; Ricklin et al. 2010). Interestingly, these three pathways 

merge at the central complement component C3 which can be cleaved resulting in the 

formation of smaller molecules such as C3a and C3b. C3a is an anaphylatoxin, an 

inflammatory mediator causing among others enhanced vascular permeability and 

chemotaxis of other immune cells. C3b is an opsonin, which covalently binds and tags any 

surface like fungal surfaces for better recognition by phagocytes such as macrophages 

(Nicolas S. Merle et al. 2015). C3b can be further degraded to iC3b, C3c and C3dg which 

can serve as ligands for complement receptors on leukocytes. This opsonisation will 

enhance the immune response and promote phagocytosis of marked pathogens efficiently 

(van Lookeren Campagne et al. 2007; Zipfel & Skerka 2009). In addition, it is well-

accepted that in the lungs, alveolar macrophages and type II epithelial cells are capable of 

generating and secreting components of both the classical pathway and alternative 

pathway (Watford et al. 2000), proposing an importance of complement system in the lung 

infections. 

Although, there is a polished protection from the innate immunity, certain pathogens 

possess several machineries to evade the innate immune system and these are 

continually studied in order to obtain a comprehensive understanding of the infection 

process, which may assist in the development of therapeutic targets and treatment of the 

patients. However, there is a substantial lack of knowledge in the interaction of the 

immune system with mucoralean fungi including L. corymbifera. 
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2.  Aim of the work 

The innate immunity plays an essential role in the recognition and elimination of infectious 

agents. Particularly, macrophages as a professional phagocytes initiate phagocytosis with 

or without complement opsonisation, eliminate the pathogen and subsequently release 

numerous cytokines and chemokines to attract other cellular components of the immune 

system to fight against invading pathogens. 

Lichtheimia species including L. corymbifera are prevalent causative agent of 

mucormycosis in Europe and the USA. It is well known that the respiratory tract is the 

most common route of mucormycosis. Although the importance of the innate immunity in 

the defence against mucoralean pathogens has been described previously, only few 

studies focused on the interaction of mucoralean fungi and components of the innate 

immune system. Furthermore, the majority of the studies are mainly restricted to 

Rhizopus species.  

The aim of the project was to investigate the interaction between L. corymbifera and 

macrophages in order to identify the pathogenicity mechanisms which help this pathogen 

to survive the confrontation with the immune system. 

The recognition of L. corymbifera by humoral and cellular components of the innate 

immune system as well as the intracellular processing of L. corymbifera were analysed by 

a combination of immunofluorescence microscopy and flow cytometry. Furthermore, the 

effect of infection related surface modifications on these processes was investigated. 

Additional surface proteomics of L. corymbifera isolates was used to identify proteins 

which may play a role in the interaction with the innate immune system. Finally, to get 

insights into the molecular factors which are involved in the intraphagocytic survival of 

L. corymbifera, dual-transcriptomic analysis via RNA sequencing was performed. 
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3. Manuscripts 

3.1 Manuscript A: Interaction of Zygomycetes with innate immune cells 

reconsidered with respect to ecology, morphology, evolution and infection 

biology: a mini-review.  

Park HR and Voigt K 

Published manuscript 

Mycoses. 2014 Dec;57 Suppl 3:31-9. doi: 10.1111/myc.12235. 

Summary 

The innate immunity plays a crucial role in the defence against human pathogenic fungi. 

Little is known about the role of the innate immunity in mucormycosis (formerly 

zygomycosis) and comprehensive works on this topic are lacking. This review gives an 

overview on the current knowledge on the different cellular components of the innate 

immunity and their interaction with mucoralean fungi. 

Contribution to the manuscript 

Hea Reung Park wrote the sections ‘Zygomycetes in human infection’ and ‘the interplay 

between the innate immune system versus zygomycetes’.  

Percentage of author’s contribution 

Park HR 50 % 

Voigt K 50 % 
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3.2 Manuscript B: Virulent strain of Lichtheimia corymbifera shows in-

creased phagocytosis by macrophages as revealed by automated micros-

copy image analysis 

*Kraibooj K, *Park HR, Dahse HM, Skerka C, Voigt K, Figge MT 

*authors contributed equally 

Published manuscript 

Mycoses. 2014 Sep 1. doi: 10.1111/myc.12237 

Summary 

Alveolar macrophages represent the first line of defence against the fungal pulmonary 

infections. In this study, two strains of L. corymbifera were used to analyse and compare 

the initial interaction with macrophages. Fungal spores were pre-treated (e.g., swollen and 

opsonised) to mimic the in vivo situation of the infection. Phagocytic ratio, fungal adhesion 

and aggregation were analysed via the automated analysis. The data showed differences 

in recognition by macrophages between two strains of L. corymbifera. 

Contribution to the manuscript 

Hea Reung Park participated in experimental set-up and carried out all the wet laboratory 

part of the work. She was also involved in manuscript preparation.  

Percentage of authors’ contribution 

Kraibooj K and Park HR 60 % 

Voigt K and Figge MT 30 % 

Dahse HM and Skerka C 10 % 
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3.3 Manuscript C: Kill time: Survival of Lichtheimia corymbifera in alveolar 

macrophages is through a fungal interference in phagosome biogenesis 

Park HR, Schwartze VU, Hanf B, Krüger T, Schmidt F, Dahse HM, Nietzsche S, 

Hassan M, Keller M, Heinrich A, Slevogt H, Bachmann S, Kniemeyer O, Skerka C, 

Zipfel PF, Brakhage AA, Voigt K 

 

Manuscript in preparation, to be submitted in mBio 

Summary 

In this study, L. corymbifera was used as a model organism for mucormycosis to 

understand the infection process in macrophages. This manuscript demonstrates the long 

term persistence of L. corymbifera inside the infected cells without hyphal formation. The 

importance of fungal viability as well as surface factor(s) in the inhibition of phagosomal 

maturation were also shown. Additionally, surface proteomic analysis demonstrated the 

spore surface variation between two strains of L. corymbifera, which may contribute to the 

strain dependent differences in recognition by macrophages.  

Contribution to the manuscript 

Hea Reung Park was involved in the experimental designs. She generated most of the 

results provided in the manuscript and analysed data. She designed all the figures given 

in the manuscript and wrote the manuscript in the largest part.  

Percentage of authors’ contribution 

Park HR (50 %) 

Schwartze VU, Hanf B and Krüger T (15 %)  

Schmidt F, Hassan M, Keller M, and Dahse HM (10%)  

Nietzsche S, Heinrich A, Slevogt H, and Bachmann S (5%) 

Kniemeyer O, Skerka C, and Zipfel PF (15%)  

Brakhage AA and Voigt K (10%) 
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4. Unpublished data 

4.1  Interaction of L. corymbifera spores with macrophages 

From the phagocytosis analyses (Kraibooj et al. 2014 and 3.3 Manuscript C), two strains 

of L. corymbifera showed significant differences in the uptake by macrophages. Therefore, 

the images were analysed further to see if the differences come from the amount of 

interaction between the two strains and macrophages (Figure 4.1). 

 

 

 

Figure 4.1: Interaction of L. corymbifera strains with MH-S cells. Image analysis on the 

interaction between macrophages and two strains of L. corymbifera was measured by scoring 

intact macrophages in the replicates into four categories; macrophages containing (a) internalised 

spore(s) only per macrophage (b) adhered spores only per macrophage (c) internalised and 

adhered spores per macrophage (d) no spore per macrophage. Each column represents the 

interaction of L. corymbifera and MH-S. The upper parts of the column indicate the proportion of 

only adhered spores in their respective fungus-macrophage interactions, whereas, the lower part 

represents the internalised spores after the adhesion. The results are the mean ± SD of three 

independent experiments of total interaction. Statistical analysis was performed using paired t-test. 

 

All the macrophages were counted per image. In total, ten images for one technical 

replicate were analysed. Two technical replicates per one biological experiment were 

analysed. Experiments were performed in three biological replicates. Macrophages were 

counted into four categories as follows; (i) containing phagocytosed spores only, (ii) 
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containing both phagocytosed spores and adhered spores on the surface, (iii) only 

adhered spores and (iv) macrophages with no interactions.  

The result indicates that the observed differences (3.3 Manuscript C) in the spore surfaces 

play a role in the internalisation rather than the adhesion/initial interaction of the spores 

(Figure 4.1). Therefore, the resting condition showed the difference in phagocytosis, 

despite of the similar overall interaction ratio between the two strains. In swollen and 

opsonised spores, there was a trend for higher overall interactions in JMRC:FSU:09682. 

However, the relative internalisation was only increased in opsonised conditions, 

compared to the resting condition of this strain. For JMRC:FSU:10164, there was no 

increase in overall interactions, but the relative internalisation was increased in both 

swollen and opsonised spores of this strain which shows that there is no increase in 

attachment of the spores in these conditions but the increase of the rate of internalisation 

itself (Figure 4.1). This low relative attachment and internalisation in opsonised spores of 

JMRC:FSU:10164 can be explained due to the low amount of CAP (Complement 

activation products) deposited on the surface of this strain (3.3 Manuscript C).This lesser 

amount CAP on the surface, together with relatively less efficient phagocytosis by 

macrophages (also shown in resting condition) makes the interaction to be significantly 

lower for this strain than that of JMRC:FSU:09682.  

4.2  Binding of complement regulator factor H in L. corymbifera  

Complement system is crucial for complement-mediated phagocytosis and lysis of 

invading microbes (Zipfel & Skerka 2009). There was a significant difference in CAP 

deposition on the spore surface between the two strains of L. corymbifera (3.3 Manuscript 

C). JMRC:FSU:09682 exhibited a fourfold increase in the binding of CAP in comparison to 

JMRC:FSU:10164, though both strains can activate the alternative pathway of the 

complement system (3.3 Manuscript C).  

As regulator of complement, Factor H (FH) binds to C3b averting formation of an active 

convertase (Zipfel et al. 1999; Brown & Netea 2007). FH binds to C3b when surface 

structures are negatively charged (e.g., sialic acids). It is an essential complement-

inhibitor in the alternative pathway for recognising self from non-self (Zipfel et al. 1999; 

Pangburn et al. 2008). Some pathogens use this mechanism to escape a complement-

mediated immune response and/or to adhere to the host for an infection. For example, 

Streptococcus pneumoniae and fungal pathogens like C. albicans and A. fumigatus bind 
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to FH, consequently avoiding the activation of the complement cascade (Meri et al. 2002; 

Hammerschmidt et al. 2007; Behnsen et al. 2008; Dagenais & Keller 2009). Therefore, the 

binding capability of FH by L. corymbifera was determined to see if L. corymbifera utilises 

this mechanism to protect itself from the immune response.  

Spores of JMRC:FSU:09682 and JMRC:FSU:10164 were prepared for fluorescence-

activated cell sorting (FACS) for an indirect quantification of FH on the spore surface. 

Spores were harvested from KK1 medium (Kraibooj et al. 2014), washed with phosphate-

buffered saline (PBS) and counted using a Thoma chamber in prior to the incubation with 

NHS (normal human serum). Spore suspensions (107 spores in 300 μl) were incubated 

with 50 % NHS for 30 min at 37 °C with gentle shaking (400 rpm). This was followed by 

three washing steps with PBS. A. mouse anti-FH monoclonal IgG (Santa Cruz) was added 

in 1:200 dilutions for 45 min. Spore suspensions were washed three times before the 

addition of anti-mouse IgG Alexa Fluor® 647 (Life technologies) for 30 min. FACS 

analysis was performed after three times of washing with PBS. The population of interest 

was set according to the spore size (forward scatter) and granularity (side scatter) equally 

for both strains. Controls in these experiments were resting spores without any antibodies 

as a size control and spores without primary antibody as an auto-fluorescence control. 

Experiments were performed in three biological replicates. 

 

 

Figure 4.2: Determination of complement regulator FH binding to L. corymbifera. 

Flow cytometric analysis of FH on the surface of L. corymbifera spores. 107 spores were 

opsonised in 50% NHS and washed afterwards with PBS. Spores were then incubated for 45 min 

with a primary FH antibody (1:200) and another 30 min with a secondary antibody. X-axis 

represents fluorescence intensity and y-axis represents % gated population according to its 

fluorescence intensity. Controls used in the graphs are for auto-fluorescence. Analysis was 

performed using Flow Jo. Experiments were conducted in three biological replicates. 

 

 



U n p u b l i s h e d  d a t a  | 67 

 

 
 

No significant difference between two strains for FH binding was found and a generally 

low binding of FH on spores from both strains (Figure 4.2). Therefore, the results suggest 

that there is no major modification by the complement regulator FH in the interaction 

between the complement system and L. corymbifera. 

4.3  Aspergillus fumigatus as a positive control for the 

maturation of phagolysosome 

It is known that wild-type A. fumigatus allows fusion of phagosomes and lysosomes but 

inhibits the acidification process in the phagolysosomes (Jahn et al. 2002; Philippe et al. 

2003; Thywißen et al. 2011). Therefore, A. fumigatus (AF293) was used as a positive 

control for the fusion of phagosomes and lysosomes along with the two different strains of 

L. corymbifera. Experiments were performed as described in 3.3 Manuscript C. Cathepsin 

D positive phagosomes containing A. fumigatus were assessed by counting 100 spores 

inside MH-S cells and scored for lysosomal fusion in three biological replicates. The green 

fluorescent ring represents the fusion of phagosome and lysosome (Figure 4.3A).  
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Figure 4.3: Fusion of phagosome and lysosome by A. fumigatus. (A) Fusion of 

phagosomes and lysosomes in presence of A. fumigatus. Cathepsin D, an acidic hydrolase was 

used to visualise the fusion of phagosomes and lysosomes. Cathepsin D was quantified in each 

experiment for at least 100 phagosomes containing spore(s). (B) Percentage quantification of 

cathepsin D positive fungal spores/conidia within MH-S after 3 hours of co-incubation. The results 

are the mean ± SD of three independent experiments. Statistical analysis was performed using 

paired t-test. *** P<0.001. *Results of L. corymbifera adapted from 3.3 Manuscript.  

 

As no major ring formation around the ingested spores of L. corymbifera could be 

observed, it was important to include a positive control in order to approve the reliability of 

the method. Therefore, all the experiments were carried out in the presence of 

A. fumigatus to assure that there is no error or artificial effects in the assay to confirm that 

in presence of L. corymbifera, there is no recruitment of the cathepsin D in the 

macrophages (Figure 4.3B). Therefore, there is an inhibition of fusion between 

phagosomes and lysosomes in the presence of both strains of L. corymbifera. 

4.4  Phenotypical difference in nitrogen utilisation of 

L. corymbifera  

The two strains of L. corymbifera exhibited differences in phagocytosis and stress 

resistances (3.3 Manuscript C). JMRC:FSU:10164 exhibiting reduced virulence in animal 

infection models (Schwartze et al 2012; unpublished data Ilse D. Jacobsen), showed less 

recognition by macrophages and less susceptibility to cell wall stressors (Manuscript 4.3) 

which often contribute to the virulence of the fungal pathogens (Aimanianda et al. 2009; 

Shen et al. 2015; Valiante et al. 2015). In order to understand the differences between the 

two strains, other factors which may contribute to the pathogenicity were analysed. 

Nitrogen is one of the essential nutrients for the fungal growth (Wong et al. 2008). Inside 

the host cells, it is often that there is no or very limited amount of nutrients available for 

the pathogens to stay or proliferate (Brunke & Hube 2013). Therefore, the metabolic 

flexibility of the two strains in the presence of limited nitrogen availability was measured. 

For the growth assay on different nitrogen sources, spores of JMRC:FSU:09682 and 

JMRC:FSU:10164 were point inoculated via serial dilution on YNB (Yeast nitrogen base) 

media with 1 % glucose as a carbon source and 0.5 % of all other nitrogen sources, 5 % 

of egg yolk or 10 % FBS (fetal bovine serum). Additionally, 1 % skim milk agar with 0.8 % 

agarose was used. As control, 0.5 % w/v casamino acids (CAA) were used. Plates were 

incubated at 37 °C for 48 h. Experiments were performed in three biological replicates. 
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Figure 4.4: Nitrogen assimilation of the two strains of L. corymbifera. 5 μl spore 

suspension of the two different L. corymbifera strains were spotted in a 10 folds serial dilution on 

YNB medium with glucose as a sole carbon source and specific nitrogen sources (above). Control 

plates were 0.5 % w/v CAA. Growth was documented after 48 h incubation at 37 °C.  

 

On the control plate, there was no significant difference in growth of the two different 

L. corymbifera. However, in the presence of amino acids such as proline and host-like 

nitrogen sources (FBS), JMRC: FSU 10164 displayed weaker growth which shows the 

reduced ability to utilise different nitrogen sources in this strain. Within the host, availability 

of many nutrients is limited (Appelberg 2006; Brunke & Hube 2013). Therefore, the ability 

of metabolising a wide range of amino acids as a sole source of nitrogen along with 

carbon sources and other nutrients is essential for a pathogen to establish and maintain 

an infection.  

4.5  Transcriptomic analysis of L. corymbifera inside 

macrophages 

During the infection process, both the host and the pathogen undergo a dynamic cascade 

of events that result in altered gene expression patterns (Westermann et al. 2012). With 
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dual-RNA analysis, the complex interaction between a pathogen and its host during 

infection can be revealed simultaneously at their RNA levels (Westermann et al. 2012). 

Therefore, dual-transcriptomic analysis on JMRC:FSU:09682 and MH-S was performed to 

understand the pathogenesis at the genetic level to identify what kind of stresses that 

L. corymbifera encounter as well as the transcriptional response of macrophages during 

the infection.  

Dual transcriptomics were performed in collaboration with Philipp Krämmer (Microbial 

Pathogenicity Mechanism), Dr. Hans-Martin Dahse (Infection biology) and Dr. Jörg Linde 

(System Biology and Bioinformatics) from Hans-Knöll Institute, Jena, Germany. 

L. corymbifera (JRMC:FSU:09682) was cultivated for 7 days in KK1 medium (Kraibooj et 

al. 2014) at 37 °C. Murine alveolar MH-S macrophages (ATCC: CRL-2019) were 

cultivated in RPMI-1640 supplemented with 10% heat inactivated fetal bovine serum at 37 

°C in 5 % CO2. Macrophages were seeded in 6 well plates at 106 cells per well to adhere 

overnight. Macrophages were infected with spores at a MOI (Multiplicity of Infection) of 5. 

After 3 hr of co-incubation with MH-S, extracellular spores were removed by at least 3 

washing steps with pre-warmed RPMI-1640 (PAA Laboratories) and incubated for 13 hr in 

prior to the RNA extraction procedure. Controls in these experiments were fungus grown 

for 16 hours without macrophages and macrophages without fungal spores. Fungal RNA 

was isolated using RiboPure Yeast Kit (Thermo Fisher) and macrophage RNA was 

isolated with the RNeasy Mini kit (Qiagen), according to the manufacturers’ instructions. 

The concentration and purity of RNA samples were assessed using a NanoDrop 

spectrophotometer and Agilent 2100 bioanalyzer.  

A total of 681 L. corymbifera genes were differentially expressed during the co-infection 

with macrophages, with 629 down- (data not shown, Table S1) and 52 up-regulated 

(Table 4.1) (Table S1). In order to systematically analyse the function of the differentially 

expressed genes (DEG), GO enrichment analyses were performed using FungiFun2. 
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Figure 4.5: Gene expression of L. corymbifera after the phagocytosis. (A) Analysis of 

all 16 overrepresented DEG with enriched GO categories calculated with FungiFun2. (B) Analysis 

of 20 most significantly underrepresented DEG with enriched GO categories calculated with 

FungiFun2. 

 

In the upregulated genes, only few GO terms were significantly enriched, which mainly 

included single genes (Figure 4.5 A). These were mostly involved in cell wall synthesis 
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and transport. This generally low up-regulation can be explained due to the delayed or 

inhibited development of L. corymbifera inside the macrophages. The fungi stay inside the 

infected cells as spores, which means that they are metabolically not as active like the 

hyphal stage of the growth development. However, analysis of the single up-regulated 

genes revealed that iron regulation genes such as FTR1 (LCor0136.1), multi-copper 

oxidase (LCor 01035.1) and ferric reductase (LCor11373.1), were identified along with 

other stress-related genes e.g., heat shock protein (HSP) 20 (Table 4.1). The importance 

of iron acquisition within the infected macrophages is shown in other fungal pathogens for 

their survival and growth development inside the host cells. (Schrettl et al. 2010; Nevitt & 

Thiele 2011). 

In the genome of L. corymbifera, several copies of iron uptake genes are present 

(Schwartze et al. 2014). In dual transcriptomics, the up-regulation of iron reductive 

pathway genes were observed (Table 4.1), and these genes were also found in in vitro 

iron starvation experiment (Schwartze et al. 2014) indicating that that L. corymbifera 

inside the macrophages encounters the iron starvation as well as exposure to several 

stresses (e.g., cellular stress and cell wall synthesis). Additionally, the down-regulated 

genes were mainly involved in various metabolic pathways (Figure 4.5 B) suggesting the 

low metabolic activity of the spores inside the macrophages. Within the host, fungal 

pathogen is exposed to numerous stresses such as thermal and cell wall stressors (Figure 

4.5 A; Table 4.1). Perhaps, this may contribute to slow or inhibited growth development of 

the fungi inside the host cells and makes all the metabolic capabilities of the fungus to be 

used up in the stress resistance, which may result in loss of metabolic energy to switch its 

morphology to hyphae. 

The transcriptomic data of the host cells are currently analysed and will provide first 

insights into the response of macrophages to L. corymbifera infections.  
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Table 4.1: Functional annotation of up-regulated genes in L. corymbifera inside the 

macrophages. The analysis of homologues in other species is available through phylomeDB 

(phylomedb.org; phylome ID 245). Genes were deifned as differentially expressed when transcripts 

showed an absolute fold-change ≥2 and an adjusted p-Value≤0.01 (DESeq) (Anders & Huber 

2010). *- indicates unknown function 

Gene ID Pfam ID Pfam description 
Homologues in 
other species 

Log 2-fold expression 
change 

LCor00417.1 PF01522.16 Polysacc_deac_1 - 2.84 

LCor00487.1 PF00080.15 Sod_Cu - 3.19 

LCor00584.1 PF07690.11 MFS_1 - 1.60 

LCor00586.1 PF07690.11 MFS_1 - 2.63 

LCor00833.1 PF00011.16 HSP20 - 2.81 

LCor01035.1 

PF00394.17 Cu-oxidase   

1.67 PF07731.9 Cu-oxidase_2 FET3/5 

PF07732.10 Cu-oxidase_3   

LCor01036.1 PF03239.9 FTR1 FTR1 1.89 

LCor01067.1 PF00083.19 Sugar_tr - 4.01 

LCor01268.1 PF05739.14 SNARE - 3.44 

LCor02231.1 PF00083.19 Sugar_tr - 2.82 

LCor02253.1 PF00106.20 adh_short - 4.75 

LCor02700.1 PF07690.11 MFS_1 QDR1/2 or AQR1 3.47 

LCor03359.1 

PF08326.7 ACC_central   

1.89 

PF02785.14 Biotin_carb_C   

PF00364.17 Biotin_lipoyl FAS3 

PF01039.17 Carboxyl_trans   

PF02786.12 CPSase_L_D2   

LCor03689.1 PF03169.10 OPT OPT1 5.07 

LCor03932.1 PF01522.16 Polysacc_deac_1 - 6.84 

LCor04483.1 PF10685.4 KGG - 2.19 

LCor05040.1 PF13347.1 MFS_2 - 2.03 

LCor05053.1 PF00759.14 Glyco_hydro_9 - 4.16 

LCor05109.1 
PF10417.4 1-cysPrx_C - 

2.21 
PF00578.16 AhpC-TSA - 

LCor05511.1 PF01243.15 Pyridox_oxidase - 1.70 

LCor05668.1 PF01490.13 Aa_trans - 7.16 

LCor05760.1 PF01212.16 Beta_elim_lyase GLY1 1.86 

LCor06264.1 PF01522.16 Polysacc_deac_1 - 4.81 

LCor06827.1 PF00106.20 adh_short - 1.79 

LCor07289.1 PF10685.4 KGG - 2.43 

LCor07339.1 PF02469.17 Fasciclin Fsc1  2.13 

LCor07878.1 PF11754.3 Velvet - 4.80 

LCor08134.1 PF12585.3 DUF3759 - 8.55 

LCor08390.1 PF07690.11 MFS_1 QDR1/2 or AQR1 3.07 

LCor08725.1 PF00929.19 RNase_T - 1.65 

LCor09565.1 PF00067.17 p450 - 6.62 

LCor09566.1 PF00067.17 p450 - 4.01 
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LCor09611.1 PF00854.16 PTR2 PTR2 1.62 

LCor10736.1 PF00245.15 Alk_phosphatase - 1.84 

LCor10817.1 
PF00501.23 AMP-binding - 

1.66 
PF13193.1 AMP-binding_C - 

LCor10966.1 PF10282.4 Lactonase - 2.12 

LCor11373.1 
PF01794.14 Ferric_reductase - 

2.44 
PF08030.7 NAD_binding_6 Ferric reductase 

LCor11767.1 PF03114.13 BAR RVS161 1.83 

LCor11812.1 

PF03372.18 Exo_endo_phos Transposon 

1.93 PF00078.22 RVT_1 - 

PF13966.1 zf-RVT - 

LCor12166.1 PF00011.16 HSP20 - 2.89 

LCor12264.1 PF01758.11 SBF - 3.60 

 

Table S1. RNA-Seq mapping and differentially expressed genes in L. corymbifera. 
*Table S1 is too large for print but can be found on the CD attached to this thesis 
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5. Discussion 

Mucormycosis is an uncommon fungal infection in humans which is associated with high 

morbidity and mortality. Like any other fungal infection, there is a steady increase in the 

incidence due to the rise in number of immunocompromised patients and also diabetic 

patients with poor glycaemic control (Roden et al. 2005; Meis & Chakrabarti 2009; 

Alastruey-Izquierdo et al. 2010; Brown et al. 2012). Various studies emphasised the 

importance of the active involvement of innate immunity especially, the role of 

macrophages in clearance of the infectious foci during mucormycosis (Waldorf et al. 1984; 

Waldorf & Diamond 1984; Waldorf et al. 1984b; Chamilos et al. 2008; Voelz et al. 2015). 

However, detailed studies on interaction between mucoralean fungi like Lichtheimia 

species and innate immunity are lacking, in contrast to more established fungal infections 

(e.g., aspergillosis and candidiasis). To gain more insights in the interaction between 

mucoralean pathogens and macrophages, we used the murine alveolar macrophage cell 

line (MH-S) and Lichtheimia corymbifera as a model organism for the mucormycosis. 

5.1  Phagocytosis and the intracellular fate of L. corymbifera 

inside macrophages 

Phagocytosis was first described in 1875 by Wilhelm Osler (Osler 1875; Ambrose 2006). It 

is a type of endocytosis in which a cell recognises and internalises a particle via formation 

of an internal vesicle known as a phagosome which will then go through various 

biochemical steps to clear the ingested particle (Aderem & Underhill 1999; Flannagan et 

al. 2015). 

Resting spores of L. corymbifera were rapidly taken up by macrophages. As comparable 

to other fungal pathogens, infection-related modification on spores altered phagocytosis of 

L. corymbifera (Kraibooj et al. 2014; 3.3 Manuscript C). During conidial swelling of 

A. fumigatus, the rodlet layer is released which permits the exposure of carbohydrates like 

β-glucan and other molecules on conidia (Dagenais et al. 2010). This in turn, results in 

higher phagocytosis of A. fumigatus whereas, swelling had no effect on phagocytosis of 

Aspergillus terreus (Slesiona et al. 2012). In L. corymbifera, it was found that dectin-1 did 
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not play a major role in the recognition of resting spores and only slight increase was 

observed in phagocytosis of swollen spores by MH-S cells (3.3 Manuscript C) suggesting 

either only a low amount of β-glucan and/or the presence of a shieling layer (similar to the 

rodlet layer of A. fumigatus) of L. corymbifera. Opsonisation is known to enhance the 

phagocytosis of pathogens (van Lookeren Campagne et al. 2007; Zipfel & Skerka 2009) 

which was the case for L. corymbifera as well. However, the results demonstrated that 

there are differences in phagocytosis of the two tested strains of L. corymbifera and strain 

dependent differences in phagocytosis will be discussed in detail in a separate chapter 

(see 6.4 Strain dependent differences in the immune recognition and spore surface 

structure). 

One of the major receptors for recognition of fungi is the dectin-1 on macrophages (Brown 

et al. 2002; Herre 2004; Mansour et al. 2013). Dectin-1 recognises β-1,3 and β-1,6 linked 

glucans, which are the main cell wall components of many fungi including Aspergillus and 

Candida species (Latgé 2007; Gow 2007). Due to the abundance on the fungal surface, in 

the clinical settings, glucan is often used as a serological marker for invasive fungal 

diseases (Odabasi et al. 2004; De Pascale & Tumbarello 2015; Hou et al. 2015). 

However, it was found that there is no significant effect of dectin-1 knock-out primary 

murine macrophages for the phagocytosis of L. corymbifera strains (3.3 Manuscript C). 

Additionally, it was shown that clinical isolates of L. corymbifera had lower glucan 

concentration in the culture supernatants in comparison to other fungal pathogens 

(Odabasi et al. 2006). However, the activation of dectin-1 plays an essential role in the 

infection process for many fungal pathogens as it is involved in the elimination of 

pathogens (e.g., phagosomal maturation and generation of reactive oxygen species as 

well as the activation of T cell differentiation (Gringhuis et al. 2009; Underhill et al. 2011; 

Mansour et al. 2013). Therefore, some pathogens such as H. capsulatum evade the 

innate immune recognition of the dectin-1 receptor through covering of β -glucan with the 

less common polysaccharide α-(1,3)-glucan on their surface (Rappleye et al. 2007).  

Although, the results imply that there is no major glucan which may be covered by another 

sheet to avoid immune recognition. the cell wall of mucoralean fungi, like in most fungi, is 

mainly composed of carbohydrates (e.g., chitin and chitosan), proteins, lipids and 

phosphate (Dietrich & Beakes 2014). In C. albicans, chitin on the fungal cell wall blocks 

the immune recognition via dectin-1 resulting in reduced cytokine production in 

macrophages (Mora-Montes et al. 2011). Furthermore, chitin also promotes the secretion 

of anti-inflammatory IL-10 via NOD2 (Nucleotide-binding oligomerization domain-

containing protein 2) and TLR-9 receptors (Wagener et al. 2014). Chitosan, another 
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naturally occurring polysaccharide found in the fungal cell wall, can activate the 

inflammatory response in murine macrophages (Bueter et al. 2011; Bueter et al. 2013). In 

an in vivo experiment, chitosan in the cell wall of C. neoformans was critical for the 

pathogenic growth development and the virulence of the fungus (Baker et al. 2011). 

Therefore, the role of carbohydrates in the mucoralean fungal cell wall in regards to the 

immune response has to be further studied for a comprehensive understanding of the 

initial interaction of mucoralean fungi and the immune system. 

Once a pathogen is recognised via the receptor-mediated process, professional 

phagocytes like macrophages engulf the pathogen into a membrane bound vacuole 

known as a phagosome (Aderem & Underhill 1999; Underhill & Goodridge 2012; 

Flannagan et al. 2015). The phagosome itself does not harm the ingested pathogen as 

the vacuole is made from the cell membrane without microbicidial factors (Chow et al. 

2004). However, the prompt maturation of the phagosome which involves a series of 

biochemical adjustments and fusion between the phagosome and lysosomes, results in a 

drop of pH and activation of antimicrobial agents such as proteases, and hydrolases for 

the elimination of engulfed pathogens (Aderem & Underhill 1999; Underhill & Goodridge 

2012; Flannagan et al. 2015). After phagocytosis of L. corymbifera, macrophages failed to 

clear the fungal spores after 24 h (3.3 Manuscript C). Moreover, a high survival rate was 

common throughout the pre-treatments on the spores (swollen and opsonised) and dose-

independent (3.3 Manuscript C). Many human pathogens exhibited greater susceptibility 

towards killing by macrophages when such a treatment and high doses were implemented 

(Gordon et al. 2000; Marr et al. 2001; Philippe et al. 2003). Opsonisation on such a 

pathogen e.g., A. fumigatus and S. pneumoniae was subjected for rapid killing by 

macrophages (Gordon et al. 2000; Marr et al. 2001) and furthermore, for A. fumigatus, the 

initial swelling process is known to be vital for fungal elimination via NADPH oxidase 

(nicotinamide adenine dinucleotide phosphate-oxidase) (Philippe et al. 2003). 

Many pathogens employ a wide range of mechanisms to encounter the microbicidal 

activities from the host. For example, C. glabrata interferes with the acidification via 

mannosyltransferases which allows the fungal replication within the host cells (Seider et 

al. 2011; Kasper et al. 2014). In contrast, A. terreus persists inside the acidified 

phagolysosome without interfering with the phagosome maturation (Slesiona et al. 2012). 

These non-invasive survival mechanisms allow no damage to the infected cells despite of 

their intracellular survival and replication inside the macrophages (Seider et al. 2011; 

Slesiona et al. 2012). On the contrary, other human-pathogenic fungi such as C. albicans 

and A. fumigatus change their morphology from yeast/conidia to hyphae which allows the 
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active escape from the macrophage-mediated killing and results in a massive destruction 

of the host cells (McKenzie et al. 2010; Slesiona et al. 2012; Uwamahoro et al. 2014).  

Similar to the situation in A. terreus, the long-term persistence within the macrophages, 

there was no formation of hyphae of ingested L. corymbifera and no significant damage 

on the host cells was observed after 24 h (3.3 Manuscript C). A. terreus persist in the 

immunocompetent host for a long time despite of the phagosomal maturation and when 

the acidification is chemically inhibited by bafilomycin, the fungus showed germination 

(Slesiona et al. 2012). However, the acidic environment (i.e., acidification of 

phagolysosome) does not harm the fungal growth of L. corymbifera as the fungus showed 

a good growth in pH as low as 2 (Schwartze 2011). Therefore, the reasons for the 

inhibition of intracellular germination are likely to be owing to the other factors (e.g., lack of 

nutrients) than low pH as a sole factor.  

To exclude that the cell culture medium is the reason for the inhibition of intracellular 

growth, L. corymbifera was incubated in the medium with and without macrophages. 

Hyphal formation of L. corymbifera after 6 hours’ incubation without macrophages, 

indicated that the presence of macrophages is essential in inhibiting fungal growth.  

Additionally, it is known that inside infected cells, pathogens encounter a hostile 

environment hindering their growth and/or replication (Skaar 2010; van der Heijden et al. 

2015; Killackey et al. 2016). Nutritional immunity is one of the antimicrobial mechanisms 

which can be used by macrophages in order to prevent the development of invading 

pathogens by limiting the nutrient availability (Appelberg 2006). Iron starvation is one of 

the common nutritive antimicrobial mechanisms. In return, many organisms have 

developed several strategies to counteract the nutritional-limited environment (Collins 

2008; Nevitt & Thiele 2011; Killackey et al. 2016). For the fungal pathogens C. albicans 

and R. oryzae, the importance of the high-affinity iron permease FTR1 for the acquisition 

of iron in hostile environment (e.g., within the infected cells) and its contribution to the 

virulence was shown (Almeida et al. 2009; Liu et al. 2015). Furthermore, the acquisition of 

iron during the infection is also linked with fungal survival as well as pathogenic growth, 

showing that macrophages are not only focused on elimination of invading fungal spores 

but also on the inhibition of the germination (Schrettl et al. 2010; Nevitt & Thiele 2011). In 

transcriptomic data of L. corymbifera, FTR1 as well as other reductive iron acquisition 

pathway (e.g., multicopper oxidase) genes were up-regulated, suggesting that the fungus 

is exposed to iron starvation as well as other stressors like reactive oxygen species 

(unpublished data 4.5). This harsh environment may hinder the growth of L. corymbifera. 

In order to survive within the infected cells, spores of L. corymbifera may utilise their 
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metabolic energy towards resisting such an environment for long-term persistence. 

Additionally, an elevated free iron level is linked to the pathogenesis of mucormycosis 

(Ibrahim 2014). When high level of free iron is available, hyphal growth of R. oryzae was 

promoted which increased susceptibility of endothelial damage in diabetic mice (Liu et al. 

2010), indicating the importance of iron availability in the pathogenic growth of 

mucoralean fungi. 

5.2  Analysis of phagocytosis  

Microscopic image analysis often requires long hours of manual examination of the 

generated images. Therefore, automated analysis was introduced to overcome the 

disadvantages of manual analysis and standardise the analysis (Mech et al. 2011). The 

phagocytosis of L. corymbifera was measured by two methods in parallel; (i) manual 

analysis which was performed, according to Newman and Holly 2001 (3.3 Manuscript C) 

and (ii) the automated analysis (Kraibooj et al. 2014). L. corymbifera is the first 

mucoralean fungus which was subjected for the automated analysis by fluorescence 

microscopy. Although, the tendency of phagocytosis ratio was comparable between two 

methods, there was a discrepancy in phagocytosis of swollen spores between two 

methods. The automated analysis showed the statistical significance between two strains 

in phagocytosis of swollen conidia whereas this was not indicated in the manual analysis. 

This may be due to the counting of images in a different definition for a technical replicate. 

In manual analysis, 10 images were counted as one technical replicate, therefore two 

technical replicates in one biological experiment for the calculation of PI. The automated 

analysis regarded one image per one technical replicate, giving 20 technical replicates per 

one biological experiment. While this method is more sensitive regarding the detection of 

slight differences in the experiment, it shows higher standard deviation compared to the 

manual analysis. One of the main reasons can be the spatial heterogeneity of both 

interaction partners (macrophages and spores). This is balanced by using the combined 

results of images of one technical replicate in the manual analysis. However, both 

methods yielded similar results and the general tendency of the phagocytosis ratio 

between two strains were visible. This grants the possibility of replacing time-consuming, 

laborious manual analysis to high throughput automated analysis. However, there are 

some limitations and/or challenges to the automated analysis. It requires high quality of 

images which involves more defined optimisation of the protocol than the necessity of 
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manual analysis. Another point is the settings of the microscopy (e.g., fluorescence 

intensity) has to be identical throughout all biological experiments, regardless of the 

conditions of these samples. Lastly, it introduces an additional fluorescence tag on 

macrophages (e.g., DiD, a lipophilic tracer), which is prerequisite for the recognition of 

cells in software-based analysis. Dyes like DiD require pre-labelling of cells prior to the 

infection experiment which adds additional time and washing steps. This may be not 

suitable for certain cell types due to the short life span and/or limited amount of available 

cells. Therefore, the evaluation of these two methods should be considered into an 

account prior to the image analysis.  

5.3  Survival strategy of L. corymbifera 

L. corymbifera can survive within macrophages up to 24 h independent of the pre-

treatment of spores (e.g., opsonised), despite of its inability to form hyphae inside 

macrophages (3.3 Manuscript C). To allow successful intracellular survival and/or 

replication, pathogens use several strategies to enable persistence inside the host cells. 

These strategies can be divided into three; (i) Escaping the phagosome (ii) Interference 

with phagosomal maturation (iii) Persistence within phagolysosome.  

(i) Pathogens like Listeria monocytogenes escape into the cytosol by creating a pore in 

the phagosome with listeriolysin O (Shaughnessy et al. 2006; Flannagan et al. 2009). (ii) 

C. glabrata restricts the acidification of the phagosome through an active alkalisation by 

mannosyltransferases (Seider et al. 2011; Kasper et al. 2014). (iii) Lastly, pathogens like 

A. terreus and Coxiella burnetii persist the acidification of the phagolysosome (Voth & 

Heinzen 2007; Slesiona et al. 2012).  

Macrophages containing L. corymbifera showed inhibition of the acidification (3.3 

Manuscript C), which suggests the interference of phagosome maturation or the inhibition 

of phagolysosome acidification. The lack of acidic hydrolase, cathepsin D, inside 

macrophages showed that the inhibition of acidification was due to the inhibition of fusion 

between phagosome and lysosome by L. corymbifera. Several pathogens intrude the 

phagosomal maturation by this way, for example, Salmonella typhimurium and 

M. tuberculosis inhibit the fusion event inside the infected cells via the modulation of Rab 

proteins which are necessary for phagosomal membrane remodelling (Ishibashi et al. 

1992; Harrison et al. 2003; Smith et al. 2007).  

Because both UV and heat killed spores of L. corymbifera allowed the acidification of 
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phagolysosomes, it is postulated that there is an active fungal inhibitory role in the 

maturation of the phagosome as well as the heat sensitive surface factor (Manuscript 

4.3C). Some pathogens e.g., C. neoformans and M. tuberculosis are actively involved in 

inhibition of phagosomal maturation through the production of proteins and 

polysaccharides (Saleh & Belisle 2000; Fratti et al. 2001; Tucker & Casadevall 2002; 

Deretic et al. 2006; Rodrigues et al. 2008). Of note, the percentage of acidification of UV 

treated spores was lower than that of heat-treated spores of L. corymbifera indicating that 

resident surface factor(s) also play an inhibitory role in the fusion event. For example, 

conidial dihydroxynaphthalene (DHN) melanin of A. fumigatus prevents the acidification of 

the phagolysosome (Jahn et al. 2002; Thywißen et al. 2011), which prevents the 

activation of enzymes for elimination of ingested pathogens. Although mucoralean fungi 

including L. corymbifera have a pigment called sporopollenin (i.e., polymerized carotenoid) 

(Avalos & Carmen Limón 2014), its interaction with immunity is currently unknown. Similar 

surface factor(s) as well as active fungal interference may be involved in the inhibition of 

phagosomal maturation by L. corymbifera.  

5.4  Strain dependent differences in the immune recognition 

and surface structure 

In this thesis, two strains of L. corymbifera, JMRC:FSU:09682 and JMRC:FSU:10164, 

were used for the study of the infection process with macrophages. However, these 

strains showed differences in the recognition by the innate immune system (Kraibooj et al 

2014; 3.3 Manuscript C). 

The kinetics of phagocytosis are influenced by many factors such as size, shape and 

surface properties (Kubota et al. 1983; Hirota & Terada 2012). As the two strains of 

L. corymbifera have similar size and shape, total interaction was measured to see if the 

adhesion and/or internalisation rates differ between the two strains. For resting spores, 

the two strains showed similar amount of the interaction to macrophages, although, the 

initial interaction led to higher phagocytosis for JMRC:FSU:09682 (Unpublished data 4.1). 

Some studies demonstrated strain dependent surface structures (e.g., carbohydrates) of 

pathogens leading to different phagocytosis rates within the species variation (Schlesinger 

1993; Olvera et al. 2004; Poeta 2004). Additionally, there is a hint for the possible 

difference in carbohydrate content in the cell wall of the two strains of L. corymbifera. The 

preliminary data suggested that mannose is higher expressed in the less phagocytosed 
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strain (Personal communication, Kerstin Voigt, HKI). Mannans (i.e., chains of mannoses 

that are added to fungal proteins via N- or O-linkages) can be recognised by several 

receptors on the macrophages (e.g.,TLR2, TLR4, dectin‐2, mincle and CD209) (Levitz 

2010; Hall & Gow 2013). However, fungal pathogens like C. neoformans use 

galactoxylomannan and glucuronoxylomannan as a capsule to avoid immune recognition 

(O’Meara & Andrew Alspaugh 2012). This high mannose may be used to avoid 

macrophage recognition for the less phagocytosed strain. When the surface proteins were 

removed, this less phagocytosed strain significantly increased phagocytosis (3.3 

Manuscript C).  

The difference in immune recognition was also found in opsonised spores of the two 

strains (Kraibooj et al 2014; 3.3 Manuscript C). The less phagocytosed strain showed 

significantly lower C3d deposition in comparison to the strain with higher phagocytosis 

rates (JMRC:FSU:09682) as well as other isolates of L. corymbifera (3.3 Manuscript C). 

Opsonisation of pathogens by C3d does not only enhance the clearance of invading 

pathogens by phagocytosis but also amplifies complement activation which will lead to 

MAC formation and inflammatory responses via C3a and C5a (Brakhage & Zipfel 2010; 

Merle et al. 2015). Therefore, many pathogens increase their virulence by an evasion of 

the complement system through acquiring complement regulators such as FH, factor H-

like protein-1 or utilise host molecules like plasminogen to degrade complement 

components (Brakhage & Zipfel 2010; Ferreira et al. 2010; Lambris et al. 2008). However, 

this low binding of C3d was not due to differences in the activation of complement 

pathways but the capacity of C3d deposition on the surface itself and there was no 

involvement of FH in the degradation of C3d (Unpublished data 4.2). Of note, some fungal 

pathogens e.g., A. fumigatus produce several proteases to cleave the complement 

proteins (Monod et al. 2002; Behnsen et al. 2010; Rambach et al. 2010; Speth & 

Rambach 2012), therefore, the possible involvement of proteases in the low C3d binding 

in the less phagocytosed strain (JMRC:FSU:10164) has to be evaluated. 

In addition to this difference in the recognition by the innate immune system, electron 

microscopy of the spore surface of both L. corymbifera strains also revealed some 

morphological differences between the two strains. (4.3 Manuscript C). Furthermore, 

trypsin treatment on fungal spores increased the phagocytosis significantly for both 

strains, suggesting the protein(s) involvement in the recognition by macrophages (3.3 

Manuscript C). Often pathogens use such a mechanism to avoid an efficient uptake by the 

phagocytes. For example, conidia of A. fumigatus contain the surface-hydrophobin RodA. 

This protein layer prevents the immune recognition by various immune cells including 
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T cells (Aimanianda et al. 2009) and masks dectin-1 and dectin-2 recognition which is 

important for fungal recognition and clearance (Carrion et al. 2013). C. albicans also has a 

shielding of GPI anchored proteins, and when these surface proteins are removed, 

recognition by immune cells increases allowing enhanced cytokine production and 

recruitment of immune cells (Shen et al. 2015). This can be applied for L. corymbifera as 

well. The possible surface ‘capping’ of proteins on L. corymbifera may provide an effective 

camouflage, by way of limiting the accessibility of potential fungal ligands to interact with 

numerous receptors expressed on macrophages. When both strains were ‘shaved’ with 

trypsin, they may then expose potential fungal ligands and/or therefore, allowing better 

access to host receptors, enhancing phagocytosis. Additionally, surface proteins do not 

only provide a protection but also play important roles in infection and virulence of many 

pathogens as they are involved in adhesion and interaction with phagocytes and are 

targets for immune responses (Costerton et al. 1981; McNamara et al. 2013; Wang & 

Jeffery 2016). 

Analyses of the surface proteomes of L. corymbifera gave first insights into the spore 

surface proteins and revealed differences in their abundance. Roughly hundred proteins 

were found and 33 % or 23 % were identified as cell surface proteins in JMRC:FSU:9682 

or JMRC:FSU:10164, respectively. These proteins that were categorised as non-secreted 

proteins were lacking the signal peptide, which does not exclude their presence on the 

surface as there are non-conventional protein secretions (Nickel & Rabouille 2009), 

therefore the further analyses on these proteins are needed to understand the surface 

proteomes in L. corymbifera.  

Among the identified proteins, spore coat protein homologues (CotH) and hydrophobic 

surface binding protein A (HsbA) were the most interesting proteins with differences in 

abundance between the two strains. These two proteins were found ten folds higher 

abundant on the strain with higher phagocytosis (JMRC:FSU:09682).  

CotH is one of the well-described proteins that are widely found in mucoralean fungi as 

well as in bacteria (Saggese et al. 2014; Gebremariam et al. 2014). It was first described 

in R. oryzae, as a fungal ligand for the GRP78 on endothelial cells. Reduced expression 

of these proteins in R. oryzae showed impaired invasion and damage to endothelial cells 

in vivo (Liu et al. 2010; Gebremariam et al. 2014). Based on Phylome DB (phylomedb.org) 

data base, there were three CotH proteins in the two strains of L. corymbifera, which were 

similar to CotH2 and CotH4 in R. oryzae. In R. oryzae, CotH2 and CotH3 act as invasins 

and promote the pathogen-host interaction, whereas, CotH4 was found to be distantly 

homologous to these two proteins and showed no interaction with the host cells 
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(Gebremariam et al. 2014). As these CotH proteins were highly abundant on the strain 

with higher phagocytosis (JMRC:FSU:09682), this suggests the involvement of CotH 

proteins in the interaction with macrophages. However, little is known in the function of 

CotH in innate immunity against both mucoralean fungi and bacteria. An anti-CotH 

antibody therapy successfully reduced virulence in mice, therefore, CotH may be an ideal 

immunotherapeutic as well as diagnostic target in mucormycosis (Gebremariam et al. 

2014). 

The HsbA protein was first described in A. oryzae and recruits hydrolytic enzymes for 

hydrophobic surface degradation (Ohtaki et al. 2006; Machida & Gomi 2010). An 

additional member of this protein family is the GPI-anchored galactomannoprotein Afp 17 

(or mp1) of A. fumigatus (Yuen et al. 2001; Fraczek et al. 2010; Gibbons et al. 2012; Yan 

et al. 2013). However, there is little information about the biological functions of this 

protein family. Insights into the function of HsbA were described in Beauveria bassiana, a 

fungal insect pathogen (Zhang et al. 2013). Abundance of the protein on spores was 

increased during the infection process in comparison to normal growth condition, 

suggesting a role for HsbA in the pathogenicity of this fungus (Zhang et al. 2013). 

Transcriptomic profiling of the plant pathogen Magnaporthe oryzae suggested that HsbA 

is likely to have a specific role during infection in the adhesion and recruitment of secreted 

enzymes which degrade components of the plant epidermis (Soanes et al. 2012). 

However, there is no literature currently available on this protein and its role in interaction 

with immune cells. Overall, these data are the first hints in which way the surface 

structures contribute to the virulence and are a basis for further studies to characterise 

their functions and their role in mucormycosis. 

Apart from the differences in the immune recognition and the spore surface structure, 

these two strains showed differences in their virulence potential. The less phagocytosed 

strain (JMRC:FSU:10164) exhibited attenuated virulence in both avian and mammalian 

infection models (Schwartze et al 2012; unpublished data Prof. Ilse D. Jacobsen). 

Immune evasion is one of the important virulence factors but the highly phagocytosed 

strain (JMRC:FSU:09682) was more virulent in the animal infection models. As 

L. corymbifera can survive for a long time inside macrophages (4.3 Manuscript C), the 

high capacity of binding to C3d may protect the fungus from the immune surveillance by 

hiding inside the host cells which might be beneficial for the virulent strain 

(JMRC:FSU:09682). Some pathogens (e.g., HIV and M. tuberculosis) use complement 

receptors as an entry port into the host cells (Lambris et al. 2008). For example, 

M. tuberculosis demonstrated better recognition of virulence strains by macrophages due 
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to the involvement of mannose receptors as well as the complement receptors 

(Schlesinger 1993). Therefore, the internalisation by the host cells may be advantageous 

for the survival of the virulent L. corymbifera inside macrophages.  

However, L. corymbifera is an environmental species, which means that there is no 

adaptive pressure for acquiring this kind of surface for high opsonisation and enhanced 

macrophage interaction. Therefore, the surface property of the attenuated strain 

(JMRC:FSU:10164) could be just an outliner as the other isolates of L. corymbifera also 

showed higher binding of C3d (3.3 Manuscript C).  

Upon infection, availability of nutrients is depending on the host or at the site of the 

infection, as the host environment is often nutrient-limited and hostile (Brock 2009; Brunke 

& Hube 2013).The ability to not only survive, but the capacity of invasive growth within the 

host is also required for pathogenicity. Nitrogen is a vital requirement for fungal growth 

(Wong et al. 2008) and nitrogen metabolism is often linked with pathogenicity of many 

pathogens including fungi (Cox et al. 2000; Lopez-Berges et al. 2010; Brunke et al. 2014; 

Subramaniam et al. 2015). For example, C. albicans is known to be able to utilise all 

proteogenic amino acids as a sole nitrogen source, whereas other less-pathogenic 

Candida species like C.  glabrata lack the ability to utilise some amino acids (e.g., 

cysteine and lysine), which is similar to the growth pattern of non-pathogenic yeast S. 

cerevisiae more than that of C. albicans (Brunke et al. 2014). The attenuated strain 

(JMRC:FSU:10164) showed higher resistance to cell wall stress and reduced recognition 

by the innate immune system which may be the beneficial adaptation of 

JRMC:FSU:10164 for virulence. However, this strain displayed less metabolic flexibility in 

nitrogen utilisation (Unpublished data 4.4) as well as decreased growth in minimal 

medium (Schwartze et al. 2012), which may be one of the many possible reasons for the 

attenuated virulence of this strain.  

During the persistence of L. corymbifera inside macrophages, the fungus showed swelling 

of spores but no hyphal development was observed (3.3 Manuscript C). Although, the 

formation of hyphae is considered as an important virulence factor in fungal disease 

establishment (Sobel et al. 1984; Ryley & Ryley 1990; Poeta 2004), some fungal 

pathogens such as C. glabrata and A. terreus shows little or no hyphal formation within 

the infected host cells (Csank & Haynes 2000; Katja Seider et al. 2011; Slesiona et al. 

2012). This may be the strategy of L. corymbifera, as the fungal hyphal formation of 

mucoralean fungus is more vulnerable to vigorous antifungal mechanisms within the host 

(Levitz et al. 1986; Schmidt et al. 2013). Additionally, this remaining ‘less active’ or 

persisting within the host cell is an efficient strategy for pathogenesis of microbes (García-
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Rodas & Zaragoza 2012) and even for some viruses (Marcello 2006). As fungal spores of 

L. corymbifera are in a pre-swollen stage inside macrophages (3.3 Manuscript C), the 

germination of the spores can occur faster when it is necessary.  

Microorganisms such as C. neoformans and M. tuberculosis persist in the macrophages 

and utilise these infected cells to disseminate in the host body (Okagaki et al. 2010; 

Krishnan et al. 2010). The high dissemination rate of mucormycosis may also occur by 

using infected cells as a Trojan horse to reach other organs. In A. terreus infection, this ‘sit 

and wait’ strategy accounts for the high survival within the immunocompetent host which 

may aid in the high dissemination rate (Lass-Florl et al. 2005; Balajee 2009; Slesiona et 

al. 2012).  

Overall, virulence of L. corymbifera is defined by a variety of factors such as interaction 

with the immune cells but also physiological characteristics. Although the attenuated strain 

(JRMC:FSU:10164) exhibited traits of virulence associated factors (e.g., less immune 

recognition), the combination with limited growth under host-infection related conditions 

results in the reduced virulence of the strain. However, there is flexibility in L. corymbifera 

and the combination of certain factors defines the level of virulence of the strain. 

Nevertheless, mucoralean fungi are environmental strains, suggesting these phenotypical 

characteristics found in L. corymbifera are more of coincidence or adaptation to the 

environment (e.g., amoeba), instead of an active adaptation towards the human host. 
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6. Conclusion  

Mucormycosis is an uncommon fungal infection with great mortality due to a high rate of 

dissemination. Lichtheimia corymbifera is one of the main causative agents for the 

infection. However, the knowledge on the infection process is limited. Therefore, it is of 

great importance to study the details of the interaction between the fungus and alveolar 

macrophages; one of the first barriers of the immune system inside the host, to obtain a 

comprehensive understanding of the pathogenesis.  

As shown in this thesis, L. corymbifera can be readily recognised and phagocytosed by 

macrophages with no major involvement of dectin-1 receptor in the recognition. Once, 

phagocytosed, the fungus grows in size but does not form hyphae inside the 

macrophages, which contributes the low damage of the macrophages by L. corymbifera. 

The internalised fungal spores then interfere with the phagosomal maturation by inhibition 

in fusion of phagosome and lysosome, which is a crucial step for the clearance of 

ingested spores by phagocytes. With this hindering of the maturation process, 

L. corymbifera is able to persist inside the host for the long term. Furthermore, the study 

postulated that not only fungal surface factors but also the active fungal activity is required 

in the inhibition process. 

This persistence L. corymbifera inside the macrophages may be helpful to reduce the 

interaction with other more harmful parts of the immune system like neutrophils, 

suggesting a possible immune evasion activity of the fungus. 
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Figure 5.1: Simplified scheme depicting the strategy of intracellular survival of 

L. corymbifera. Recognition of spores of L .corymbifera is independent of dectin-1. Once 

phagocytosed, the fungal spore inhibits the phagosomal maturation and persists within the 

macrophage without germination. 

 

In addition, the two strains of L. corymbifera differ in their surface properties which results 

in differences in immune recognition. Surface proteins seem to be involved in the 

recognition by macrophages. Phenotypic characterisation showed that the strain with 

higher phagocytosis (JMRC:FSU:09682) is more flexible in nitrogen assimilation than the 

other strain, which may contribute to the level of virulence.  

Of note, L. corymbifera is an environmental organism suggesting that these traits found in 

the fungus are not an active adaptation to the human host but more of a beneficial 

adaption to the environment. 

The results of this study give first insights into the interaction of the human pathogenic 

fungus L. corymbifera with components of the innate immune system and show that the 

fungus can interfere with the phagosome maturation to avoid the degradation by the host's 

immune cells. Additionally, several surface proteins were identified which may play a role 

during the interaction with the immune system. The results are a valuable resource for 

follow-up projects to further elucidate the mechanisms which enable mucoralean fungi to 

survive the confrontation with the immune system. 
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7. Outlook 

This study shows for the first time how the human pathogenic fungus 

Lichtheimia corymbifera persists inside macrophages by interference with phagosomal 

maturation.  

As dectin-1 activation plays an important role in the immune response and the resting 

spores of L. corymbifera exhibited no major recognition via dectin-1, it would be 

interesting to see if the other developmental stages of the fungus affect dectin-1 activation 

or to manipulate dectin-1 to test if dectin-1 activation plays a role in the infection process.  

Additionally, surface proteins which may play a role in the innate immune system were 

identified. The characterisation of these proteins may help in further understanding of the 

interaction of the fungus and components of the immune system. To achieve this, 

heterologous expression of proteins of interest in yeast is performed in collaboration with 

Dr. Gábor Nagy, Dept. of Microbiology, University of Szeged, Hungary, as well as 

production of antibodies. Furthermore, establishment of a transformation system for 

L. corymbifera is ongoing in collaboration with Jakob Weber, Dept. of Molecular and 

Applied Microbiology, Hans Knöll Institute, Jena, Germany. These molecular approaches 

will help to further understand the pathogenesis of L. corymbifera and to elucidate the 

molecular mechanisms involved in the infection process.  

As the surface properties showed differences between the two strains, an investigation of 

binding capability of these strains with other host cells (e.g., epithelial cells) and 

extracellular matrix (e.g., collagen) may aid to gain a comprehensive view on the 

interaction of the fungus with the host. Comparison of histological studies from the animal 

model will allow to identify differences (e.g., in dissemination) between the two strains. 

Lastly, physiological studies in regarding to utilisation of the nutrients which may further 

aid in the understanding of the differences between the two strains in host infection-like 

environment.
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Abbreviations 

AA  Amino acid 

AM   Alveolar macrophages  

APC   Antigen presenting cell 

BMDM  Bone marrow-derived macrophage 

CAA   Casamino acids  

Cal.pI  Calculated isoelectric point 

CAP   Complement activation products 

CD 154  Cluster differentiation 

CFU   Colony forming unit 

CotH   Spore coat protein homologues 

CR   Complement receptor 

CR   Congo red 

DC   Dendritic cell  

DEGs   Differentially expressed genes  

DFO   Deferoxamine  

DHN   Dihydroxynaphthalene 

e.g.  For example 

FBS   Fetal bovine serum 

FH  Factor H  

FLD  Farmer's lung disease 

GlcNAc  N-acetylglucosamine 

GO  Gene Ontologies 

GPI  Glycosylphosphatidyl inositol  

GRP78  Glucose-regulated protein 78 

GTPase guanosine triphosphatase 

HIV   Human immunodeficiency virus 

HsbA   Hydrophobic surface binding protein A  

i.e.  Id est  

IL   Interleukin  

LAM   Liparabinomannan 
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LAMP-1 Lysosomal-associated membrane protein 1  

LC-MS/MS  Liquid chromatography-mass spectrometry 

LDH   Lactate dehydrogenase  

MAC   Membrane attack complex  

M-CSF   Macrophage colony stimulating factor 

MH-S  Murine alveolar macrophage cell line 

MOI   Multiplicity of infection 

MR   Mannose receptor  

MW  Molecular weight 

NADPH  Oxidase nicotinamide adenine dinucleotide phosphate-oxidase 

NHS   Normal human serum 

NK   Natural killer cells  

NOD 2  Nucleotide-binding oligomerization domain-containing protein 2 

NSAF  Normalised spectral abundance factor 

PAMP   Pathogen-associated molecular pattern 

PBS   Phosphate-buffered saline 

PI   Phagocytic index  

PMN   Polymorphonuclear lecocytes  

PRR   Pattern-recognition receptor 

PSM  Peptide-spectrum match  

RNA  Ribonucleic acid 

RT  Room temperature 

SD   Standard deviation 

SDS   Sodium dodecyl sulphate  

SEM  Scanning electron microscopy or micrographs 

Syk   Spleen tyrosine kinase 

TCC   Terminal complement complex  

TEM   Transmission electron microscopy or micrographs 

TLR  Toll-like receptor 

TNF-α  Tumour necrosis factor-α 

w/v  Weight per volume 

YNB  Yeast nitrogen base 



A c k n o w l e d g e m e n t | 101 

 

 

Acknowledgement 

This PhD thesis represents not only my work in the lab and the office but also the lessons 

that I learned and experiences I gained during my few but precious years in Jena, 

Germany. I wish to thank many remarkable individuals who helped me along in this great 

scientific journey. First, I wish to thank my advisor, Kerstin Voigt. She gave me a chance to 

see a fungal world and helped me to grow scientifically during my last 3 years and gave 

me a freedom to shape my own project. I would also like to thank Prof. Dr. Brakhage for 

his generous support and inspirations through the rough and worthy road to finish my 

thesis. I am also grateful to Prof. Dr. Zipfel for his kind supports in and out of his laboratory 

and encouragements. I am also very grateful for Prof. Dr. Skerka for her thoughtful words 

and valuable ideas for my project. My big thanks also go to Dr. Heinekamp and Dr. 

Kniemeyer for their valuable scientific discussions. 

I would like to express my appreciation to my fluffy lab mates; Lichtheimia corymbifera; 

JMRC:FSU:09682 and 10164. It was pleasure for me to work with you two and getting to 

know and understand what you like and what you don’t!!  I hope there will be more 

exciting and challenging time for me to work with you two in the future.  

Huge thank you to my non-microbial friends, Volker, and Grit. Volker showed me how to 

grow the fungi for the first time in my life! He was practically the Marry Poppins for 

supporting me throughout these years academically but also personally. I will miss all the 

scientific and not-so-scientific discussions with you! Grit gave me a moral support and has 

been amazing all the time! She is also a great listener who could always give me valuable 

ideas and opinions. My special acknowledgement goes to my ‘new’ officemates that I met 

in my late years in PhD; Benjamin, Antje, Ting and Elena. You all have welcomed me and 

helped me in many ways! I wish you all the very best of everything. Especially, Benjamin 

for his both scientific and non-scientific helps. I wouldn’t have made it without you!  

I also thank Jena School of Microbial Communication. Thanks for having me here in 

Germany and letting me experience many exciting and unforgettable things in my life.  



102 | A c k n o w l e d g e m e n t  

 

I finish with Korea, where the most basic source of my life energy resides: my family. I 

have an absolutely wonderful family. I thank them for giving me unconditional support and 

love all these years. I especially thank my mother for her wise and warm words which 

helped me through my time in Jena. 김미진 여사님, 아빠 그리고 할아버지 할머니, 이모, 

그리고 내 동생 사랑아, 모두 모두 사랑해요!!  



D e c l a r a t i o n  o f  I n d e p e n d e n t  A s s i g n m e n t  | 103 

 

 

Declaration of Independent Assignment 

 

I declare in accordance with the conferral of the degree of doctor from the Faculty of 

Biology and Pharmacy of the Friedrich-Schiller-University of Jena that the submitted 

thesis was written only with the assistance of the literature cited in the text.  

 

People who assisted in experiments, data analysis and writing of the manuscripts are 

listed as co-authors of the respective manuscripts.  

 

I was not assisted by a consultant for doctorate theses. 

 

The thesis has not been previously submitted elsewhere, whether to the Friedrich-Schiller-

University of Jena or to any other university. 

 

 

 

Jena, 30th June 2016    __________________________ 

Hea Reung Park 

 



104 | L i s t  o f  p u b l i c a t i o n s  

 

List of publications 

 

 

Park HR, Schwartze VU, Hanf B, Krüger T, Schmidt F, Dahse HM, Nietzsche S, Hassan M, 

Keller M, Heinrich A, Slevogt H, Bachmann S, Kniemeyer O, Skerka C, Zipfel PF, Brakhage 

AA, Voigt K. (2016) Kill time: Survival of Lichtheimia corymbifera in alveolar macrophages is 

through a fungal interference in phagosome biogenesis. Manuscript in preparation 

 

Schwartze VU, Klassert TE, Riege K, Marcet-Houben M, Nowrousian M, Binder U, Grigoriev I, 

Grøtli M, Gryganskyi A, Fleischauer M, Lipzen A, Park HR, Salamov A, Stajich J, Tamas M, 

Tritt A, Winter S, Böcker S, Gabaldón T, Marz M, Lass-Flörl C, Slevogt H, Voigt K. (2016) To 

the limit and beyond: Comparative genomic and transcriptomic analyses reveal stress 

adaptation determinants of human pathogenic Lichtheimia species. Manuscript submitted in 

PLOS Genetics 

 

Park HR, Voigt K. Interaction of Zygomycetes with innate immune cells reconsidered with 

respect to ecology, morphology, evolution and infection biology: a mini-review. Mycoses. 2014 

Dec;57 Suppl 3:31-9. doi: 10.1111/myc.12235.  

 

*Kraibooj K, *Park HR, Dahse HM, Skerka C, Voigt K, Figge MT. Virulent strain of 

Lichtheimia corymbifera shows increased phagocytosis by macrophages as revealed by 

automated microscopy image analysis. Mycoses. 2014 Sep 1. doi: 10.1111/myc.12237.  

*authors contributed equally. 

 

 



L i s t  o f  p u b l i c  p r e s e n t a t i o n s   | 105 

 

 
 

List of public presentations 

Voigt K, Park HR, Schwartze V.U, Hanf B, Krüger T, Nietzsche S, Schmidt F, Kniemeyer O, Skerka 

C, Brakhage A.A. Comparative analysis of the interaction of virulent and attenuated Lichtheimia 

corymbifera strains with alveolar macrophages. Annual Conference 2016 of Association for General 

and Applied Microbiology (VAAM), Jena, Germany (2016). Poster presentation. 

 

Park HR, Schwartze V.U, Nietzsche S, Dahse HM, Kniemeyer O, Skerka C, Brakhage A.A, Voigt 

K. Comparative analysis of the interaction of virulent and attenuated Lichtheimia corymbifera 

strains with alveolar macrophages. 11th Molecular Biology of Fungi Conference (2015), Berlin, 

Germany. Poster presentation. 

Park HR, Hassan M, Nietzsche S, Dahse HM, Schwartze V.U, Kniemeyer O, Skerka C, Brakhage 

A.A, Voigt. K. Comparative analysis of the interaction of virulent and attenuated Lichtheimia 

corymbifera strains with alveolar macrophages. 49. Wissenschaftliche Tagung der 

Deutschesprachigen Mykologischen Gesellschaft e.V. und 1st International symposium of the 

CRC/Transregio FungiNet (2015), Jena, Germany. Poster presentation.  

 

Park HR, Voigt K. Survival strategies of human pathogenic L. corymbifera inside alveolar 

macrophages. FEBS Advanced Lecture Course Human Fungal Pathogens: Molecular Mechanisms 

of Host-Pathogen Interactions and Virulence (2015), La Colle sur Loup, France. Elevator talk and 

poster presentation.  

 

Park HR, Schwartze V.U, Dahse HM, Zipfel P.F, Brakhage A.A, Voigt K. Survival strategies of 

human pathogenic L. corymbifera inside alveolar macrophages. MiCom 2015, 5th International 

Student Conference on Microbial Communication (2015), Jena, Germany. Oral presentation  

Park HR, Schwartze V.U, Dahse HM, Zipfel P.F, Brakhage A.A, Voigt. K. Interaction between 

alveolar macrophages and human pathogenic Lichtheimia corymbifera strains. JSMC symposium 

(2014), Jena, Germany. Oral presentation. 

Park HR, Nietzsche S, Dahse HM, Schwartze V.U, Skerka C, Brakhage A.A, Voigt. K. GOOD 

MEETS EVIL: Interaction between alveolar macrophages and the human pathogenic Zygomycetes 

Lichtheimia corymbifera.10th International Mycological Congress (IMC10) (2014), Queen Sirikit 

National Convention Centre (QSNCC), Bangkok, Thailand. Oral presentation. 

Park HR, Dahse HM, Zipfel P.F, Brakhage A.A, Voigt K. Interaction between macrophages and 

Lichtheimia corymbifera strains. 4th annual meeting of Irish Fungal Society (2014) - NUI Galway, 

Ireland. Oral presentation. 

Park HR, Schwartze V.U, Dahse HM, Zipfel P.F, Brakhage A.A, Voigt K. Good Meets Evil: 

Phagocytosis of L. corymbifera by macrophage. JSMC symposium (2013), Jena, Germany. Oral 

presentation. 

Park HR, Schwartze V.U, Dahse HM, Zipfel P.F, Brakhage A.A, Voigt K. Survival and interaction of 

Mucoralean fungi with macrophages at Emerging Zygomycetes, a new problem in the clinical lab; 

A workshop of the ECMM/ISHAM Working Group on Zygomzcetes and Zygomycoses (2013), 

Utrecht, Netherlands. Oral presentation. 



 

 


