
Interaction of Aspergillus 
with alveolar type II cells and 

phagocytes

Natalia Escobar Salazar



Interaction of Aspergillus with alveolar type II cells and phagocytes

Author
Natalia Escobar Salazar

Cover and Interior design: 
Natalia Escobar
Soledad Ordonez/ elfosart.com

The research described in this thesis was conducted at the Mycrobiology group of the Department 
of Biology, Utrecht University, Padualaan 8, 3584 CH Utrecht, The Netherlands.

Copyright © 2016 by Escobar Salazar. All rights reserved

Printed by: cpithesis.nl 

ISBN 9789039365984



Interaction of Aspergillus 
with alveolar type II cells and 

phagocytes

Interactie van Aspergillus met alveolaire 
type II cellen en fagocyten

(met een samenvatting in het Nederlands)

Proefschrift

ter verkrijging van de graad van doctor aan de Universiteit 
Utrecht op gezag van de rector magnificus, prof.dr. G.J. van der 
Zwaan, ingevolge het besluit van het college voor promoties in 
het openbaar te verdedigen op wonsdag 28 september 2016 des 

middags te 4.15 

door

Natalia Escobar Salazar
geboren op 03 maart 1986 te Bogota, Colombia



Promotor: Prof. dr. H. A. B. Wösten

Copromotor: Dr. J.J.P.A. de Cock



Dedicado a mis amados padres y mis 
incondicionales hermanos





Contents

CHAPTER 1 General Introduction 9

CHAPTER 2 Hide, keep quiet and keep low: properties that make 
Aspergillus fumigatus a successful lung pathogen

31

CHAPTER 3 Differential Gene Expression of A. fumigatus and A. 
niger interacting with type II epithelial lung cells

59

CHAPTER 4 A search for extracellular components from 
Aspergillus spp that bind to cellular immune 
receptors

85

CHAPTER 5 LaeA is a repressor of production of Aspergillus 
niger compounds that interact with immune 
receptors CD181, CD182, and CD88

111

CHAPTER 6 Summary and General Discussion 125

APPENDIX Nederlandse samenvatting
Curriculum Vitae
Acknowledgments
List of publications

139





General Introduction

Chapter1

Natalia Escobar Salazar1, Han A. B. Wösten1 , Hans de Cock1

1 Department of Microbiology, Institute of Biomembranes, 

Utrecht University, Utrecht, Netherlands, 



10

1



11

1Aspergillus species

 The genus Aspergillus belongs to the fungal phylum of the Ascomycota. 
Its name refers to the morphology of its asexual reproductive structure 
(condiophore) that shows similarity to an aspergillum used in the Catholic 
church to sprinkle holy water. Aspergillus comprises ten different 
teleomorphic genera [1]. They are worldwide distributed, are abundant in 
nature, and comprise a group of up to 837 species [2]. Most of them have 
a saprobic life style feeding on dead organic matter. They have in general 
low requirements regarding abiotic growth conditions. For instance, 
Aspergillus niger grows at pH values from below 2 to almost 10, a wide 
range of temperature (i.e. from 6 to 55 oC) and at relatively low humidity 
[3-5]. Conidia from Aspergillus can be abundant in the air. For instance, 32.6 
colony forming units of a single Aspergillus species were found per cubic 
meter air in a hospital ward [6]. The Aspergillus conidia can survive long 
periods in a dormant state until they reach favorable growth conditions [7]. 
For instance, Aspergillus flavus conidia survived more than 10 years in 
contaminated corn [8].  These structures also facilitate fungal propagation 
as they are dispersed both over short and long distances [9]. Sizes of conidia 
varies within aspergilli. For instance Aspergillus fumigatus and Aspergillus 
nidulans produce 2-3 µm wide conidia, while A. niger and A. flavus produce 
conidia with a diameter of 3-6 µm. 
 The outer cell wall of conidia is coated with hydrophobins and a melanin 
layer. Hydrophobins are small (≤ 20 kDa) secreted proteins that play 
multiple roles during fungal growth and development [9]. For instance, 
they provide a protective layer on conidia, promote their dissemination, 
and mediate their interaction with hydrophobic surfaces [10, 11]. Melanins 
are high molecular weight hydrophobic pigments that protect conidia 
against UV radiation, extreme temperatures, enzymatic lysis, antimicrobial 
drugs, and oxidative stress [12, 13]. Moreover, the DHN-melanin intermediate 
naphthopyrone prevents acidification of phagolysosomes during 
phagocytosis [14, 15]. Aspergillus tubingensis uses the DHN pathway to 
synthesize melanin, while A. niger, Aspergillus tamarii, and A. flavus make 
use of the L-DOPA pathway [16]. Which exact type of melanine is produced 
by Aspergillus terreus is not clear since A. terreus lacks a pksP homologue 
that is involved in DHN-melanin synthesis. This was accompanied by its 
inability to block acidification in phagolysosomes in macrophages [15]. A. 
fumigatus synthesizes both DHN-melanin and pyomelanin [14, 17]. The DHN 
melanin is found on the conidial surface, while pyomelanin is secreted in 
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1 the medium. The latter is derived from L-tyrosine or L-phenylalanine and 
is synthetized extracellularly via the tyrosine degradation pathway [14, 18]. 
The role of pyomelanin is not yet fully understood. Studies indicate that it 
provides protection against reactive oxygen species (ROS) [19]. The conidial 
outermost layer is disrupted during swelling and germination. As a result, 
inner cell wall layers are exposed (Figure 1). These layers mainly consist 
of α-1,3 glucan, β-1,6 glucan, chitin, and galactomannan [20]. The cell wall 
make up is dynamic and is responsible for interaction with the (a)biotic 
environment such as that of its host [21]. 
 Aspergillus species secrete a broad range of compounds that help them 
to mobilize nutrients from organic sources and enable colonization of 
multiples niches. Due to this property, aspergilli are exploited by the industry 
to produce enzymes (e.g. amylases, elastases) [22], secondary metabolites 
(penicillin, viridivatin, fumigacin) [23], and organic acids such as oxalic acid 
and citric acid [24]. Citric acid is an organic compound that has been used 
extensively since the beginning of the twentieth century as a preservative 
and flavor additive in the food industry [25]. Similarly, amylase of A. oryzae 
has served as a substitute for malting enzyme in beer production and as a 
digestive aid for treatment of dyspepsia [26]. 
 Some of aspergilli are recognized as opportunistic pathogens of humans, 
animals (e.g. A. fumigatus, A. nidulans, A. tubingensis, A. flavus, A. niger, A 
terreus) [27-30] and plants (e.g. A. flavus, A. niger) [31, 32]. Aspergillosis is ranked 
as the second most common fungal infection in hospitals representing a health 
threat for immunocompromised individuals. Patients with neutropenia, HIV 
infection, solid organ transplant, stem cell transplant, and cystic fibrosis 
represent a high risk group for acquisition of invasive aspergillosis with 
a mortality as high as 70 % [33, 34]. The course of the infection ranges from 
acute to chronic depending on the host immune status and specific immune 
deficiencies. 
 Next sections of this chapter describe the current understanding of 
Aspergilus spp as an opportunistic human pathogen and the host immune 
response. In addition, the role of cell wall components (melanin and 
hydrophobins) during infection is discussed as well as in-vitro models to 
study Aspergillus infection. 

Fungal infections 

 Fungal infections can be divided in two major groups: 1) nosocomial or 
acquired in the hospital and 2) community associated. During the last three 
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1decades the increase in immunocompromised patients and the implementation 
of aggressive therapeutic strategies such as chemotherapy, radiotherapy, 
and the use of broad spectrum antibiotics, have raised the incidence 
of fungal infections in the hospital [35]. Candida spp are the fourth most 
frequent pathogens isolated from bloodstream infections after coagulase-
negative Staphylococci, Staphylococcus aureus, and Enterococcus spp [36]. 
In the United States 8 % of all hospital bloodstream infections are due to 
Candida spp and mortality rate is close to 40 % [37]. Aspergillus spp is the 
second source of fungal infections in hospitals followed by Zygomycetes 
(e.g. Rhizopus spp, Mucor spp) and Cryptococcus spp [38, 39]. The incidence 
rates of infections with these pathogens can vary geographically and even 
between hospitals depending on local environmental factors and medical 
practice (e.g. antifungal prophylaxis profiles and use of particular medical 
devices) [40, 41]. Prevention of fungal infections is rather difficult considering 
the vast amount of spore reservoirs in nature (e.g. air, soil, and water) and 
in hospitals (e.g. air-handling systems, walls, and ceilings). Moreover, 
treatment of fungal diseases also represents a big challenge due to the 
availability of a relatively low number of antifungal agents.
 A. fumigatus is listed as the main causative agent of aspergillosis followed 
by A. terreus, A. niger, and A. flavus [30]. Conidia are the most infectious 
propagules since they easily disperse by air or water droplets. Humans 
inhale daily 200-300 of these asexual reproductive forms of A. fumigatus 
alone that eventually can reach the alveoli and give rise to infections in 
immunocompromised individuals [42, 43]. Allergic, non-invasive, invasive, 
and chronic cavity pulmonary aspergillosis are distinguished according to 
clinical, radiological, and serological features [44]. In addition, infections with 
Aspergillus have been shown to be related to other pulmonary diseases such 
as Ig-E mediated asthma, hypersensitivity pneumonitis, and eosinophilic 
pneumonia [45-47]. Presentations due to co-existance of different forms or 
progress from one presentation to another is known as overlap syndrome 
[48]. These cases are being seen more often in hospitals and they require high 
attention to provide proper antifungal treatment. 

Recognition of A. fumigatus and immune response

 Aspergillus infections rarely occur in immunocompetent individuals, 
indicating efficient clearance of conidia by pulmonary defense mechanisms 
[49]. Conidia that cannot be removed by mucociliary clearance will encounter 
surveying immune cells such as alveolar macrophages (AMs), neutrophils, 
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1 and dendritic cells (DCs) [50]. Recognition of conidia by these immune cells 
is mediated by surface patterns recognition receptors (PPRs) that bind 
pathogen-associated molecular patterns (PAMPs) [51]. PPRs recognize highly 
conserved fungal molecules such as β-1,3 glucan, chitin, and galactomannan 
allowing a rapid immune response and facilitating cytokine and chemokine 

production. After internalization, conidia are engulfed by phagosomes that 
in turn fuse with lysosomes resulting in the release of hydrolytic enzymes 
and a decrease of the pH within the organelle to values between 4 to 5 [52]. 
 Resting conidia from Aspergillus spp are not immunogenic because the 
outer hydrophobin layer hides recognition motifs from PRRs [53]. As soon as 
germination begins, swollen conidia and hyphae expose PAMPs like β-1,3 
glucan, chitin, and galactomannan (Figure 1). β-1,3 glucan is recognized 
by complement receptor 3 (CR3) expressed on neutrophils, macrophages, 
and natural killer cells. This recognition induces production of reactive 
oxygen species (ROS) favoring killing of Aspergillus conidia [54]. Similarly, 
the transmembrane receptor C-type lectin dectin-1 present in macrophages, 
neutrophils, monocytes, and DCs binds β-1,3 glucan and recruits spleen 
tyrosine kinase (Syk) that leads to production of proinflammatory cytokines 

Figure 1: Conidial and hyphal cell wall composition and pathogen-associated molecular pat-
terns (PAMPs). The outer layer of the Aspergillus conidial cell wall is composed of hydropho-
bins and melanin that makes the fungi immunologically inert. The inner cell wall of conidia 
and that of hyphae consist mainly of chitin, α-1,3 glucan, and β-1,3 glucan. Swollen conidia 
and hyphae contain also galactosaminogalactan (GAG). Glucans and GAG can be recognized 
by various soluble and membrane-bound pattern recognition receptors.
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1(e.g. IL-12, interferon-γ, TNF, IL-1β) and induction of Th17 cells [55]. Toll-
like receptors (TLR2, TLR4, and TLR9) also recognize fungal PAMPs 
directing specific cascades of antifungal effectors [56, 57]. Swollen conidia are 
recognized by TRL2 and TRL4, inducing the release of pro-inflammatory 
and anti-inflammatory (e.g IL-10) cytokines. In contrast, hyphae are mainly 
recognized by TLR2 [58]. The fungal components that trigger recognition 
by these two receptors are not well established. Presumably, TRL2 binds 
chitin, while TLR4 recognizes α-glucans [59]. Interestingly, loss of pro-
inflammatory TLR4-mediated signals during germination and the switch 
to an anti-inflamatory IL-10 profile is considered a mechanism to evade 
host defense in the case of A. fumigatus. Pro-inflammatory molecules are 
essential for DC maturation providing a bridge between the innate immune 
response and adaptive immunity. Mature DCs together with cytokines 
and co-stimulatory molecules are able to prime native T cells and induce 
subsequent differentiation into Th1, Th2, Th17, and Treg subpopulations 
[60, 61]. Although the role of adaptive immunity in fungal infections is not 
well understood, studies suggest a protective role of Th17 cells by reducing 
chemokine induction and neutrophil recruitment after infection with A. 
fumigatus [55]. Recently, galactosaminogalactan (GAG) was shown to be 
another cell wall component that is exposed on germinating A. fumigatus 
spores and is present in the extracellular matrix of hyphae. GAG is an adhesin 
and involved in shielding hyphal β-glucans from the immune system [62]. In 
addition, GAG is anti-inflammatory, which is due to its capacity to induce 
the potent anti-inflammatory cytokine interleukin-1 Receptor antagonist. 
This represents one of the immune-evasive mechanisms of A. fumigatus [63].     
 Airway bronchial or alveolar epithelial cells participate actively in 
recognition and clearance of conidia that have managed to evade the cellular 
innate response. The integrity of the epithelium in the upper track and the 
proper functioning of ciliated epithelium are essential for clearance of 
conidia and therefore prevention of infection. It provides a physical barrier 
against microorganisms and contributes to the activation of the innate 
immune response. As part of the first line of defense, the epithelial cells of 
the lower track are lined with a fluid rich in antimicrobial agents and, in the 
case of alveolar cells, surfactant proteins (SP-A, SP-B, SP-D) [64].  These 
molecules protect the area near the infection and recruit phagocytic cells 
(macrophages, neutrophils, and dendritic cells). In fact, the antimicrobial 
peptide LL-37 is known to induce migration of neutrophils and activate the 
epithelium [65]. Similarly, SP-A and SP-D that bind mannose motifs of the 
Aspergillus cell wall, promote the aggregation and opsonization of swollen 
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1 conidia in a calcium-dependent way, thereby facilitating phagocytosis and 
killing by macrophages and neutrophils [65]. Conidia that remain at the 
surface of the epithelium will be phagocytized. Simultaneously, epithelial 
cells increase the expression of chemokines, cytokines, and proteins 
involved in innate immunity [66].

In-vitro models to study Aspergillus infection: Cellular 
machinery against Aspergillus 

 In-vitro models of Aspergillus infections are highly valuable to test 
virulence, evaluate diagnostic methods, and study the efficiency of antifungal 
therapies. They can be divided in two broad categories depending on the type 
of cells used: 1) professional phagocytic cell lines such as macrophages, 
neutrophils, and dendritic cells and 2) non-phagocytic cells such as type II 
alveolar lung epithelium, bronchial epithelium, and nasal epithelial cells. 
Such models allow the study of the different stages of infection: adhesion, 
internalization, and germination. The response from both the host and the 
fungus is essential to identify virulence factors that favor the establishment 
of the infection and host defense mechanisms.
 Studies with macrophages have shown that around 70 % of Aspergillus 
conidia get internalized within 1 h. In contrast, maximum internalization 
was obtained after 4 h in the case of non-phagocytic cells [15]. Acidification 
of phagolysosomes containing conidia occurs after 6 h in 70 % of the cases 
[67]. At this time point conidia may have swollen and intracellular killing can 
proceed. Production of reactive oxygen species (ROS) in phagolysosomes 
plays an essential role as fungicide [68]. Conidia that survive or evade this 
mechanism will eventually germinate and are able to infect other cells. 
This shows the importance of macrophages as a first line defense but at 
the same time suggests the presence of a different mechanism to restrict 
hyphal dissemination. Neutrophils are recruited to the site of infection 
where they are involved in phagocytosis of conidia and to limit hyphal 
growth [69]. Formation of neutrophil extracellular traps (NETs) requires 
direct contact with fungal propagules and several host stimuli such as IL-8. 
In-vitro studies indicate that NET release is a selective process and depends 
on fungal morphology [69]. NET induction is favored when hyphal forms 
are present and phagocytosis can no longer take place. Growing hyphae 
will be trapped in NETs and further outgrowth is prevented [70]. Moreover, 
neutrophil antimicrobial factors (e.g. neutrophil elastase, myeloperoxidase, 
cathepsin G) will kill and degrade the remaining hyphae. Differential gene 
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1expression in conidia and hyphae of A. fumigatus was studied after exposure 
with neutrophils from healthy and chronic granulomatous disease (CGD) 
patients who lack phagocyte NADPH oxidase that is required to produce 
superoxide molecules, an important ROS. Genes involved in oxidative stress 
response, reductive iron assimilation, and metabolic reprogramming were 
up-regulated in both conidia and hyphae. However, 244 genes were found to 
be up-regulated in conidia but not in hyphae when treated with normal and 
CGD neutrophils. This suggests that conidia exposed to neutrophils have 
better mechanisms than hyphae to reprogram their metabolism and to adjust 
to this hostile environment [71]. In hospitals, the importance of neutrophils is 
clearly evidenced by the correlation of susceptibility to fungal infection in 
patients with (CGD) and chronic neutropenia [72, 73]. 
 During the last few years, in vitro interaction studies between A. fumigatus 
and DCs have shown how these cells provide a bridge between the innate 
and adaptive immune system. DCs that have recognized and engulfed 
Aspergillus conidia undergo maturation, while they migrate to the lymph 
nodes and activate T cells [74, 75]. Microarray expression analysis of immature 
DCs (iDCs) interacting with A. fumigatus showed an increased expression 
of Th1 cytokines, IL1α, IL1β, and TNF, indicating a pro-inflammatory 
response. On the other hand, transcriptional profiles of A. fumigatus 
during a 12 h exposure to iDCs revealed 210 genes that were differentially 
expressed. Genes involved in secondary metabolism, oxidation of fatty 
acids, transport, and nutritional response were upregulated [76]. Expression 

Figure 2: Adhesion, internalization, and germination of A. fumigatus in type II alveolar cells. 
1) Conidia bind to epithelium mediated by adhesins and other extracellular and secreted co-
nidial components; 2) Internalization is promoted by actin polymerization; 3) Internalized 
conidia are trafficked to the cellular endothelial pathway; 4) Part of the population stay as 
dormant conidia, while other spores 5) germinate and 6) escape from epithelial cells reaching 
the capillary blood stream where fragments of hyphae can spread further. 
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1 of the differentially expressed genes was temporal, indicating that A. 
fumigatus alters its patterns of gene expression over time when interacting 
with iDC. 
 Once A. fumigatus conidia encounter the epithelium they rapidly adhere 
to the host cells and other constituents of the extracellular matrix such 
as laminin and fibronectin (Figure 2).  Studies on lung epithelial cells 
indicate that adhesion is a multifactorial process mediated by cell wall 
proteins (e.g. RodA/B, CspA, CalA) [77-79], cell wall carbohydrates (e.g. 
α/β-glucans, galactomannan, chitin) [80, 81], sialic acids [82], and extracellular 
matrix components (e.g. galactosaminogalactan, MedA) [82, 83]. The infection 
process proceeds with the internalization of conidia [84]. After approximately 
4 h the majority of conidia will be localized in phagosomes (Figure 2). 
Dual transcriptomics of airway epithelial cells interacting with A. fumigatus 
showed that both organisms undergo re-programming of transcription 6 h 
after co-culturing [85]. This study revealed 255 human and 183 fungal genes 
that were differentially expressed. GO terms highlight host genes associated 
with repair and inflammatory processes such as matrix metalloproteinases, 
chemokines, and glutathione S-transferase. On the other hand, A. fumigatus 
genes involved in iron acquisition, vacuolar acidification, metallopeptidase 
activity, and formate dehydrogenase activity were found upregulated [85]. 
 Germination is considered the last stage of the initiation of the Aspergillus 
infection and is responsible for dissemination across the body. Conidia that 
remain internalized in phagolysosomes eventually germinate, crossing the 
basal epithelial cell layer, thus reaching the blood. Hyphal fragments travel 
through the blood stream and can colonize multiple organs [86]. Only a few 
in vitro studies have been performed with non-professional phagocytic 
cells with the aim to follow the infection process from resting conidia 
till germinated hyphae [87, 88]. Approximately 7 % of the internalized A. 
fumigatus conidia had germinated after a 12 h exposure to lung epithelial 
cells. The vast majority of the internalized conidia (93 %) remained as viable 
dormant or swollen conidia, showing that the epithelium delays germination 
and is not very efficient in killing internalized conidia. Germination of A. 
fumigatus conidia after 24 h was associated with IL-6 and IL-8 release by 
lung epithelial cells. A similar release was observed when conidia were 
exposed to alveolar macrophages [89]. 
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1Immune evasion and virulence factors 

 Aspergillus spp use different strategies to avoid immune recognition and 
to promote immune evasion. Cell wall components comprise the first armory 
to fulfill this task. The role of A. fumigatus hydrophobins as mechanisms 
for immune evasion has been well studied. The class I hydrophobins RodA, 
RodB, RodC, and RodD form a hydrophobic layer surrounding conidia thus 
keeping PAMPs hided from immune recognition. In fact, conidia lacking 
RodA trigger recruitment of neutrophils and increase phagocytosis by 
macrophages. Presence of hydrophobins is also associated with the decrease 
of NET formation [90]. NETs are produced as a result of neutrophil induced 
apoptosis or they can be released independently of cell lysis through a 
vesicular mechanism (suicidal or vital NETosis, respectively) [91-93]. They 
consist of DNA, chromatin, and cytoplasmic and granular proteins that 
aggregate forming a web-like structure. NETs contain antimicrobial proteins 
such as neutrophil elastase, cathepsin G, and myeloperoxidase (MPO) [94]. In 
this way, conidia aggregate and hyphae that are too large to be phagocytosed 
will be trapped and killed.
 The DHN-melanin coat located under the hydrophobin layer also 
contributes to evasion. First, a precursor prevents phagolysosome 
acidification and intracellular killing in both professional phagocytic and 
non-phagocytic cells [95]. Phagocytic compartments of murine alveolar 
macrophages and human monocytes that had taken up non-pigmented ΔpksP 
A. fumigatus conidia acidified to a pH close to 4.5 [96]. In contrast, pH of 
phagolysomes containing wild-type conidia remained neutral. Melanin also 
inhibits macrophage, epithelial cell, or pneumocyte apoptosis by activation 
of the PI-3-kinase/Akt pathway after phagocytosis of A. fumigatus conidia. 
The anti-apoptotic effect in epithelial cells was also found when exposed to 
A. flavus but not in the case of A. niger and A. nidulans. This difference can 
be explained by the different types of melanin produced by these species 
[95]. Furthermore, reduction of ROS production inside phagosomes has been 
attributed to melanin. A. fumigatus also mediates detoxification of H2O2 
and superoxide radicals by producing catalases (catA, cat1, and cat2) and 
superoxide dismutases (sod, sod2, sod3, and sod4) [97-100]. These mechanisms 
allow conidia to survive inside phagolysomes. Secreted enzymes such as 
proteases that are secreted during invasion contribute to uptake of nutrients 
by degrading host tissue. At the same time enzymes can inactive host defense 
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1 components. For instance, alkaline serine protease Alp1 that is abundantly 
produced during Aspergillus lung infections is able to degrade complement 
component such as C3b, C4b, and C5 [101].

Aspergillus secretome and secondary metabolites that 
impact the cellular immune response

 The term secretome refers to the set of secreted proteins that functions as 
extracellular matrix proteins, growth factors, vesicle proteins, morphogens, 
and extracellular enzymes [102]. Secreted proteins from pathogens are 
considered potential virulence factors. The A. fumigatus secretome has been 
described in the last decades. The most dominant proteins in liquid-shaken 
cultures are cellulases and glycoside hydrolases (32,9 %), hemicellulases (16,2 
%), peptidases and proteases (11,7 %), chitinases, lipases and phosphatases 
(7,6 %), and proteins with unknown function (22,5 %) [103]. The secretome 
composition varies depending on growth conditions such as carbon source, 
temperature, and agitation [104, 105]. Besides the aforementioned catalases and 
proteases, little is known about the role of extracellular compounds during 
infection and their effects on the immune system. As shown in bacterial 
and parasitic infections [106], professional phagocytes and antigen-presenting 
cells can interact with extracellular secreted molecules of the pathogen, 
recognizing them as ligands, thus repressing initial immune response. These 
secreted compounds are attractive targets for new therapeutic interventions 
and as diagnosis markers. 
 Secondary metabolites (SMs) represent another group of secreted 
compounds. SMs are low molecular weight molecules that are not essential 
for fungal growth but serve as chemical signals for communication, to 
defend habitat, or to inhibit the growth of competitors [107]. Polyketides 
(PKs), ribosomal and non-ribosomal peptides (NRPs), and terpenoids 
represent the major groups of Aspergillus SMs [108]. Genes required for the 
biosynthesis of SMs are usually located in single gene clusters. There are 
some exceptions such as in A. nidulans where two gene clusters located on 
separate chromosomes are required for the production of meroterpenoids 
austinol and dehydroaustinol [109]. Transcription of SM gene clusters is 
regulated by complex networks that respond to environmental stimuli 
such as pH, temperature, light, and aeration. Histone acetylation and 
DNA phosphorylation and methylation have recently proved to increase 
transcription of SM gene clusters [110]. Industrially produced fungal SMs 
are employed in pharmaceutical and agricultural practices. For example, 
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1penicillin and cephalosporin are the most used antibiotics in the clinics, 
while lovastatin of A. terreus is used to decrease blood cholesterol levels. 
There is still a wide spectrum of potentially useful fungal SM compounds 
with antibiotic, antiviral, antitumor, and immunosuppressant activities to be 
discovered [111]. 
 Secreted SMs can contribute to fungal pathogenicity. Gliotoxin is 
produced during A. fumigatus infections and induces apoptosis and inhibits 
production of superoxide by phagocytic cells. Production of this mycotoxin 
is regulated by LaeA. It also regulates the production of other toxins in 
Aspergillus such as sterigmatocystin, penicillin, and lovastatin [111]. The lack 
of LaeA in A. fumigatus reduces gliotoxin production, increases conidial 
susceptibility to macrophages phagocytosis, and decreases the ability of 
hyphae to kill neutrophils [112]. 

Scope of this thesis

 Aspergillus species are among the most abundant fungi in the world. The 
success of Aspergillus is due to its ability to grow in different substrates 
and changing environmental conditions. A few aspergilli can cause human, 
animal, and plant diseases. A. fumigatus is the main causal agent of invasive 
aspergillosis in humans. Over 200.000 cases of invasive aspergillosis are 
reported annually worldwide [113]. Immunosuppressed individuals are at high 
risk of acquiring Aspergillosis. Diagnosis of the disease at early stages is 
complicated and antifungal therapies are limited and sometimes inadequate 
[39, 114]. A. fumigatus virulence factors and strategies for immune evasion are 
well described. However, the reason of its success as a human pathogen in 
comparison to other Aspergillus species is not yet fully understood. The 
aim of this Thesis was to study the interaction of A. fumigatus and A. niger 
with type II epithelial alveolar cells and phagocytes to unravel mechanisms 
involved in infection of aspergilli in general and in particular those that 
make the former Aspergillus more successful as a pathogen. 
 The alveolar lung epithelium cell line A549 was used as an in-vitro model 
to study adhesion, internalization, and germination of A. fumigatus and A. 
niger conidia (Chapter 2). A. fumigatus conidia were more efficiently 
internalized when compared to A. niger. Moreover, A. fumigatus conidia but 
not those of A. niger prevented acidification of phagocytic compartments. 
Germination of both species was delayed during the infection of A549 cells, 
however, differences in hyphal length and directionality of growth were 
observed. A. fumigatus grew parallel to the epithelial layer, whereas A. 
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1 niger grew mainly perpendicular. 
 Chapter 3 describes the expression profiles of A. fumigatus, A. niger, and 
A549 after co-culturing for 12 h. Global gene expression of A fumigatus and 
A niger was markedly different. The different response is illustrated by the 
fact that only 4 out of  59 GO terms were shared that were enriched in the 
differentially expressed gene sets. GO terms related with immune response 
were down-regulated in A549 upon exposure to A. fumigatus but not in the 
case of A. niger. This indicates that the former fungus programs A549 to be 
less immunologically alert. Together, data from Chapter 2 and Chapter 3 
show that A. fumgiatus and A. niger respond differently to the presence of 
type II epithelial cell and also evoke different expression responses in the 
host cell.
 In Chapter 4 it was shown that culture media of A. niger N402, A. niger 
D15#26, A. fumigatus Af293, and A. tubingensis CBS 133792 secrete 
compounds that interact with a total of 13 immune receptors of phagocytes, 
of which CD162, CD181, and CD182, were shared between the 3 species. 
Most, if not all, interacting components were ≤ 3 kDa. Heating experiments 
with A. niger D15#26 culture medium revealed that at least components 
binding to CD162, CD181, CD182, and CD88 are thermostable and 
moderately hydrophobic. 
 A. niger D15#26 contains multiple mutations, amongst others prtT-, 
leaA- and pyrG-. In Chapter 5 it is shown that LaeA is a repressor of the 
production of secreted compounds binding to CD181, CD182, and CD88. 
The role of LaeA in repression of production of the compound binding to 
the CD181 receptor is most probably indirect by repressing acidification 
of the medium because it was also produced by the non-acidifying ΔoahA 
strain.
Results are summarized and discussed in Chapter 6
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Abstract 

 Representatives of the genus Aspergillus are opportunistic fungal 
pathogens. Their conidia can reach the alveoli by inhalation and can give rise 
to infections in immuno-compromised individuals. Aspergillus fumigatus is 
the causal agent of invasive aspergillosis in nearly 90 % of the cases. It is 
not yet well established what makes this fungus more pathogenic than other 
aspergilli such as Aspergillus niger. Here, it is shown that A. fumigatus 
and A. niger conidia adhere with similar efficiency to lung epithelial A549 
cells but A. fumigatus conidia internalized 17 % more efficiently. Conidia 
of both aspergilli were taken up in phagolysosomes 8 h after the challenge. 
These organelles only acidified in the case of A. niger, which is probably 
due to the type of melanin coating of the conidia. Viability of both types of 
conidia was not affected after uptake in the phagolysosomes. Germination 
of A. fumigatus and A. niger conidia in the presence of epithelial cells was 
delayed when compared to conidia in the medium. However, germination of 
A. niger conidia was still higher than that of A. fumigatus 10 h after exposure 
to A549 cells. Remarkably, A. fumigatus hyphae grew mainly parallel to the 
epithelium, while growth direction of A. niger hyphae was predominantly 
perpendicular to the plane of the cells. Neutrophils reduced germination and 
hyphal growth of A. niger, but not of A fumigatus, in presence of epithelial 
cells. Taken together, efficient internalization, delayed germination, and 
hyphal growth parallel to the epithelium gives a new insight into what could 
be the causes for the success of A. fumigatus compared to A. niger as an 
opportunistic pathogen in the lung. 
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Introduction

 Aspergillus species have a global distribution and are among the most 
abundant fungi (Shams-Ghahfarokhi et al., 2014; Gugnani, 2003; Machida 
and Gomi 2010). They mainly feed on dead organic material but are also 
opportunistic pathogens of plants, animals, and humans (Krijgsheld et 
al., 2013). An Aspergillus colony can form a few billion conidia that are 
dispersed by wind, water droplets, and insects. Humans inhale daily 200-
300 of these asexual reproductive structures of Aspergillus fumigatus alone 
(Kasprzyk, 2008; Mullins et al., 1984). Aspergillus infections rarely occur 
in immuno-competent individuals, indicating efficient clearance of conidia 
by pulmonary defense mechanisms (Hope, 2009). However, infections 
occur as a consequence of suppressed or impaired host immunity (Rüping et 
al., 2008; Henriet et al., 2013). Inhaled conidia that reach the alveoli pose a 
significant threat for these patients. Conidia may internalize within the lung 
epithelium, while the hyphae that result from their germination may cross the 
alveolar epithelium to cause invasive aspergillosis. Invasive aspergillosis is 
accompanied by long-term hospitalization, intensive antifungal therapies, 
and high rates of mortality (Morgan et al., 2005; Cornillet et al., 2006). 
 The integrity of the epithelium in the upper and lower respiratory tract and 
the proper functioning of ciliated epithelium are essential for clearance of 
conidia and prevention of infection. Alveolar macrophages, other surveying 
immune cells such as neutrophils, defense components, and lung surfactant 
play a crucial role as well (Brown, 2011; Luther et al., 2008; Hasenberg et 
al., 2011). The role of neutrophils in defense against A. fumigatus has been 
relatively well studied (Mircescu et al., 2009). Neutrophils phagocytose 
resting and swollen conidia as well as conidia with short germ tubes. 
In addition, they restrict hyphal growth and dissemination by forming 
neutrophil extracellular traps (NETs) (McCormick et al., 2010; Bianchi 
et al., 2011) This web-like structure is produced as a result of neutrophil 
induced apoptosis and consists of DNA, chromatin, and cytoplasmic and 
granular proteins (Brinkmann et al., 2004). However, conidia restrict 
recognition by neutrophils by their rodlet and melanin coating (Chai et al., 
2010; Bruns et al., 2010; Amin et al., 2014).  
 A. fumigatus is the main cause of invasive aspergillosis and allergic 
aspergillosis (Chakrabarti et al., 2011; Stevens et al., 2003). It is often 
isolated from patients presenting symptoms, even though in the majority 
of the cases cultures remain negative (Janssen et al., 2011). Aspergillosis 
can also be caused by other Aspergillus species such as A. flavus, A. 
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niger, and A. terreus (Ozhak-Baysan et al., 2010; Schuster et al., 2002; 
Steinbach et al., 2004; Saracli et al., 2007; Bathoorn et al., 2013; Bukhari 
and Alrabiaah, 2009). However, the reason why A. fumigatus is such a 
prominent opportunistic pathogen is not yet understood. Conidial size, cell 
wall composition, and secretion of secondary metabolites play an important 
role in Aspergillus infection (Kwon-Chung and Sugui, 2013; Thywissen et 
al., 2011; Tiralongo et al., 2009; Sugui et al., 2007; Braaksma and Punt, 
2008; Pel et al., 2007). The relatively small diameter of its conidia (2-
3µm) would make A. fumigatus a more potent pathogen when compared 
to other Aspergillus species. A small conidial size favors deposition at the 
alveolar surface and internalization by phagocytic and non-phagocytic cells 
(McCormick et al., 2010b). Conidia from A. niger and A. flavus that have 
a diameter of 4-6 µm have a lower probability to reach the alveoli, and are 
therefore mainly cleared in the conductive airways. Nevertheless, conidia 
of A. terreus have a similar size (2-4 µm) as those of A. fumigatus but do 
not cause infections as frequently as A fumigatus, indicating that also other 
factors contribute to A. fumigatus infections (Deak et al., 2009). Indeed, 
A. fumigatus conidia but not those of A. terreus prevent acidification of 
phagolysosomes in macrophages (Slesiona et al., 2012). This was attributed 
to differences in the structure of melanin that is formed by these aspergilli. 
A. niger conidia form another type of melanin than A. fumigatus. The 
former synthesize melanin via L-3,4-dihyroxyphenylalanine (L-dopa) and 
5,6-dihydroxynindole, while the latter makes use of 1,8 dihydroxynaphtalene 
to form DHN melanin (Eisenman and Casadevall, 2012; Pal et al., 2014). 
 In this study adhesion, internalization, germination, and outgrowth 
of conidia of A. fumigatus and A. niger are compared using an alveolar 
epithelium model. It was hypothesized that the comparison between these two 
species, presenting different morphological and secretory characteristics, 
will point to some of the features that make A. fumigatus a more successful 
pathogen. Interestingly, results showed higher internalization efficiency 
and delayed germination, for A. fumigatus compared to A. niger. At a later 
stage of infection initiation hyphal growth direction differed between these 
two species which might affect efficient recognition of A fumigatus by 
neutrophils. Overall these observations show how A. fumigatus could cause 
a more successful infection than A. niger.
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Materials and Methods

Strains and growth conditions

 The strains selected for A. niger and A. fumigatus have been studied 
extensively (Table 1). For A. fumigatus the strain A293 has been used for 
assessing internalization and infection in A549 cells (Wasylnka and Moore 
2003). This strain originates from a clinical isolate (Pain et al., 2004; 
Nierman et al., 2005), which makes it more representative for this specific 
study. For A. niger no experiments involving infection and interaction 
with epithelial cells have been described to our knowledge. Therefore, the 
strains used are derived from an environmental strain. A. niger AV112d.7 
expressing dTomato is a derivative of A. niger CB-A112.11T, which itself is 
derived from A. niger NW249. NW249 is a derivative of A. niger N402 as 
described by Jalving et al. (2000). AV112d.7 carries multiple copies of the 
transforming construct. Single integrations did not result in a fluorescence 
strong enough for fluorescence microscopy. Therefore, two representative 
strains of each transformation were selected for further analysis and 

Table 1. Strains used in this study

Strains Construct Parental strain Description of strain

A. fumigatus

 AF 293 Wild type (Pain et al., 2004)

 AF 293.1a pRG3AMA1-RFP AF293 Strain expressing RFP 
(Leal jR ET AL.,2010)

 AF ΔpksPb CEA17 Non-melanised mutant, partial deletion of 
pksP (Amin et al., 2014)

A. niger

 N402 NRRL3 Short conidiophore mutant 
(Bos et al.,1988)

 AV112d.7c PglaA:dTomato CB-A112.11 Strain expressing dtomato 
(Vinck et al.,2011)

 JP1.1 pptA::AopyrG AB4.1 Non-melanised mutant, deletion of pptA 
(Jorgensen et al., 2011)

a  Provided by Michelle Momany (University of Athens, Ga., USA) 
b  Provided by Axel A. Brakhage (Leibniz Institute for Natural Product Research and Infection 
Biology - Hans Knöll Institute (HKI), Jena, Germany)
c  AV112d.7 is derived from a similar strain as the one used as a wild type in this study (N402). The pa-
per previously published by our lab (Vinck et al. 2011) states that this strain behaves similarly as N402.
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characterization. Growth and sporulation of these transformants were not 
affected when compared to the parental strain. Although unlikely, it cannot 
be excluded that the fluorescent derivative of A. niger strain used in this 
study might differ in some aspects to their non-fluorescent parent. 
 Spores were grown on PDA agar plates for 3 days at 37 ºC. Conidia were 
harvested with 0.85 % (w/v) NaCl and filtered through 3 layers of miracloth 
(Merck Millipore Corporation, Darmstadt, Germany) to remove pieces of 
mycelium. Suspensions were adjusted to 108 conidia ml-1 after counting the 
spores with a Bürker chamber

Cell cultures and fungal infection

 Cells of the human lung carcinoma epithelial cell line A549 (ATCC, 
CCL-185) were maintained by serial passage in Dulbecco’s modified 
Eagle medium (DMEM)(Ref. code: 41966-029 GIBCO, Life Technologies, 
Paisley, UK) with 10 % (v/v) fetal calf serum (FCS) (Bodinco BV, Alkmaar, 
the Netherlands). A549 cells were seeded at a concentration of 2 x 105 cells 
ml-1, and cultured at 37 ºC and 5 % CO2 until a confluent monolayer was 
formed. Cells were challenged with 2 x 106 fungal conidia well-1, in 48-well 
plates (Corning®, Costar®, New York, USA) suspended in DMEM + 10 % 
FCS.  This concentration of conidia was previously tested in order to achieve 
a measurable infection in A549 cells and is similar to the concentration used 
in previous studies (see e.g. Wasylnka and Moore, 2003). For experiments 
that required fixation prior to fluorescence microscopy, A549 was 
cultured in 48-well culture plates containing 8-mm glass coverslips (WPI 
international BV, Europe). For live imaging and for experiments requiring 
the maintenance of hyphal growth directionality, cells were grown in µ-slide 
8 well glass bottom chambers (Ibidi®, Munich, Germany). 

Association and internalization of conidia upon interaction with 
A549 cells

 A549 cells were grown on 8-mm glass coverslips (WPI international 
BV, Europe). Conidia were added to the A549 cells and incubated for 4 h. 
Unbound conidia were removed carefully by washing 3 times with DMEM 
(pre-warmed to 37 ºC). Adhering conidia were visualized with 0.003 % 
Calcofluor-white (CFW) (SIGMA-ALDRICH, Buchs, Switzerland). The 
dye was added for 5 min at 37 oC followed by 2 washing steps with pre-
warmed DMEM. Cells were fixed with 4 % paraformaldehyde (PFA) 
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(SIGMA-ALDRICH, Buchs, Switzerland) for 5 min at 4 oC and 20 min 
at room temperature. PFA background fluorescence was quenched by 
incubation with 20 mM NH4Cl (Merck Millipore, Darmstadt, Germany) for 
20 min at RT. Coverslips were mounted with FluorSaveTM (Merck Millipore, 
Darmstadt Germany) onto glass slides. To determine the total number of 
conidia associated with the lung epithelium, 12 fields at the coverslip were 
randomly chosen. Hoechst (Life technologies, Paisley, UK) stain was used 
to count the total number of cells per field. 
 Association values are expressed as the percentage of total conidia that 
had bound to the A549 cells. Values were an average from five separate 
experiments. At least 100 conidia were counted per strain in all experiments. 
For evaluating conidial internalization, Z-stacks of 10 randomly chosen sites 
were made. Four separate experiments using at least 200 conidia per strain 
were included in the analysis. Conidia stained with CFW were counted 
as non-internalized, while conidia that only showed mRFP or dTomato 
fluorescence were counted as internalized conidia. Conidial internalization 
values are presented either as the percentage of internalized conidia from 
the total number used for the challenge, or the total number of associated 
conidia. Analysis of images is described in the confocal microscopy section 
below. Viability of A549 internalized conidia was measured using a nystatin 
protection assay (Wasylnka and Moore, 2002). Briefly, conidia were added 
to A549 cells and incubated for 4 h to allow internalization. Cells were 
washed two times with DPBS and incubated with 100 µg mL-1 of nystatin. 
Incubation was followed for 3 h and cells were washed two times. Finally, 
cells were detached from well plates using 0.05 % trypsin and serial dilutions 
were plate on PDA agar. Conidia were counted after 3 days of incubation at 
37 oC.

Germination and directionality of hyphal growth upon interaction 
with A549 cells

 A549 cells were grown on 8-mm glass coverslips (WPI international 
BV, Europe) and in µ-slide 8 well chambers (Ibidi®, Munich, Germany) 
for germination and hyphal growth directionality assays, respectively. CFW 
was used to visualize conidia and hyphae outside the A549 cells. After 6 h of 
infection, samples were followed every hour in order to track germinating 
conidia. As a control for germination, conidia alone were grown in the same 
cell culture medium used for A549 cells at 37 ˚C and 5 % CO2. Observations 
were made every hour until hyphal length reached a size comparable to that 
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observed in the presence of A549 cells. Biological triplicates were used in 
the analysis with at least 100 conidia per experiment.
 To assess hyphal growth directionality, hyphae from both strains were 
grown until they reached similar lengths. The time needed was taken 
from germination experiments showing a lag in growth for A. fumigatus 
compared to A. niger. For epithelial visualization, A549 cells were stained 
with Hoechst (1mg ml-1) (Life technologies, Paisley, UK). Samples were 
fixed with PFA (see above) and visualized by confocal microscopy. For 
hyphal directionality, Z-stacks covering the region between the bottom of 
the A549 layer until the tips of external hyphae were made. Measurements 
in the Y and X plane were analyzed. Three biological replicas were analyzed 
using approximately 10 fields per slide per experiment The ratio of hyphae 
growing perpendicularly vs. those growing in parallel to the epithelium was 
also calculated. This was done by counting more than 50 hyphae per strain 
from two independent experiments. 

Internalization blockers

 Cytochalasin B (10 µM) (SIGMA-ALDRICH, Zwijndrecht, The 
Netherlands) and / or 20 µM nocodazole (SIGMA-ALDRICH, Zwijndrecht, 
The Netherlands) was used to block internalization pathways. These 
concentrations were obtained from cytotoxicity experiments with A549 
cells (Bose et al., 2001). A549 cells were treated with the blockers for 30 
min prior to infection with conidia. To evaluate treatments, 10 fields per 
slide were chosen from 2 experiments using ˃ 600 conidia. For analysis, 
each conidium was scored as either inside or outside the epithelial cells. 
Chi-square proportion test was performed using a z-test (α = 0.01) and 
adjusting p-values for multiple comparisons using the Bonferroni correction 
method. 

Localization of conidia in phagolysosomes and their acidification

 Antibody LAMP-1-FITC (BD Transduction Laboratories) was used 
to detect co-localized conidia with phagolysosomes 2 and 8 h after the 
challenge. Cells were fixed as described above and permeabilized with 
0.1 % saponin in dulbecco’s phosphate buffered saline (DPBS) (Ref. code 
14190-094 SIGMA-ALDRICH, Zwijndrecht, The Netherlands) containing 
20 mM NH4Cl and 2 % bovine serum albumin (BSA) (SIGMA-ALDRICH, 
Zwijndrecht, The Netherlands). Cells were incubated with 100-fold diluted 



39

2

LAMP-1 antibodies for 45 min at RT. Slides were washed once with PBS and 
mounted with FluoroSave. Percentages of co-localization were calculated 
by analyzing at least 50 conidia in each of the biological triplicates. 
 Acidification of lysosomes was evaluated using LysoSensorTM Green 
DND-189 (Life technologies, Eugene, OR, USA) and the pH sensitive 
fluorophore CypHer5E-NHS Ester (CypHer5E; GE Healthcare, Bilthoven, 
Netherlands).  A549 cells were incubated for 45 min with 50 nM 
LysoSensorTM. For labeling with CypHer5E, 200 µL conidia suspension (108 
conidia mL-1) was incubated at RT for 2 h with 6 µL 10 mg ml-1 CypHer5E 
in 0.5 M sodium carbonate buffer, pH 8.3. Conidia were washed twice 
with this buffer with intermediate centrifugation for 5 min at 10.000 rpm. 
In order to relate CypHer5E fluorescence with pH, a calibration curve of 
fluorescence was used made with 0.5 M PBS (pH 7) and mixtures of 0.1 
M citric acid and 0.2 M di-sodium phosphate buffer (2:1, 1:1 and 1:2 for 
pH 4, 5, and 6, respectively). Data was obtained from biological triplicates 
counting at least 100 conidia per condition.

Epithelial cell infections with A. fumigatus and A. niger in the 
presence of neutrophils 

 Human polymorphonuclear neutrophils (PMNs) were isolated from whole 
blood of healthy donors following the Histopaque-Ficoll gradient protocol 
as previously described (Bestebroer et al., 2007). Informed consent was 
obtained from all subjects and was provided according to the Declaration 
of Helsinki. Approval was obtained from the medical ethics committee of 
the University Medical Center Utrecht (Utrecht, The Netherlands). PMNs 
(2 x 106 cells well-1) were incubated with A549 cells for 3 h at the moment 
conidia had started to form germ tubes. This concentration of neutrophils 
was previously tested in order to have a measurable amount of neutrophils at 
A549 surface at the moment of measurements. As a reference, conidia from 
both strains were grown without epithelial cells and treated with PMNs 
right after germination. Data was obtained from biological triplicates by 
observing at least 100 conidia per condition. 

Confocal Microscopy

 Confocal Images were acquired with a Leica SPE-II using the 63x ACS 
APO (NA=1.3) or 40x PLAN APO (NA=1.25-0.75) objectives. Imaging 
was performed using a quadruple band beam splitter for the 405, 488, 
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561, and 647 nm laser lines. Identical settings were used when comparing 
fluorescence intensities between samples. Fluorescence emission of CFW 
was detected using the spectral band 460-480 nm. Red fluorescence 
emission of mRFP, dTomato and CypHer5E was detected using spectral 
bands of 600-650 nm, 562-600 nm, and 650-690 nm, respectively, while 
LAMP-1-FITC and LysoSensorTM fluorescence emission was detected with 
the 490-520 nm spectral band. For the analysis and processing of images the 
Fiji image processing package of ImageJ (www.fiji.sc) was used. 

Statistical analysis

 GraphPad Prism Software (GraphPad Software Inc., La Jolla, United 
States) was used for statistical analysis. Differences were analyzed using 
the student’s unpaired test, (two-tailed P value) or ONE-WAY ANOVA. 
P-values ≤ 0.05 were considered significant and ≤ 0.001 as highly significant. 
Analysis of internalization and internalization blocker values was performed 
using IBM SPPS Statistics for Windows, Version 22.0. Values where scored 
as in or out and treated as binary data. Pearson Chi-square test was used 
evaluating significance with p-values ≤ 0.05.

Results 

Association and internalization of conidia by A549 cells

 A monolayer of A549 cells was incubated with A. fumigatus and A. niger 
conidia. Association and internalization of the conidia was assessed up to 4 
h after the challenge. Adherence of the A. fumigatus and A. niger conidia to 
A549 cells was not significantly different. It reached its maximum within 2 
h where 1 % of both A. fumigatus and A. niger conidia bound to the A459 
cells (Supplementary Figure S1). Internalization of A. fumigatus and A. 
niger reached its maximum after 4 h, with 84 % and 67 %, respectively. 
Statistically, A. fumigatus internalization was 1.2-fold more efficient when 
compared to A. niger.
 Cytochalasin-b and nocodazole were used to investigate the role of 
actin and microtubules during internalization of conidia in A549 cells. 
These blockers induce actin disruption and interfere with microtubule 
formation, respectively (Ibrahim-Granet et al., 2003; Wasylnka and Moore, 
2002; Ellinger et al., 2001). Treatment of epithelial cells with 10 µM of 
cytochalasin-b inhibited internalization of conidia by 57 % and 21 % in 
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Figure 1. Cytochalasin-B and nocodazole block internalization of A. fumigatus (AF) more 
effectively than that of A. niger (AN). Internalization of AN and AF by A549 after treatment 
with 10 μM cytochalasin-B (CB), and / or 20 μM nocodazole (Noc). For analysis, each conid-
ium was scored as either inside or outside the epithelial cells. A chi-square proportion test was 
performed using a z-test (α = 0.01) and adjusting P-values for multiple comparisons using the 
Bonferroni correction method.∗ Indicates significant difference.

the case of A. fumigatus and A. niger, respectively. For A. fumigatus the 
treatment using both cytochalasin-b and nocodazole resulted in an increased 
inhibition compared to cytochalasin-b alone, decreasing internalization 
from 50 to 70 %. For A. niger the addition of 20 µM nocodazole did not 
significantly affect cytochalasin-b activity changing internalization from 31 
% to 44 % (Figure 1).

Localization of conidia at phagolysosomes and their acidification

 The lysosomal-associated membrane protein 1 (LAMP-1) was used as 
a marker to determine whether internalized conidia were located inside 
phagolysosomes. After 2 h of incubation, 29 % and 21 % of the A. fumigatus 
and A. niger conidia, respectively, were co-localized with LAMP-1. These 
numbers increased to 59 % and 54 % after 8 h of incubation (Figure 2). 
 Labeling of acidic compartments by LysoSensorTM and labeling of 
conidia by a pH sensitive dye (CypHer5E) were used to address whether 
acidification of the phagolysosomes occurred. LysoSensor strongly stained 
compartments in A549 cells. However, internalized conidia of both A. 
fumigatus and A. niger were not surrounded by the label, even 8 h after 
the challenge (Figure S2). To confirm the LysoSensor results, conidia were 
labeled with the pH sensitive dye CypHer5E. Fluorescence of CypHer5E 
bound to A. fumigatus conidia indicated a pH of 6 between 2 and 6 h 
after the challenge and a pH of 5 after 8 h (Figure 3A and B). In contrast, 
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Figure 2. A. fumigatus and A. niger conidia co-localize with LAMP-1 after 8 h of infection. 
Representative pictures of RFP or dTomato labelled A. niger and A. fumigatus conidia, co-lo-
calizing with FITC-labeled phagolysosomal marker LAMP-1 after 2 and 8 h of incubation. 
Images shown are representative of one of three separate experiments.
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Figure 3. Aspergillus fumigatus melanin inhibits acidification of cellular compartments. 
Tracking of acidification inside cellular compartments containing Cy-pHer5e-labeled conidia 
(CC). Wild-type A. niger and A. fumigatus and of white strains (AN_white and AF_white). 
pH calibration curve of AF-CC (A), AF_white-CC (C), AN-CC (E), and AN_white-CC (G) 
and total fluorescence in time of AF-CC (B), AF_white-CC (D), AN-CC (F), and AN_white-
CC (H). Values are expressed as the mean of the corrected total fluorescence (CTCF). Bars 
represent standard error of the mean. ∗Indicates significant difference. 
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of A. niger did not decrease acidification and phagolysosomes reached pH 
4 after 4 and 6 h, respectively (Figure 3E to H). These experiments show 
that melanin coating of A. niger conidia does not impact acidification in 
phagolysosomes while A. fumigatus melanin coat does.

Germination and hyphal growth directionality

 Interestingly, by using a nystatin protection assay it was observed that 
all internalized conidia from A. fumigatus and A. niger were viable after 20 
h (Supplementary Figure S3). As part of the Aspergillus cycle of infection, 
internalized conidia need to escape from cellular phagosomes. Germination 
mediates this step and is essential for dissemination, enabling the fungi to 
reach new organs. Therefore, the germination time in the absence or presence of 
epithelial cells was investigated. In cell culture medium, germ tubes appeared 
after 6 h and 5 h for A. fumigatus and A. niger, respectively. Germination was 
delayed for 2 h in the presence of A549 cells (Supplementary Figure S4). 
At 10 h after infection as little as 6 % of the conidia of A. fumigatus had 

fluorescence of CypHer5E bound to A. niger conidia showed a gradual drop 
to pH 4 after 4 h, remaining stable until 8 h after the challenge (Figure 3E 
and F). 
 It has been shown that a precursor of DHN-melanin of A. fumigatus 
conidia inhibit phagolysosome acidification (Jahn et al., 2002; Thywissen 
et al., 2011). To test whether the A. niger melanin pathway also inhibits 
the acidification process, conidia of white strains of A. fumigatus and A. 
niger were used in CypHer5E experiments. Conidia of the white strain of A. 
fumigatus resulted in phagolysosome acidification, reaching pH 4 after 4 h 
of challenge (Figure 3C and D). In contrast, both white and wild-type strains 

Figure 4. Germination and hyphal length of A. fumigatus are more effectively decreased in 
the presence of A549 cells than that of A. niger. (A) Germination and (B) hyphal length. Bar 
represents standard error of the mean. ∗ Indicates significant difference. 
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Figure 5. A. fumigatus hyphae grow parallel to A549 cell layer whereas A. niger hyphae 
grow more perpendicularly. Direction of hyphal growth of A. fumigatus and A. niger in the 
presence of A549 cells. (A) Z-plane showing thickness of A549 cell layer, nuclei are stained 
with Hoechst (blue) and cell contour by CellMaskTM (green). (B) A549 cell layer X/Y-plane. 
Z-plane (C,E) and X/Y-plane (D,F) showing A. fumigatus (C,D) and A. niger growth (E,F) on 
A549 (Hoechst stained) cells. (G) Hyphal growth of A. fumigatus and A. niger in the Z-plane. 
Bars represent standard deviation. ∗ Indicates significant difference. 

germinated, while at 9 h, 24 % of A. niger conidia had already germinated 
(Figure 4A). Germ tubes also differed in length. A. fumigatus hyphae 
were significantly smaller compared to those of A. niger (Figure 4B). In 
addition, hyphae of A. fumigatus and A. niger showed a difference in growth 



46

2

Figure 6. Polymorphonuclear neutrophils reduce A. niger germination and hyphal length at 
the surface of A549 cells. A. fumigatus and A. niger percentage of germination (A,C) and 
hyphal length (B,D) in the presence of A549 cells. Bars represent standard error of the mean. 
∗ Indicate significant differences. 

Figure 7. Aspergillus niger germination and hyphal length are reduced more effectively by 
PMNs compared to A. fumigatus. A. fumigatus and A. niger. (A,C) Percentage of germination, 
(B,D) hyphal length. Bars represent standard error of the mean. ∗ Indicate significant differ-
ences. 
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direction. Hyphae of A. fumigatus grew mainly parallel to the A549 layer 
(reaching maximally 22 µm above the cell layer), while hyphae of A, niger 
grew perpendicular to the cell layer, reaching 70 µm above the epithelial 
monolayer (Figure 5; Figure 5G for quantification). These observations 
were not related to differences in growth since hyphae of both strains were 
grown until a comparable size prior to the analysis (Figure 5D and F). 
However, to prove that these differences are not due to growth, the ratio of 
hyphae perpendicular to the cells vs. the number of hyphae parallel to the 
cells was calculated. For A. fumigatus this ratio was 1:3 in contrast to A. 
niger which gave a ratio of 2:1.

Effects of neutrophils on A. niger and A. fumigatus infection 

 Polymorphonuclear neutrophils are crucial in controlling invasive 
aspergillosis by killing conidia and hyphal structures by means of 
phagocytosis or by degranulation and NET formation (McCormick et al., 
2010; Braem et al., 2015). Here, the effect of PMNs was investigated on 
germination and hyphal growth of A. fumigatus and A. niger. To this end, 
PMNs were added to the A549 monolayer that had been challenged with A. 
fumigatus and A. niger conidia. PMNs did not inhibit germination of conidia 
of A. fumigatus and the outgrowth of hyphae (Figure 6C and D). In contrast, 
germination of conidia of A. niger was reduced by 31 % in the presence of 
PMNs (Figure 6A). In addition, the length of A. niger hyphae was reduced 
by 24 % (Figure 6B). The effect of PMNs on germination and hyphal length 
was also studied in the absence of epithelial cells. The inhibitory effects 
of PMNs were stronger in the absence of A549. Germination of A. niger 
conidia was reduced by 73 % in the presence of PMNs, whereas hyphal 
length was reduced by 50 % (Figure 7A and B). Germination of conidia of 
A. fumigatus was reduced by 31 % with no significant effects on hyphal 
length (Figure 7C and D).
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Discussion

 Particles with a size < 5µm, such as fungal conidia, can reach the 
alveoli if they are not expelled through mucociliary clearance or cleared 
by phagocytic cells roaming the lung. The interaction between conidia, 
epithelial cells, and phagocytes within the alveoli will determine whether 
a successful infection can occur. Adherence and internalization of conidia 
to epithelial cells and subsequent germination and hyphal outgrowth 
represent the first stages of infection. In this study the interaction of A. 
niger and A. fumigatus conidia with A549 cells, representing the lung type 
II pneumocytes in alveoli, and neutrophils was studied. Results showed 
that A. niger and A. fumigatus adhered equally well to A549 cells but the 
latter conidia were 17 % more internalized by A549 cells. This suggests that 
A549 cells interact differently with A. niger and A. fumigatus. Indeed, A. 
fumigatus internalization was inhibited by 57 % when actin polymerization 
was disrupted, while internalization was only reduced by 21 % in the case 
of A. niger. Inhibition of microtubule formation did not affect either A. 
fumigatus or A. niger internalization. 
 Epithelial-internalized A. fumigatus conidia have been suggested to be a 
source for reinfection since they are not killed and remain latent inside these 
cells (Wasylnka and Moore, 2003; Amin et al., 2014). In fact, it was observed 
that all internalized conidia were viable after 20 h. Maintained viability 
of conidia can be explained when conidia-containing-compartments do 
not fuse with lysosomes, when acidification of phagolysosomes is actively 
inhibited, or when conidia survive the low pH in the phagolysosomes. Our 
results indicate that approximately 50 % of the conidia are localized inside 
LAMP-1 labeled compartments within 8 h. This strongly suggests that half 
of the internalized population will not end up in lysosomes and therefore 
remain in a less hostile environment. pH sensitive probes indicated that 
conidia of A. fumigatus are located in compartments with a pH of ± 6 up to 6 
h after infection. In contrast, compartments containing A. niger conidia had 
acidified to a pH of 4 after 4 h. The latter indicates a stronger acidification 
of phagolysosomes containing A. niger conidia. The fact that all conidia 
of A. niger remained viable within A549 cells implies that these conidia 
survive the acid conditions within phagolysosomes.  
 The fact that the pH of phagolysosomes is reduced in the presence of 
A. niger conidia but not in the case of A. fumigatus may be explained by 
the types of melanin that are produced by A. niger and A. fumigatus (Pal 
et al., 2014). Indeed, conidia of a white strain of A. niger showed a similar 
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acidification as the wild-type, whereas white conidia of A. fumigatus 
showed an acidification similar to wild-type A. niger.  The latter result is in 
agreement with previous studies showing that the DHN-melanin deficient A. 
fumigatus strain ΔpksP failed to inhibit phagosomal acidification (Amin et 
al., 2014; Jahn et al., 2002; Thywissen et al., 2011; Heinekamp et al., 2012). 
It should be mentioned, however, that acidification of phagolysosomes with 
LysoSensorTM was not detected and that LysoSensorTM bound unspecifically 
to conidia lacking melanine (Supplementary Figure S2).  The difference in 
melanin type between A. niger and A. fumigatus could also explain why A. 
fumigatus conidia are more efficiently internalized. In fact, internalization 
of A. fumigatus conidia in A549 cells is enhanced in the presence of DHN-
melanin (Amin et al., 2014).
 Germination of A. niger and A. fumigatus conidia was inhibited by 
both A549 and PMNs. Germination of both types of conidia was delayed 
for approximately 2 h at the A549 epithelium. Moreover, the number of 
germinated conidia of A. fumigatus was reduced 13-fold in the presence of 
A549 cells whereas it was only threefold reduced for A. niger conidia (data 
obtained from Figure 6 and Figure 7). Compared to A. niger, A. fumigatus 
conidia germinated 20 % less and had a twofold decrease in hyphal length 
in the presence of A549 cells.  Interestingly, PMNs had a significant effect 
on A. niger germination but not on A. fumigatus germination, either in the 
presence or absence of A549 cells. 
 Hyphae of A. niger and A. fumigatus showed a different growth direction 
in the presence of A549 cells. Most A. niger hyphae grew perpendicular 
to the A549 monolayer, whereas those of A. fumigatus grew parallel to the 
cell layer. The reason for this behavior is not clear. It could be related to 
stimuli-dependent growth or tropism towards nutrients or oxygen. Hyphal 
oxytropism has been described for the fungal human pathogen Candida 
albicans, showing elongation towards oxygen-rich environments (Aoki et 
al., 1998). This may also be the case for aspergilli. They need a minimal 
oxygen concentration between 0.1 % and 0.5 % for growth (Hall and Denning, 
1994). It has been reported that A. niger hyphae respond to electrical fields, 
chemical compounds, and topographical sensing (Bowen et al., 2007). Little 
is known about hyphal tropism or contour sensing in A. fumigatus. The 
differences in hyphal orientation may also be due to a stronger interaction of 
A. fumigatus hyphae with epithelial cells as compared to those of A. niger.  
Internalization by epithelium hides conidia from phagocytic recognition, 
increasing chances of germination and infection (Wasylnka and Moore, 2003; 
Lopes Bezerra and Filler 2004). It was hypothesized that A. niger hyphae 
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that are more exposed in the medium would render them more susceptible 
to phagocytic recognition. Indeed, neutrophils reduced germination of A. 
niger conidia in the presence of A549 cells by 20 % and hyphal growth by 
38 %. Reduction was also observed in the absence of the epithelial cells. 
Decreased hyphal growth was not observed in the case of A. fumigatus, 
when PMN were added (Figure 7).  Our results support the hypothesis that 
conidia internalized by epithelial cell hide from neutrophil recognition. 
However, once they germinate and grow out of these cells they may be 
attacked. Possibly, parallel growth to the cell layer may reduce neutrophil 
attack. A. fumigatus is known to secrete a complex extracellular matrix 
composed of mono- and polysaccharides and proteins including antigens 
and hydrophobins. This matrix is known to function in adherence and makes 
fungi more resistant to antifungals (Müller et al., 2011). Possibly, A. niger 
fails to produce a similar extracellular matrix, making it more susceptible 
for immune recognition. 
 Taken together, our results show differences between A. niger and A. 
fumigatus in an in vitro model. These observations show a strong difference 
in the behavior of A. niger compared to A. fumigatus that could give an 
advantage to the latter during lung infection. A higher internalization rate 
and a delay in germination will result in efficient hiding for clearance by 
the immune system and provides a latent conidia population that can cause 
an infection.  A. fumigatus conidia are also less sensitive to PMNs when 
compared to A. niger. The tight contact of A. fumigatus with the epithelial 
surface may help to evade phagocytic recognition. Future studies with other 
Aspergillus species are needed to clarify if the observed advantages are 
unique for A. fumigatus or shared with other species such as A. terreus or A. 
flavus.
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Figure S1. Internalization by A549 cells of A. fumigatus conidia (light gray shading) is higher 
than A. niger conidia (black shading) after 2 h. (A) Association of conidia in time, expressed 
as the number of conidia per A549 cells. (B) Association of conidia after 4 h, expressed as 
the percentage of the total inoculum. (C) Internalization of conidia in time expressed as the 
number of conidia per A549 cell. (D) Internalization of total inoculum after 4 h. 

Supplementary Data

Figure S2. LysoSensorTM did neither colocalize with A. fumigatus nor with A. niger but 
binding of LysoSensor to melanin knockout mutants (white) in the absence of A549 cells was 
observed. (A) Conidia of A. fumigatus and A. niger labeled with red fluorescent protein inside 
A549 cells 8 h after the challenge. LysoSensorTM (green) labeled acidic compartments. (B) 
Conidia of the white strains of A. niger co-localizing in A549 cells with LysoSensorTM 8 h af-
ter challenge. (C) Conidia of the white strains of A. fumigatus and A. niger in culture medium 
bound to LysoSensorTM. Data are from one of three representative experiments.
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Figure S4. Germination of A. fumigatus and A. niger conidia was 2 h delayed in the presence 
of A549 cells. (A) Start of conidial germination in the absence and presence of A549 cells; 
Arrows indicate germtubes. (B) Germination of conidia in the absence of A549 cells after 8 
h of growth on DMEM. A. fumigatus and A. niger. Data are from one of three representative 
experiments.

Figure S3. Aspergillus fumigatus and A. niger conidia survive inside A549 cells. A. fumigatus 
and A. niger inside A549 cells after 3 h and overnight (20 h). Nystatin (Nyst) protection assay 
was used to kill conidia outside the cells. Data from one of three representative experiments.
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Abstract 

 Aspergillus fumigatus is the main causative agent of aspergillosis. Other 
aspergilli like Aspergillus niger also cause infections but to a much lesser 
extent. A. fumigatus and A. niger show different behavior in the presence of 
type II alveolar A549 epithelial cells. A. fumigatus conidia are more efficiently 
internalized by these cells and intracellular germination is delayed when 
compared to A. niger. In addition, hyphae that have escaped the epithelial 
cells grow parallel to the epithelium, while A niger grows away from this 
cell layer. Here it is shown that global gene expression of A fumigatus and 
A niger is also markedly different upon contact with A549 cells. A total of 
545 and 473 A. fumigatus and A. niger genes were differentially expressed 
when compared to growth in the absence of A549. Notably, only 53 genes 
were shared in these gene sets. The different response was also illustrated 
by the fact that only 4 GO terms were shared that were enriched in the 
differentially expressed gene sets.  Infection with A. fumigatus resulted in 
only 62 and 47 up- and down-regulated genes in A549. These numbers were 
17 and 34 in the case of A. niger. GO terms related with immune response 
were down-regulated upon exposure to A. fumigatus but not in the case of 
A. niger. This indicates that the former fungus programs A549 to be less 
immunologically alert. Together, these data show that A. fumigatus and A. 
niger respond differently to the presence of type II epithelial cell and also 
evoke different expression responses in the host cell.
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Introduction 

 A. fumigatus is an opportunistic pathogen that is distributed globally and 
found in a large variety of substrates such as soil, organic matter, and water 
[1]. This saprophytic fungus mainly reproduces asexually, producing large 
amounts of 2–3 µm wide conidia that are dispersed enabling colonization 
of new substrates [2]. Conidia are effectively dispersed by air flows. The 
fact that outdoor air contains on average more than 10 A. fumigatus conidia 
m-3 implies that humans inhale several hundred of these conidia each 
day [3, 4]. Immunocompromised individuals, like patients suffering from 
neutropenia due to chemotherapy or genetic disorders, cystic fibrosis, 
AIDS, or hematological malignancy are at high risk of acquiring invasive 
aspergillosis [5]. A. fumigatus is recognized as the causative agent in 90 % of 
the cases of aspergillosis, indicating that this fungus has acquired a specific 
life style that favors colonization of humans and allows establishment of 
serious infections [6]. Other Aspergillus species (e.g. Aspergillus flavus, A. 
niger, Aspergillus tubingensis) also cause infections but to a much lower 
extent [7-9]. Mortality rates of intensive care unit patients with aspergillosis 
range between 30 – 90 % depending on the immune state of the host and the 
stage of the infection [10]. 
 Inhaled conidia that are not cleared in the upper respiratory area will 
reach the alveoli where they encounter type I and II alveolar epithelial cells. 
Type I cells cover 90 – 95 % of the alveolar surface and are crucial for 
gas exchange between the alveoli and the blood [11]. Type II cells cover 
a much smaller surface area of the lung (4 %) but constitute 60 % of the 
alveolar epithelial cells and 10 to 15 % of all lung cells. Type II cells play 
multiple roles in the lung, amongst others they secrete pulmonary surfactant 
and mediate lung immunity [12-15]. An encounter with lung epithelial cells 
may result in clearance of the A. fumigatus conidia or, with low incidence, 
in initiation of infection. Adhesion, internalization, and germination 
are the 3 main steps during initiation of Aspergillus infection. Each step 
is expected to be accompanied by specific genetic responses of the host 
and the pathogen. Transcriptomics revealed that 889 genes of immortal 
bronchial epithelial 16HBE14o- cells were differentially expressed after a 6 
h incubation with conidia of A. fumigatus. Genes associated with repair and 
inflammatory processes such as matrix metalloproteinases, chemokines, 
and glutathione S-transferase were found up-regulated [16]. In another 
study using a similar exposure set up, a total of 255 epithelial genes were 
differentially expressed as compared to non-infected cells. Among the 
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most highly enriched functional gene groups were terms involved in innate 
immune response, defense response, and the inflammatory response. On the 
other hand, 150 A. fumigatus genes were up-regulated, while 33 were down-
regulated [17]. Genes involved in vacuolar acidification and metallopeptidase 
activity were found to be differentially expressed. These studies represent 
an early step in the infection process. Here, gene expression was studied 
at a later stage of initiation of infection that included hyphal growth (i.e. 
after 12 h). Moreover, alveolar epithelial type II A549 cells that are more 
relevant for initiation of invasive aspergillosis were used to compare gene 
expression upon exposure to A. fumigatus and A. niger. These fungi show 
striking differences in germination and outgrowth in the presence of type II 
alveolar A549 epithelial cells (Chapter 2). A. fumigatus conidia were more 
efficiently internalized and showed delayed germination when compared to 
A. niger. In addition, hyphae that had escaped from the epithelial cells grew 
parallel to the epithelium, while A. niger grew perpendicular to this cell 
layer [18]. Here it is shown that global gene expression of A. fumigatus and 
A. niger is markedly different upon contact with epithelial cells. Moreover, 
the latter cells respond differently to the two fungi. This supports the view 
that A. fumigatus and A. niger have a different life style when exposed to 
epithelial cells.

Material and Methods 

Strains and growth conditions

 A. fumigatus Af293 [19]  and A. niger N402 [20] were grown on potato 
dextrose agar (PDA) (Becton, Dickinson and company, Le-Pont-De-Claix, 
France) for 3 days at 37 oC. Conidia were harvested with 0.85 % (w/v) NaCl 
and filtered through 3 layers of Miracloth (Merck Millipore Corporation, 
Darmstadt, Germany) to remove pieces of mycelium. Suspensions were 
adjusted to 108 conidia ml-1 after counting with a Bürker chamber. 

Cell cultures and fungal co-cultivation

 The human lung carcinoma epithelial type II cell line A549 (ATCC, CCL-
185) was maintained by serial passages as described [18]. A549 cells were 
seeded at a concentration of 2 x 105 cells mL-1 in 6-well plates (Corning® 
Costar ®, New York, USA) and cultured in 200 µL DMEM with 10 % FCS 
at 37 oC and 5 % CO2. After a confluent monolayer was formed, cells were 
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challenged for 2 h with 2 x 106 fungal conidia well-1. Unbound conidia 
were removed carefully by washing 3 times with DMEM (pre-warmed to 
37 oC), after which 200 µL DMEM with 10 % FCS was added to the well. 
Growth was prolonged for 10 h. A549 and fungal conidia grown individually 
under the same culture conditions served as controls. In the latter case, A. 
fumigatus was grown until hyphae reached a length similar to those in the 
presence of A549 cells. Cells were harvested by scraping in the presence 
of lysis/binding buffer (4.5 M guanidine-HCl, 100 mM sodium phosphate 
pH 6.6) from the High Pure RNA tissue kit (Roche Diagnostics GmbH, 
Mannheim, Germany), frozen in liquid nitrogen, and stored at -80 oC.  

RNA extraction and RNA-sequencing 

 Cells were homogenized in an Eppendorf tube with a Tissuelyser for 5 
min at 20 Hz min-1 (Qiagen, Venlo, The Netherlands) using 2 metal beads 
(4.76 mm in diameter). The homogenate was incubated for 5 min at RT after 
adding 1 mL of TRIzol (Thermo Fisher Scientific, Waltham, MA, USA), 
followed by addition of 200 μL chloroform, and an incubation of 3 min. 
Samples were centrifuged for 10 min at 10.000 g and 4 oC and the aqueous 
phase was transferred to a new Eppendorf tube. RNA was purified with the 
RNeasy NucleoSpin® RNA kit (Macherey-Nagel GmbH & Co. KG, Düren, 
Germany) with some modifications. Briefly, 350 µL of 75 % ethanol was 
added to the aqueous phase and mixed by vortexing. Sample was loaded 
to a NucleoSpin® RNA column and centrifuged for 30 s at 11.000 g. Then, 
350 µL of membrane desalting buffer (MDB) (chaotropic salt, EtOH 5 – 
15 %, and others) was added and centrifuged for 1 min at 11.000 g. After 
centrifugation, 95 µL of DNase reaction mixture (rDNase, RNase-free) was 
loaded onto the center of the column and incubated for 15 min at RT. 200 
µL of wash buffer RAW2 (Guanidinium thiocyanate 24-36 %, EtOH 20-
35 %, and others) was added and the column was centrifuged for 30 s at 
11.000 g. A second washing step was performed with 600 µL wash buffer 
RA3 (EtOH 76 % and others). A final washing step was performed with 250 
µL RAW3 buffer and centrifugation for 2 min at 11.000 g. RNA was eluted 
with 40 µL RNase free H2O by centrifugation for 1 min at 11.000 g. The 
flow through was collected and passed again through the column to increase 
RNA concentration. RNA concentration and purity was determined with the 
NanoDropTM ND1000 spectrophotometer (ThermoFischer Scientific).
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RNA sequencing and transcriptome analysis

 RNA sequencing was performed at ServiceXS (Leiden, The Netherlands) 
using Illumina NextSeq 500 according to manufacturer protocols. The 
NEBNext ultra Directional RNA library Prep kit for Illumina was used for 
cDNA synthesis. Briefly, the poly-A containing mRNA was isolated from 
10 µg total RNA using poly-dT oligo magnetic beads. After fragmentation 
of the mRNA, cDNA synthesis was performed. Adapters were ligated to the 
cDNA and amplified by PCR to create the final cDNA library. Quality and 
yield was measured with the Fragment Analyzer (ThermoFischer Scientific). 
Size of the cDNA fragments was between 300 and 500, as expected. A 
concentration of 1.6 pM of DNA was used for sequencing. RNA-seq was 
performed on RNA isolated form two independent experiments for each 
condition. RNA sequencing covered a depth of 10, 20, and 150 Mb in the 
case of the fungal samples (control), A549 samples (control), and mixed 
samples (co-cultivation), respectively. 
 Quality control of the reads was checked using fastQC version 0.11.5 
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads were 
cleaned and trimmed using Fastx-Toolkit (http://hannonlab.cshl.edu/
fastx_toolkit/). Alignment of the reads was performed with the package 
TopHat version 2.1.1 [20] using default parameters. The A. fumigatus 293 
[19], A. niger ATCC 1051 v4.0 [21] and Homo sapiens vGRCh38.p5 (ftp://
ftp.ensembl.org/pub/release-75//fasta/homo_sapiens/dna/) genomes were 
used as reference. Abundance estimation and analysis of differential 
expression was performed using Cufflinks 2.2.1 and Cuffdiff 2.2.1 version 
[21, 22]  using default parameters. Custom scripts were developed in Python 
and R to analyze over- and under-representation of functional annotation 
terms in sets of differentially regulated genes using the Fisher Exact test. 
The Benjamini-Hochberg correction was used to correct for multiple testing 
using a p-value of <0.05. Gene Ontology enrichment of infected A549 cells 
was performed using BiNGO 3.0.3 (Plug-in of Cytoscape 3) (http://www.
psb.ugent.be/cbd/papers/BiNGO/). Lists of GO terms was cleaned from GO 
redundancies running REViGO (http://revigo.irb.hr/) software. Directional 
protein blast analysis was performed using NCBI blast tool (e-value ≤ 10-5)
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) to determine the orthologous genes 
between A. fumigatus Af293 and A. niger ATCC1015.
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 Results

Differential gene expression of A. fumigatus and A. niger during co-
cultivation with A549 cells

 RNA-seq analysis was used to study differential gene expression in 
A. fumigatus and A. niger 12 h after addition to A549 cells. At this time 
point most, if not all, conidia had been internalized and part of them had 
germinated. Hyphae grew both within and outside the A549 cells. In the 
latter case, they had escaped the epithelial cells (Chapter 2). A. fumigatus 
and A. niger have a reduced growth rate when co-cultured with epithelial 
cells. Therefore, hyphae of the control condition (i.e. in the absence of 
A549) were grown for 10 and 9 h in the case of A. fumigatus and A. niger, 
respectively, to reach a length similar to that observed in the presence of 
epithelial cells. RNA of A. fumigatus and A. niger comprised 0.6 % and 0.65 
% of the total number of reads after quality control (Table 1). Thus, read 
number was 24 and 11 fold lower when compared to the control where the 
aspergilli were grown in the absence of A549. The low number of reads for 
both species might limit the detection of lowly expressed genes.
 A total number of 9840 and 11910 genes are present in the genomes of 
A. fumigatus and A. niger, respectively [19, 21]. Blast analyses revealed that 
62 % of the genes have a bidirectional hit at protein level (e-value ≤ 10-5). 
Of the A. fumigatus and A. niger genes, 9065 and 9768 were expressed in 
the absence of A549 cells, while only 6923 and 6448 were expressed in 
the presence of the epithelial cells. This huge apparent drop in expression 
is likely due to the 24 and 11-fold lower fungal read numbers in the co-
culture (see above). When < 4 FPKM was used to define a non-expressed 
gene, 7059 and 6375 A. fumigatus genes were expressed in the absence 
and presence of A549. These numbers were 5939 and 5712 for A. niger, 
respectively. 
 GO terms representing biological process, cellular component, and 
molecular function have been annotated to 54.5 % and 53 % of the genes 
in the A. fumigatus and A. niger genomes, respectively [19, 21]. A total of 
545 A. fumigatus genes were differentially expressed (fold change ≥ 2, 
expression ≥ 4 FPKM and p-value < 0.05), of which 119 were up-regulated 
when compared to the control condition and 426 were down-regulated 
(Supplementary Table 1). In the case of A. niger, 203 and 270 genes were up- 
and down-regulated, respectively (Supplementary Table 2). Bidirectional 
blast analysis showed that 374 out of the 473 differentially expressed genes 
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of A. niger have an orthologue (e value < 10-5) in the genome of A. fumigatus. 
Conversely, 419 out of the 545 differentially expressed A. fumigatus genes 
have an orthologue in the A. niger genome. Notably, 53 genes were shared 
between the set of differentially expressed genes of the two fungi (Table 2). 
 A. fumigatus genes previously described to be regulated during hypoxia 
(sdh1, rip1, aldA), in the citric acid cycle (sdh1) and induced by heat shock 
(Afu4g12920) with an orthologue in A. niger were found up-regulated. 
Genes trr1 (Putative thioredoxin reductase) and aspf3 (Allergen Asp f 3; 
peroxiredoxin family reductase) were found up-regulated in A. fumigatus 
but their A. niger orthologues were down-regulated. A. fumigatus genes 
with predicted zinc ion binding activity (Afu1g01780, Afu2g06130), 
siderophore iron transporter (mirB and Afu5g12920), phosphoenolpyruvate 
carboxykinase (acuF), choline oxidase (codA), and major facilitator 
superfamily (MFS) multidrug transporter (Afu2g16860) were found down-
regulated in both species. Eight genes found down-regulated in A. fumigatus 
showed orthologues up-regulated in A. niger, including adhesin-like protein 
structure (sun2), leucine biosynthesis (leu2A), ammonium transporter 
(meaA), and homoserine O-acetyltransferase (met2). 
 Out of the 119 up-regulated and 426 down-regulated A. fumigatus 
genes 83 and 92, respectively, were classified in at least one GO term. 
Up-regulated genes were mainly enriched for GO terms associated with 
biological processes like metabolism of organic hydroxy compounds, 
polyol, alditol, and alcohol (Figure 1; Supplementary Table 1). GO terms 
associated with molecular function such as terms related to transport and 
the terms iron-sulfur and metal ion clustering binding, electron carrier 
activity, cytochrome-c oxidase activity and, heme-copper terminal oxidase 

Table 1: Overview of quality of the RNAseq reads and the number of reads aligning to the 
human and the A. fumigatus and A. niger genomes. 

Total read 
number

Read 
number after 
cleaning

% reads 
aligned 
to A549

% reads 
aligned to
A. fumigatus

% reads 
aligned to
A. niger

A549 2.41*107 2.41*107 95,35
A. fumigatus 1.32*107 1.32*107 96,1
A. niger 3. 19*107 3. 19*107 95,65
A549 + A. fumigatus 1.93*107 5.26*107 94,8 0,6
A549 + A. niger 1.98*107 5.29*107 94,75 0,65
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Table 2: Orthologous A. fumigatus and A. niger genes shared in the sets of differentially expressed genes 
when grown in the presence of A549.

A. fumigatus genes Fold change Up/down 
regulation

A. niger genes Fold change Up/down 
regulation

Afu1g01490 5,05 Up Aspni7|1157638 349,48 Up
Afu1g10780 (sdh1) 3,87 Up Aspni7|1098546 8,69 Up
Afu1g15260 6,04 Up Aspni7|1182543 14,4 Up
Afu1g15300 3,02 Up Aspni7|1206763 87,12 Up
Afu2g14590 7,36 Up Aspni7|1143598 3,65 Up
Afu2g15650 23,66 Up Aspni7|1104467 21,14 Up
Afu3g07810 4,36 Up Aspni7|1136064 3,23 Up
Afu4g03390 6,27 Up Aspni7|1161552 14,33 Up
Afu4g12590 15,18 Up Aspni7|1117353 48,25 Up
Afu4g12920 2,43 Up Aspni7|1117390 3,52 Up
Afu4g12990 (trr1) 4,47 Up Aspni7|1101794 7,80 Down
Afu5g10120 3,76 Up Aspni7|1121186 30,54 Up
Afu5g10610 (rip1) 3,26 Up Aspni7|1003271 3,07 Up
Afu6g02280 (aspf3) 2,41 Up Aspni7|1143258 2,97 Down
Afu6g02520 2,01 Up Aspni7|1172785 3,90 Up
Afu6g03060 18,45 Up Aspni7|1143191 14,30 Up
Afu6g11430 (aldA) 3,61 Up Aspni7|1148193 3,09 Up
Afu6g13330 7,53 Up Aspni7|1148295 20,67 Up
Afu7g05920 2,03 Up Aspni7|1173782 5,76 Up
Afu1g01370 Switched off Down Aspni7|1161822 Switched off Down
Afu1g01780 Switched off Down Aspni7|1150768 Switched off Down
Afu1g02810 Switched off Down Aspni7|1162343 Switched off Down
Afu1g02880 Switched off Down Aspni7|1142281 Switched off Down
Afu1g10840 Switched off Down Aspni7|1140253 39,58 Up
Afu1g13940 (sun2) 2,34 Down Aspni7|1042365 29,00 Up
Afu1g14860 Switched off Down Aspni7|1182517 Switched off Down
Afu1g15780 (leu2A) 2,60 Down Aspni7|1118079 4,68 Up
Afu1g16690 Switched off Down Aspni7|1008733 Switched off Down
Afu2g02920 Switched off Down Aspni7|1164493 Switched off Down
Afu2g03630 Switched off Down Aspni7|1184319 Switched off Down
Afu2g05880 (meaA) Switched off Down Aspni7|1107325 5,16 Up
Afu2g06130 Switched off Down Aspni7|1152372 Switched off Down
Afu2g16860 Switched off Down Aspni7|1159842 Switched off Down
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activity were also over-represented in the up-regulated genes (Figure 2). GO 
analysis also showed that up-regulated genes were enriched in the cellular 
component GO term membrane (Figure 3).
 Eight differentially expressed A. fumigatus genes were found switched 
off (i.e. 0 FPKM) in the absence of A549 but expressed (i.e. > 0 FPKM) 
when co-cultured with A549. Three of them (Afu7g04910, Afu7g06940, 
and Afu8g02090) were classified in at least one GO term. Additionally, 11 
genes (including cat2 and sod3 that are related to pathogenicity) had a fold 
change ≥ 20, 54 genes (including catA, associated to conidial resistance to 
H2O2) had a fold change ≥ 4 and < 20, while 46 genes had a fold change ≥ 2 
and < 4. 
 GO term analysis of A. niger showed that 127 out of 203 up-regulated 
genes were enriched in at least one GO term (Supplementary Table 2). GO 
terms belonging to cellular components such as cytoplasm, non-membrane-
bound organelle, ribonucleoprotein complex, and ribosome were enriched in 
the up-regulated genes (Figure 3). Moreover, biological process GO terms 
such as small molecule metabolism process, ribonucleoside biosynthesis, 

Afu3g00150 Switched off Down Aspni7|1170613 Switched off Down
Afu3g03640 (mirB) 58,06 Down Aspni7|1146101 Switched off Down
Afu3g05390 Switched off Down Aspni7|1168053 24,65 Up
Afu3g10370 Switched off Down Aspni7|1166175 Switched off Down
Afu4g04355 Switched off Down Aspni7|1161422 Switched off Down
Afu4g04480 Switched off Down Aspni7|1130700 Switched off Down
Afu4g06620 5,78 Down Aspni7|1146344 6,59 Up
Afu5g01810 Switched off Down Aspni7|1165954 Switched off Down
Afu5g03410 Switched off Down Aspni7|1161293 Switched off Down
Afu5g04040 Switched off Down Aspni7|1141333 Switched off Down
Afu5g07210 (met2) 9,59 Down Aspni7|1136434 8,14 Up
Afu5g10660 2,93 Down Aspni7|1003256 18,19 Down
Afu5g12920 Switched off Down Aspni7|1116028 Switched off Down
Afu6g04770 Switched off Down Aspni7|1163661 Switched off Down
Afu6g07720 (acuF) 3,56 Down Aspni7|1146974 Switched off Down
Afu6g08360 3,24 Down Aspni7|1146910 7,62 Up
Afu6g14340 Switched off Down Aspni7|1186619 Switched off Down
Afu7g01340 Switched off Down Aspni7|1142925 Switched off Down
Afu7g01950 Switched off Down Aspni7|1182850 Switched off Down
Afu8g04090(codA) 2,58 Down Aspni7|1166449 5,90 Down
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protein metabolism, and organic acid metabolism were enriched (Figure 
1) as well as the molecular function terms molecular function, structural 
molecule activity, structural constituent of ribosome, and ligase activity 
(Figure 2). 21 differentially expressed genes, of which 7 are classified 
in at least one GO term, were switched off (0 FPKM) when A. niger was 
growing in the absence of A549 but expressed (> 0 FPKM) in the presence 
of epithelial cells. Moreover, 37 differentially expressed genes had a fold 
value ≥ 20, 98 genes a fold change ≥ 4 and < 20, while 47 genes had a fold 
change ≥ 2 and < 4.
 GO terms associated with cellular compartment, biological process, 
or molecular function were not enriched in the A. fumigatus and A. niger 
down-regulated genes. Of the down-regulated A. fumigatus genes, 47 genes 
encode secreted proteins, while 8 genes are part of the secondary metabolism 
cluster 13 (Supplementary Table 3). In addition, sidD, sidJ, sidF, sidH and 
mirD that are involved in biosynthesis, hydrolysis, and transportation of 
siderophore were down-regulated [22-26]. 302 down-regulated genes were 
switched-off (i.e. 0 FPKM) in the presence of A549 but active (i.e. > 0 
FPKM) in their absence. Moreover, 9 down-regulated genes had a fold 
change ≥ 20, including sidD, sidJ, and sidF, 48 had a fold change ≥ 4 and < 
20, and 67 genes had a fold change ≥ 2 and <4. In the case of A. niger, 250 
genes were found to be switched-off (0 FPKM) during co-cultivation and 
active in the absence of A549 (> 0 FPKM). Of the down-regulated genes, 1 
had a fold change ≥ 20, 11 genes a fold change ≥ 4 and < 20, 8 genes a fold 
change ≥ 2 and < 4.
 The set of differentially expressed genes of A. fumigatus and A. niger 
grown in the context of epithelial cells hardly shared GO terms (compare 
Figures 1-3). In fact, only 3 very broad biological process and 1 molecular 
function GO terms were shared.  

Differential gene expression in A549 cells exposed to A. fumigatus 
and A. niger 

 Co-cultivation with A. fumigatus resulted in only 62 and 47 up- and down-
regulated A549 genes, respectively (Supplementary Table 3). 151 biological 
process (Figure 4), 7 cellular components (Figure 5) and 12 molecular 
functions (Figure 6) were enriched in the down-regulated A549 genes 
during A. fumigatus co-cultivation. Results indicate that cellular responses 
related to the extracellular region were down regulated after infection. 
Enrichment of GO terms related to CCR and CCR2 chemokine receptor 
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Figure 2. GO term enrichment analysis of molecular function of A. fumigatus up-regulated 
(green) and A. niger up- regulated genes (blue) after 12 h of incubation in the presence of 
A549 epithelial cells.
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Figure 3. GO term enrichment analysis of cellular component of A. fumigatus up-regulated 
(green) and A. niger up- regulated genes (blue) after 12 h of incubation in the presence of A549 
epithelial cells.
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binding, regulation of cell proliferation, apoptotic process, and macrophage 
chemotaxis, response to toxic substance, immune system development, 
cytokine and chemokine mediated signaling pathway in the down-regulated 
A. fumigatus genes indicate that recognition and immune response towards A. 
fumigatus were directly or indirectly repressed. 23 differentially expressed 
genes were switched off (0 FPKM) during co-cultivation in comparison with 
the control (> 0 FPKM), 3 genes had a fold change ≥ 20, 3 genes a fold 
change ≥ 4 < 20 and 10 genes a fold change ≥ 2 < 4. 
 The biological process term response to stress was found up-regulated, 
suggesting that the infection disturbed cellular processes and cause 
cellular stress. The molecular terms sugar-, hexose-, monosaccharide-, 
carbohydrate-, and glucose-transmembrane transporter activity were also 
up-regulated. Cellular component terms were not up-regulated. 32 genes 
were expressed during co-cultivation (> 0 FPKM) and switched off (0 
FPKM) when cells were grown in the absence of the fungus. Additionally, 4 
genes showed a fold change ≥ 4 and 13 genes a fold change ≥ 2 and < 4
 Co-cultivation with A. niger showed 17 up- and 34 down-regulated 
genes. Contrary to A. fumigatus, GO terms were not enriched by differential 
expressed genes. However, 19 genes expressed in the control were found 
switched off after co-cultivation. From these genes, IL23A, COLEC11, 
PAK6, and SFTPC are known to play a role in inflammatory response, 
mediating endocytosis, apoptosis, and respiratory gaseous exchange, 
respectively [27-29]. Within the up regulated genes, protein TNFAIP6 (tumor 
necrosis factor alpha induced protein 6) was found to be active during co-
cultivation while absent in the control. TNFAIP6 has been previously related 
to inflammatory response [30]. From the up-regulated genes, 10 genes were 
found switched on during co-cultivation when compared to the control, 1 
gene had a fold change ≥ 20, 3 a fold change ≥ 4 and < 4 and 3 genes had a 
fold change ≥ 2 and < 4.
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Figure 5. GO term enrichment analysis of cellular component of A549 down-regulated 
(red) genes after A. fumigatus co-cultivation. 

Figure 6. GO term enrichment analysis of molecular function of A549 up- (green) and 
down-regulated (red) genes after A. fumigatus co-cultivation. 
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Discussion

  A. fumigatus is more efficiently internalized by A549 and shows delayed 
germination when compared to A niger [18], chapter 2. Moreover, A. fumigatus 
grows parallel to the epithelium, whereas A. niger grows perpendicular 
to this cell layer. Here, RNAseq was performed to study the response of 
A. fumigatus and A. niger during late stages of infection initiation upon 
exposure to A549 cells. At this stage part of the conidia still have not 
germinated, while others have formed hyphae that grow inside these type II 
epithelial lung cells or even have escaped the cells to grow perpendicular or 
parallel to the cell layer. Expression profiles were indeed indicative for the 
presence of different fungal morphotypes. Genes, sod3, trr1, cycA and gel4 
(Afu2g05340) are known to be up-regulated during germination [31-34], pst2, 
cat2, Afu4g08240, Afu4g12590, Afu6g13330, and Afu7g06770 encode 
conidia-enriched proteins [35-37], while transcripts of scf1, bipA, and dprA are 
exclusively present in dormant conidia [38-40]. The expression analysis showed 
a marked difference in global gene expression between A. fumigatus and A. 
niger when interacting with A549 and supports the finding of Chapter 2 that 
these fungi adopt a different life style under these conditions. Differentially 
expressed genes of both species only share 4 GO terms that are enriched in 
the up- and down-regulated genes. Moreover, these genes sets only show 
an overlap of 53 genes. A549 also responds differently to both fungi. For 
instance, down-regulated genes of A549 are enriched in GO-terms related to 
the immune response, while this was not observed in the case of A. niger.
 Genes described to benefit fungal survival were found up-regulated 
in A. fumigatus when exposed to A549. For instance, a large number of 
genes regulated under hypoxia conditions (cox5b, cycA, rip1, gel4, pst2, 
Afu3g06190, and Afu1g10780) and stress response (scf1, dprA, and dprB) 
were found upregulated. Apparently, A. fumigatus senses and responds to 
stress conditions and low levels of oxygen. In the case of A. niger, only 
the orthologues of A. fumigatus Rip1 and Afu1g10780 were found up-
regulated. Genes sod3, cat2, and catA that encode dismutase and catalases 
were also up-regulated in A. fumigatus. These proteins protect the fungus 
against oxidative damage [31, 41, 42]. GO terms involved in iron metabolism 
and binding were also enriched in the differentially expressed up-regulated 
genes of A. fumigatus. Iron acquisition is essential for A. fumigatus growth in 
human cells [43]. We found up-regulation of sdh2 (Afu5g10370), involved in 
iron homeostasis and previously described to be expressed after neutrophils 
exposure [37]. However, genes of the siderophore biosynthesis pathway 
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(sidA, sidC, sidF, sidD, and mirD) were found down-regulated after co-
cultivation. This suggests that alternatives pathways are being used for iron 
acquisition. Alternatively, iron requirements are less strong at the late stage 
of infection initiation. None of the siderophore pathway genes were found 
differentially expressed in A. niger. However, 5 genes involved in iron 
binding, transportation, and homeostasis were found down-regulated. 
Only secretome and secondary metabolites annotated terms were enriched 
in the down-regulated A. fumigatus genes. Notably, some genes related 
to pathogenesis were found down-regulated or even switched off. For 
example, sidA (see above) and gpgA encoding a G protein-coupled receptor 
required for gliotoxin production [44, 45] were down-regulated. This supports 
our previous findings that A. fumigatus infection occurs in a quiet and silent 
way, possibly avoiding immune response [18]. The response of A. niger upon 
interaction with A549 is more difficult to interpret. Orthologues of the 
differentially expressed A. fumigatus pathogenicity genes were not found 
in A. niger. However, the fact that GO terms and genes associated with 
hydrolase activity, proteolysis, and iron binding were found up-regulated 
shows that A. niger does adapt and respond to its host [46, 47]. 
 Gene expression analysis of A549 cells revealed different transcriptomic 
profiles after co-cultivation with A. fumigatus and A. niger. GO terms 
related with immune response were down-regulated upon exposure to A. 
fumigatus but not in the case of A. niger indicating that the former fungus 
reprograms A549 not to be fully immunologically alert. For example, down 
regulation of cytokine and chemokine release by epithelial cells would 
repress recruitment of phagocytes [48]. Strikingly, co-cultivation resulted in 
down regulation of beta-catenin TCF7L2 complex, a protein complex that 
contains beta-catenin and the transcription factor TCF7L2 that is also known 
as TCF4. The multifunctional protein beta-catenin functions in cell-cell 
adhesion by binding cadherins. It also binds to the Wnt signal transduction 
pathway and a link with regulation of innate immunity in lung cells was 
recently reported [49, 50]. 
 Co-cultivation of epithelial cells with A. niger resulted in upregulation 
of the gene encoding TNFAIP6 or TNF-α-induced protein 6 (TSG-6). TSG-
6 is a 35 kDa secreted protein and is a potent anti-inflammatory factor. 
Upregulation of this gene was previously reported to be involved in 
attenuating lung cell injury by lipopolysaccharide-induced acute lung injury 
[30]. This suggests that upregulation of TSG-6 is a result of epithelial lung 
cell damage induced by A. niger, which is not observed with A. fumigatus. 
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Together, these results and those of Chapter 2 show a marked difference in 
life style between A. fumigatus and A. niger when grown in the presence of 
type II epithelial cells. 
 Two other studies have described gene expression profiles from airway 
epithelial cells and A. fumigatus but in these cases expression was studied 6 
h after co-cultivation [16, 17]. One study revealed that 889 genes of immortal 
bronchial epithelial 16HBE14o-cells were differentially expressed when 
exposed to A. fumigatus conidia for 6 h. Genes associated with repair and 
inflammatory processes such as matrix metalloproteinases, chemokines, and 
glutathione S-transferase where found up-regulated [16]. In another study 255 
genes of the cell line were differentially expressed. Among the most highly 
enriched up-regulated functional gene classes were groups involved in 
innate immune response, defense response, and the inflammatory response. 
None of these GO terms where found up-regulated in A549 cells after co-
cultivation A. fumigatus and A. niger in our study. In contrast, GO terms 
related with response to external stimulus such temperature, toxins, and 
abiotic factors were down-regulated after co-cultivation with A. fumigatus. 
On the other hand, 150 and 33 Aspergillus genes were found up- and down 
regulated respectively, after 6 h of co-cultivation with 16HBE14o- cells 
[17]. Different to our study, genes involved in vacuolar acidification and 
metallopeptidase activity were the most prominent annotated functions 
identified.
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Abstract 

 Microorganisms secrete a great variety of compounds such as proteins, 
carbohydrates, and secondary metabolites that play diverse roles in the 
interaction of microbes with their environment. Bacterial pathogens use 
extracellular compounds for example for immune evasion enabling a 
successful infection process. Little is known about secreted fungal molecules 
mediating immune evasion. Here it was assessed whether culture media of 
A. niger N402, A. niger D15#26, A. fumigatus Af293, and A. tubingensis 
CBS 133792 contain such compounds by using a screen based on 59 human 
immune receptors. Culture media of A. niger D15#26, A. fumigatus, and 
A. tubingensis contained components that bound to a total of 13 receptors, 
of which CD162, CD181, and CD182, were shared between the 3 species. 
Filtration experiments showed that most, if not all, interacting components 
were ≤ 3 kDa. Heating experiments with A. niger D15#26 culture medium 
revealed that at least components binding to CD162, CD181, CD182, and 
CD88 are thermostable and moderately hydrophobic. Together, these data 
show that Aspergillus species produce molecules that interact with human 
immune receptors.
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Introduction

 Microbial compounds known as pathogen-associated molecular patterns 
(PAMPs) induce a host innate immune response by binding to pattern 
recognition receptors. Dendritic cells (DCs), macrophages, neutrophils 
(PMNs), natural killers (NKs), and monocytes express a large repertoire 
of soluble and membrane-bound receptors (also named CD receptors) that 
in interaction with their ligand initiate the immune response [1-4]. These 
immune cells are for example active on the lung epithelial layer and 
adjacent tissue to remove fungal propagules [5, 6]. Cell wall molecules (e.g. 
chitin, mannan, glucan) are the best described fungal PAMPs. For instance, 
the polysaccharide β-1,3 glucan is recognized by complement receptor 3, 
dectin-1, and ficolin-2. This triggers ROS production, neutrophil migration, 
and production of cytokines [7, 8]. 
 Microbes secrete molecules that mediate immune evasion. Staphylococcus 
aureus proteins involved in immune evasion were identified by screening 
culture media in a competition binding assay using immune receptors [9]. For 
example, the SSLs family of secreted proteins of S. aureus were shown to 
block the interaction between PSGL-1 and P-selectin inhibiting neutrophil 
(PMN) recruitment. This human pathogen also secretes a virulence factor 
described as chemotaxis inhibitory protein (CHIPS) that inhibits PMN 
responses by binding to the formyl peptide receptor (FPR) and the C5a 
receptor (C5aR) also known as CD88. Secreted A. fumigatus proteases 
such as aspartic protease (Pep1p), metalloprotease (Mep1p), and alkaline 
protease (Alp) have also been described to mediate immune evasion. 
Possibly, opportunistic fungal pathogens such as A. niger, A. fumigatus, 
and A. tubingensis secrete more of such compounds because of the large 
variety of molecules that they release into their environment. The secretome 
of Aspergillus includes enzymes, secondary metabolites, and sugars [10-14]. 
The number and type of secreted compounds vary depending on the culture 
conditions [15-18]. By combining in silico predictions and shotgun proteomics 
it was estimated that A. niger can secrete over 200 proteins [19]. These proteins 
are predicted to serve functions in cellular communication, immunity 
and pathogenesis, degradation of substrates, morphogenesis, and cell 
proliferation [10]. A number of 145 secondary metabolites has been isolated 
and/or detected from cultures of black aspergilli (Aspergillus section Nigri) 
[20]. Secondary metabolites are low molecular weight molecules with various 
functions. Some metabolites are mycotoxins (e.g. fumonisin B2, ochratoxin 
A) causing food spoilage and being a threat for human health. Yet, for many 
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fungal secondary metabolites a biological role has not been elucidated. 
 Identification of secreted immune-reactive molecules might unravel new 
immune evasion strategies and may reveal novel therapeutic agents. In 
this study it is shown that culture media of A. niger, A. fumigatus, and A. 
tubingensis contain thermostable molecules ≤ 3 KDa that bind to receptors 
involved in immune recognition. 

Materials and methods

Strains, growth conditions, isolation of culture medium, and 
extracellular fractions 

 Strains (Table 1) were grown for 3 days at 37 oC in minimal medium (MM) 
(6 g L-1 NaNO3, 1.5 g L-1 KH2PO4, 0.5 g L-1 KCl, 0.5 g L-1 MgSO4.7H2O, 
0.2 ml L-1 Vishniac; pH 6.0) supplemented with 25 mM glucose and 1.5 % 
agar to obtain conidia. Conidia were harvested with 0.005 % v/v Tween-80 
in 0.85 % (w/v) NaCl. A total number of 1010 conidia (from a suspension 
containing 109 conidia mL-1) was used to inoculate 250 mL transformation 
medium (MM supplemented with 5 g L-1 yeast extract and 2 g L-1 casamino 
acids [Becton, Dickinson and Company, Le-Pont-De-Claix, France]) in 
a 1 L Erlenmeyer. Cultures were grown for 16 h at 30 oC and 250 rpm. 
Xylose (25 mM) or maltose (25 mM) was used as carbon source. Mycelium 
was harvested by filtration over 3 layers of Miracloth (Merck, Darmstadt, 
Germany) and washed with 50 mL PBS. An amount of 10 g wet weight 
mycelium was transferred to a 500 mL Erlenmeyer containing 150 mL MM 
supplemented with either 25 mM xylose or maltose. Cultures were grown 
for 3 days at 30 oC and 250 rpm. Pellet formation was followed using light 
microscopy (Axioskop 2 plus, Carl Zeiss) and the surface area was measured 
after 72 h using Image J (https://imagej.nih.gov/ij/). Mycelium and mycelial 
fragments were removed by filtering over 3 layers of Miracloth and a 0.22 
µm filter (Carl Roth GmbH + Co. KG, Karlsruhe, Germany). Xylose- and 
maltose-culture media were mixed 1:1 for analysis. In order to obtain small 
secreted molecules, supernatants were filtered using a 3 kDa cut-off Amicon 
ultra centrifugal filter (Merck Millipore Ltda., Tullagreen Carrigtwohill, 
Ireland). Culture media and ≤ 3 KDa fractions were lyophilized and 
suspended in PBS (137 mM NaCl, 2.7 mM KCl, 3.8 mM Na2HPO4

.2H2O, 
1.5 mM KH2PO4).
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SDS PAGE

 Proteins from culture media were precipitated with 4 volumes of acetone 
(Merck, Darmstadt, Germany) for 16 h at -20 oC. Samples were centrifuged 
at 10.000 g for 15 min, re-suspended in 2 x SDS sample buffer (20 % 
glycerol [LPS Benelux, The Netherlands], 4 % SDS [JT Baker, Deventer, 
The Netherlands], 100 mM Tris-HCl pH 6.8 [Roche, Mannheim, Germany], 
0.01 % bromophenol blue [Acros Organics, Geel, Belgium] and 5 % 
β-mercaptoethanol [Sigma-Aldrich, St. Louis, France]), and heated for 10 
min at 100 oC. Samples and Low Molecular Weight Marker (14.000-70.000 
Da) (Sigma-Aldrich, St. Louis, France) were loaded on 12 % SDS-PAA gels 

Table 1. Strains used in this study

Strain Strain description

A. niger N402 Short conidiophore mutant of NRRL3 [21]

A. niger D15#26 An UV-generated N402 mutant isolated as a non-aci-
difying strain [22,23] and containing prt, laeA, and pyrG 
mutations.

A. fumigatus Af293 Clinical isolate from lung tissue [24].

A. tubingensis CBS 133792 Clinical isolate from immuno-compromised patient 
suffering from osteomyelitis [25].

and stained with 0.1 % Coomassie Brilliant Blue G250 (Sigma-Aldrich, 
Steinheim, Germany) in 25 % methanol (Merck, Darmstadt, Germany) and 
10 % acetic acid (Merck, Darmstadt, Germany). 

Competition binding assay

PMNs, and PBMCs isolation and competition for receptor binding 
assay

 Polymorphonuclear neutrophils (PMNs) and peripheral blood mononuclear 
cells (PBMCs) were isolated from whole blood of healthy donors following 
the Histopaque-Ficoll gradient protocol as described [9]. Written informed 
consent was obtained from all subjects according to the Declaration of 
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Helsinki. Approval was obtained from the medical ethics committee of the 
University Medical Center Utrecht (Utrecht, The Netherlands).
 Competition for receptor binding assay (CBA) was performed using 
commercial phycoerythrin (PE)-, fluorescein isothiocyanate (FITC)-, and 
allophycocyanin (APC)-conjugated antibodies (Supplementary Table 1) as 
described [9] with some modifications. Briefly, 200 mL of PMNs and 300 
mL PBMCs (each 107 cells mL-1) were mixed and centrifuged for 5 min at 
7.000 g. The pellet was resuspended in 1 mL of culture medium (fraction). 
If necessary, pH of the samples was adjusted to 7 using 0.1 M NaOH. After 
incubation for 15 min at 4 oC. 35 µL of the mixture was incubated with 
antibodies (concentrations in Supplementary Table 1) at 160 rpm for 45 min 
at 4 oC in 96-well U-plates (Corning, New York, USA). Cells were washed 
with 150 µL RPMI medium (Life Technologies, Paisley, UK) containing 
0.05 % human serum albumin (Sanquin, Amsterdam, The Netherlands) 
and centrifuged at 1200 g for 8 min at 4 oC. Cells were fixed with 1 % 
paraformaldehyde (Sigma-Aldrich, Buchs, Switzerland) and fluorescence 
was measured by flow cytometry (FACSVerse, BD) (Supplementary 
Figure 1). Geometric mean fluorescence from neutrophils, monocytes, 
and lymphocytes was determined using FlowJo software (version V10.1, 
TreeStar, USA) to gate each cell population. Reduction in fluorescence due 
to competition for binding with molecules within the culture media was 
calculated by dividing the mean signal by that of buffer-treated cells. Values 
were inverted and receptors with geometric means ≥ 2 were considered 
positive. Reproducibility of the assay was confirmed by testing A. niger 
N402 and A. niger D15#26 samples in biological triplicates using culture 
media and blood cells from independent cultures and donors, respectively. 
Receptors that scored positive were re-measured in ≥ 3 independent 
experiments (Supplementary Table 2). Samples of A. fumigatus Af293 and 
A. tubingensis were tested in 3 independent experiments. Receptors that 
scored positive in at least 2 experiments were scored as responsive. Data 
was visualized using R software (https://www.r-project.org/) and a boxplot 
was generated with the ggplot2 package (http://ggplot2.org). Data from 
neutrophils, monocytes, and lymphocytes were included in the same plot 
and used to calculate median and quartiles. Analysis was also performed 
using each type of cell independently. Results did not change compared to 
the mixed plot (data not shown). Data outside the boxplot whiskers were 
taken as outliers. The upper and lower whisker extend from the upper and 
lower quartiles respectively, ± 1.5 * IQR (Inter-quartile range). IQR is the 
distance between the first and the third quartiles. 
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Characterization of D15#26 3KDa supernatant

 Heat stability was assessed by incubating samples at 100 oC for 60 min. 
Sample was lyophilized and re-suspended in PBS. (Poly)peptides were 
precipitated from the culture medium for 30 min at 4 oC after adding acetone 
(Merck, Darmstadt, Germany) in a 1:1 ratio. After centrifugation at 11.000 g 
for 15 min, the pellet was air-dried, while the supernatant was dried using a 
rotoevaportor-RE (Büchi, Flawil, Switzerland). Fractions were resuspended 
in PBS and tested in CBA. 
 Hydrophobic compounds were extracted from the culture medium by 
mixing with 3 volumes of ethyl acetate (Acros Organics, Geel, Belgium) or 1 
volume of chloroform (Merck, Darmstadt, Germany). Aqueous phases were 
collected and treatment was repeated twice. Ethyl acetate and chloroform 
fractions were dried with a rotoevaporator, while aqueous fractions were 
lyophilized. Fractions were resuspended in PBS in 1/3 of the original 
volume and tested in CBA.

Purification of D15#26 3KDa supernatant 

Sep-Pak C18 column purification

 Ten C18 solid phase cartridges (Sep-pak; Waters, Milford, MA) were used 
to load 50 mL of culture medium that had been lyophilized and resuspended 
in 50 mL of PBS. Columns were eluted stepwise with 0, 10, 30 50, 70 
and 100 % methanol (v/v). Fractions with the same percentage of methanol 
were pooled, lyophilized, resuspended in PBS, and tested in CBA. Fractions 
obtained from elution with 10-50 % methanol were pooled and concentrated 
100-fold for LC-MS analysis. 

LC-MS and Preparative HPLC

 LC-MS was performed on a Shimadzu SCL-10A controller system 
(Shimadzu Cooperation, ‘s-Hertogenbosch, The Netherlands) coupled to 
a Shimadzu pump LC10-AD and a Shimadzu CTO-10AS column oven. A 
Reprosil-Pur C18-AQ column (Particle size = 5 μm, Pore size = 120Ǻ, 250 
x 4.6 mm; Reprosil) was loaded with 50 µL 100-fold concentrated 10-50 
% methanol pooled fraction. A 0-100 % gradient elution (Supplementary 
Table 3) with water and acetonitrile (JT Baker, HPLC grade) was used for 
separation of molecules during 60 min. The flow rate was 1 mL min-1 and 
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compounds were detected with a UV detector at 214 nm (Shimadzu SPD-
10A). Mass spectrometry was done using a Finnigan LCQ Deca XP Max 
(Thermo Electron, Massachusetts, USA).  
 Preparative HPLC was run on a Shimadzu SCL-10A controller system 
coupled with a Shimadzu LC-8a pump and a Shimadzu SPD-10A UV 
detector. A Reprosil-Pur C18-AQ column (particle size =10 μm, pore size= 
120Ǻ, 250 x 22 mm; brand) with a Reprosil-Pur C18-AQ guard column 
(particle size =10 μm, pore size= 120Ǻ, 30x22 mm) was injected with 450 
µL of concentrated 10-50 % methanol pooled fraction. For sample separation 
a 0 to 60 % gradient (see below) elution with water and acetonitrile over 100 
min was used with a flow rate of 12.5 mL min-1. Ninety-five 13 mL fractions 
were collected using a Gilson Liquid Handler 215. Fractions were pooled in 
equal ratios (1 mL each fraction), obtaining 16 fractions that were dried in 
a SpeedVac, resuspended in 1 ml of PBS, and subjected to CBA. 

Prediction of A. tubingensis SM clusters 

 A. tubingensis CBS 134.48 genome v 1.0 (http://genome.jgi.doe.gov/
Asptu1/Asptu1.download.html) (permission obtained from Dr. R. de Vries) 
was used to predict the number of genes clusters involved in biosynthesis 
of secondary metabolites. Analysis was performed using anti-SMASH 
parameters (http://antismash.secondarymetabolites.org). By using the 
“homologous gene cluster” tool, gene clusters were identified with similarity 
to gene clusters in the A. niger ATCC 1015 (http://genome.jgi.doe.gov/
Aspni5/Aspni5.download.html) and A. fumigatus Af293 (http://genome.jgi.
doe.gov/Aspfu1/Aspfu1.download.html) genomes. 

Results

Characterization of fungal cultures

 Proteins profiles of Aspergillus culture media were monitored after 24, 
48, and 72 h of growth. To this end, samples of maltose and xylose media 
were mixed in a 1:1 ratio, precipitated, and analyzed by SDS-PAGE (Figure 
1). Protein profiles showed a high variation between the different strains. 
A. niger N402 showed bands > 68 kDa that were reduced in intensity in A. 
niger D15#26. A. tubingensis that also belongs to the Aspergillus section 
Nigri showed a protein profile different from the two A. niger strains. A. 
fumigatus showed also a distinct profile containing high (55-80 kDa) and 
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Table 2. pH of Aspergillus culture media after 24, 48, and 72 h of growth and mycelium 
morphology after 72 h. The pH of culture medium at 0 h was 6.

Strains
pH Growth characteristic after 72 h 

of growth24 h 48 h 72 h

A. niger N402 4.5 5.5 5.5 Dense pellets ( ± 450.000 µm2)

A. niger D15#26 5.5 6.5 7 Pellets (± 50.000 µm2) with some 
dispersed growth

A. tubingensis CBS 133792 4.5 5 5.5 Dense pellets (± 230.000 µm2)  

A. fumigatus 293 7 7 8 Pellets (± 22.500 µm2) with dis-
persed growth

Figure 1. CBB stained SDS PAA gels of mixed maltose and xylose culture media of A. niger 
N402 (A), A. niger D15#26 (B), A. tubingensis (C), and A. fumigatus 293 (D) after 24, 48, 
and 72 h of growth. 

low molecular weight bands (15-30 kDa). The A. niger D15#26 strain 
does not acidify the culture medium. Indeed, pH of the culture medium 
had increased from 5.5 to 7 after 72 h of growth (Table 2). In contrast, A. 
niger N402 and A. tubingensis had lowered the pH to 5.5, while the pH 
of the culture medium of A. fumigatus had increased to pH 8. All cultures 
showed pelleted growth but morphology was different (Table 2). The A 
niger strain D15#26 produced smaller pellets mixed with dispersed growth 
when compared to wild-type A. niger N402 (Supplementary Figure 2). 
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Competition binding assay (CBA) 

 Culture media were used to challenge PMNs and PMBCs in a binding 
competition assay (CBA) in order to detect secreted compounds that interact 
with cellular receptors. A component(s) in the culture medium of A. niger 
N402 (Figure 2A) bound to CD162 in several of the experiments but variation 
was too high to reach a median ≥ 2 fold signal when compared to the control. 
The lack of response with other receptors was proposed to be caused by 
extracellular proteases degrading binding proteins. Therefore, a derivative 
of N402, strain D15#26, was used that has low protease activity due to a 
prtT mutation. PrtT is a protease specific regulator of the fungal Zn(II)2Cys6 
cluster transcription factor family that is present in Aspergillus and closely 
related species [22, 26]. Culture media of A. niger D15#26 indeed contained a 
component(s) binding to CD141, while receptors CD162, CD181, CD182, 
and CD47 were responsive in several experiments but had a median < 2 
(Figure 2B). Anion/cation chromatography was performed as a first step for 
protein purification and fractions were tested in CBA. However, binding to 
receptor molecule was not observed in any of the fractions (data not shown). 
The purification procedure included a dialysis step with membranes with a 
12 kDa cut off. To assess whether small molecular weight molecules were 
responsible for the CBA response culture media were filtered using 3 kDa 
filters and fractions were tested with a subset of receptors. Responses of 
the ≤ 3 kDa fraction of D15#26 was stronger based on the boxplot median 
when compared to whole culture medium (Figure 3B). CD162, CD181, and 
CD182 showed a strong response, while response of CD88 was also close to 
2-fold. The N402 ≤ 3 kDa fraction resulted in signals of receptors CD162, 
CD181, and CD182 just below the 2-fold response threshold (Figure 3A). 

Characterization of the D15#26 ≤ 3 kDa fraction

 Incubation at 100 oC for 60 min did not affect binding of molecules 
within the ≤ 3 kDa fraction of D15#26 to receptors CD162, CD181, CD182, 
and CD88 (data not shown). Activity was also not reduced by removing 
proteins by precipitation with acetone. In agreement, binding activity was 
absent in the protein fraction. Extraction with ethyl acetate or chloroform 
also did not affect activity in the aqueous phase (data not shown). Next, the 
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≤ 3 kDa fraction of D15#26 was loaded onto a C18 Sep-pak column and 
molecules were eluted using a methanol gradient. Both flow-through as well 
as fractions eluted with 10-50 % methanol contained components binding to 
receptors CD162, CD181, CD182 and CD88 (data not shown). These results 
suggest that binding molecules are moderately hydrophobic. Analysis of 
the D15#26 ≤ 3 kDa fraction by LC-MS indicated that it contained around 
30 peaks (Supplementary Figure 3). CBA of the aforementioned samples 
was performed using the same subset of receptors used to test the ≤ 3 kDa 
fractions. Binding activity was not found in the tested pooled fractions. 
Loss of activity could be explained due to a partial binding of active 
components to C18 Sep-pak column and therefore a decrease of the sample 
concentration.

Figure 3. Competition binding assay of ≤ 3 kDa supernatants derived from A. niger N402 (A) 
and A. niger D15#26 (B). Supernatants were tested in several independent experiments (see 
Material and Methods). Lymphocytes, monocytes, and neutrophils are represented with red, 
green, and blue dots, respectively. * represent outliers.  
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Other medically relevant Aspergillus spp produce small molecules 
that bind immune receptors.

 CBA was performed with the complete set of receptors using whole 
culture media (Figure 4) and ≤ 3 kDa fractions (Figure 5) of clinical A. 
tubingensis and A. fumigatus strains. Culture media of these strains 
contained components binding to a total of 11 receptors, of which CD162, 
CD181, CD182, CD192, CD47, CD13, and CD99 were shared. In most 
cases activity was present in the ≤ 3 kDa fractions (Figure 5).  

Discussion

 Here we showed that culture media of A. niger N402 and D15#26 [23, 27], 
A. fumigatus Af293 [24, 28], and A. tubingensis [25] contain ≤ 3 kDa compounds 
that bind to human cellular receptors that have been related to immune 
recognition, activation, or modulation. Components within the culture 
media bound to CD13, CD29, CD45, CD47, CD88, CD99, CD141, CD162, 
CD181, CD182, CD191, CD192, and Siglec-9 of which CD162, CD181, 
and CD182 were shared between the four strains. These receptors play a 
role in the recruitment of leukocytes (CD162) and neutrophils (CD181 and 
CD182) to the site of infection. The immunological role of these and the 
other responsive receptors is well described and have vary divers functions 
(Supplementary Table 3) but to our knowledge none of them have been 
associated to fungal infections. The results of the CBA assay were in general 
quite variable, which is most likely due to the fact that for each experiment 
cells from different donors were used.  
 Initially, it was hypothesized that fungal proteins were responsible for 
the binding to these receptors as in S. aureus. However, filtration studies 
showed that molecules ≤ 3 kDa were involved. Such molecules can be 
peptides, carbohydrates, or secondary metabolites. The fact that especially 
small molecules were detected suggests that Aspergillus has a different 
strategy in immune evasion as compared to bacteria like S aureus. Further 
characterization and purification was performed using the A. niger D15#26 
≤ 3 kDa fractions. The molecules could not be heat inactivated. They bound 
to a C18 Sep-pak column and could be eluted with 10-50 % methanol, 
suggesting that these molecules were moderately hydrophobic. The latter 
fractions contained a variety of low molecular weight molecules as shown by 
LC-MS. Together, our results show the presence of secondary metabolites, 
carbohydrates, and/or small peptides that bind to cellular receptors. 
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Aspergilli secrete polyketides (PKs), non-ribosomal peptides (NRPs), 
terpenes, and indole alkaloids [29] as main groups of secondary metabolites. 
Genes required for the biosynthesis of these metabolites are usually located 
in gene clusters, with some exceptions like in A. nidulans where two gene 
clusters located on separate chromosomes are required for the production of 
meroterpenoids austinol and dehydroaustino [30]. A. niger D15#26 produces 
more responsive molecules when compared to its wild type strain N402. 
D15#26 contains a variety of mutations including a mutation in laeA 
that controls production of secondary metabolites like sterigmatocystin, 
penicillin, and lovastatin [22, 31]. Apparently, the components produced by 
D15#26 are expressed in a LaeA independent manner. This may well be 
the case because A. niger ATCC 1015 is predicted to have 81 gene clusters 
associated with secondary metabolite production [32] and 145 secondary 
metabolites have been identified from the Aspergillus Nigri section. Many 
of these compounds (e.g. ochratoxin A, naptho-γ-pyrones, bocoumarins) are 
found in both A. niger and A. tubingensis [20, 33]. As described by Inglis et al., 
A. fumigatus Af293 contains 39 secondary metabolite gene clusters, while 
at least 226 A. fumigatus secondary metabolites have been reported, some of 
them associated with virulence [34, 35]. The fact that components produced by 
D15#26, A. fumigatus, and A. tubingensis bind to the same set of receptors 
(CD162, CD181, and CD182) indicates that these compounds are produced 
by orthologous gene clusters. By using Anti-SMASH prediction software 
88 gene clusters were detected in the genome of A. tubingensis CBS134.48. 
Of these, 30 and 4 gene clusters showed homology ≥ 75 % and 50 % at the 
amino acid level when compared to A. niger ATCC 1015 and A. fumigatus 
Af293, respectively. The 4 gene clusters having similarity between A. 
tubingensis CBS134.48 and A. fumigatus Af293 were also found in A. niger 
ATCC 1015. In this case a similarity ≥ 57 % was found in the latter strains. 
Shared clusters were assigned and predicted in A. tubingensis as Cluster 4 
(non ribosomal peptide), Cluster 18 (type I polyketide synthase), Cluster 
27 (terpene), and Cluster 79 (other). Cluster 4 showed similarity with A 
fumigatus Afu1g10380 (nrps1/pes1), while Cluster 18 had similarity with A 
fumigatus Afu2g01290, Cluster 27 with No PKS or NRPS backbone 6 and 
cluster 79 with No PKS or NRPS backbone 2. These clusters are of interest 
for further analysis with respect to immune receptor binding.
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Supplementary Table 2. Independent CBA experiments with human immune receptors.

Strain Receptors with 3 replicas Receptors with 
4-6 replicas

Receptors with >7 
replicas

A. niger 
N402

CD114, CD120b, CD132, CD14, CD141
CD151, CD16, CD191, CD192, CD282
CD284, CD29, CD31, CD321, CD43, CD46, 
CD50, CD54, CD55, CD58, CD61, CD62L, 
CD63, CD64, CD66, CD89, CD99, Dectin1, 
fMLP, HLA-DR, JAM-C, TLR6

CD10, CD102
CD11a, CD11b 
CD11c, 
CD120a
CD13, CD147
CD15, CD18
CD184, CD32
CD44, CD45
CD49b, CD66b
CD9, CDw119
LTB4, Siglec-9

CD162, CD181
CD182, CD35
CD47, CD87
CD88

A. niger 
D15#26

CD10, CD102, CD114, CD11a, CD11b, 
CD11c, CD120a, CD120b, CD13, CD132, 
CD14, CD141, CD147, CD15 CD151, CD16, 
CD18, CD184, CD191, CD192, CD282, 
CD284, CD29, CD31, CD321, CD43, CD44, 
CD45, CD46, CD50, CD54, CD55, CD58, 
CD61, CD62L, CD63, CD64, CD66, CD66b, 
CD89, CD99, CDw119, fMLP, HLA-DR, 
JAM-C, LTB4, TLR6

CD182
CD49b
Dectin1

CD162, CD181
CD35, CD32
CD47, CD87
CD88, CD9
Siglec-9

A. niger 
N402-
3kDa

CD11b, CD11c, CD49b, CD9, CDw119 CD162, CD181
CD182, CD35
CD47, CD87
CD88

A. niger 
D15#26-
3kDa

CD32, CD9
Siglec-9

CD11b, CD11c
CD162, CD181
CD182, CD35
CD47, CD49b
CD87, CD88
CDw119

Supplementary Table 3. LC-MS and preparative HPLC gradient elution profile. Buffer A: 
95 % MiliQ water, 5 % acetronitrile, and 0.1 % trifluoroacetic acid. Buffer B: 5 % MiliQ 
water, 95 % acetronitrile and 0.1 % trifluoroacetic acid.

Time (min) Percentage 
Buffer B

0-5 0

5-80 0-60

80-85 60-100

85-90 100

90-95 100-0

95-100 0
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Supplementary Table 4. Function and description of cellular receptors to which molecules 
from Aspergillus spp supernatants bound. 

Receptor Synonyms Encodes Function

CD162 P-selectin 
ligand

Glycoprotein-receptor for the 
cell adhesion molecules P- E- 
and L- selectins.

Leukocyte rolling and trafficking during 
inflammation. Activates platelets. 

CD181 CXCR1 seven-transmembrane G-protein 
(67-70 kD)

Receptor to interleukin-8. Activation 
and chemotaxis of neutrophils.

CD182 CXCR2 seven-transmembrane G-protein 
(67-70 kD)

Receptor to interleukin-8. Activation 
and chemotaxis of neutrophils.

CD88 C5aR Single chain protein with seven 
membrane-spanning regions 
(43 kD).

Binds to complement component 5;  sti-
mulating chemotaxis, granule enzyme 
release, intracellular calcium release 
and superoxide anion production.

Siglec-9 Sialic 
acid-bind-
ing Ig-like 
lectin-9

Member of the Siglec subgroup 
of the immunoglobulin super-
family. 

Negative regulation of T cell activation. 
Affects neutrophil apoptosis

CD99 MIC2 Single chain transmembrane 
protein (32 kD)

Involve in T-cell adhesion and sponta-
neous rosette formation with erythro-
cytes. 

CD47 Rh-associat-
ed protein

Integrin-associated protein 
(IAP). Member of the immu-
noglobulin superfamily (42-52 
kD).

Cell addition and modulation of integ-
rins. Associates with SIRP1a; involved 
in migration and phagocytosis.

CD45 Leukocyte 
Common 
Antigen 
(LCA)

Single chain type I membrane 
glycoprotein, tyrosine-protein 
phosphatase C (180 – 240 KD)

Regulator of T-cell coactivation upon 
binding to DPP4. Also regulates cell 
growth, differentiation, cell cycle, and 
oncogenic transformation.

CD13 Aminopepti-
dase N

Type II transmembrane glyco-
protein, aminopeptidase N.

Antigen processing and cleavage of 
chemokines.

CD191 CCR1 C-C chemokine receptor type 1 
(41 kD).

Inflammation and susceptibility to 
viruses and parasites.

CD192 CKR2, 
CCR2A

Transmembrane glycoprotein 
and member of the G-protein 
coupled receptor 1 family. 

Role in inflammation. Induce infiltra-
tion of macrophages. Associated with 
obesity.

CD141 Thrombo-
modulin, 
TM

Single chain, type I membrane 
glycoprotein, also known as 
thrombomodulin. (75 kD)

Activation of protein C and reduction 
of thrombin. Anticoagulation function 
and embryonic and atherosclerotic 
plaque development.

CD29 Integrin 
β1 chain, 
ITGB1

Type I glycoprotein (130 kD) Acts as a fibronectin receptor and is 
involved in cell-cell and cell-matrix 
interactions.
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Supplementary Figure 2. Pellet formation of A. niger N402 (A) and A. niger D15#26 (B) af-
ter growing for 72 h  in MM supplemented with 25 mM xylose. Scale bare represents 200 µm.

Supplementary Figure 1. Scheme of the competition binding assay. Polymorphonuclear neu-
trophils (PMNs) and peripheral blood mononuclear cells (PBMCs) are isolated from whole 
blood of healthy donors. Cells are mixed and incubated with fungal supernatant. The mixture 
is incubated with fluorescent (PE. FITC, and APC) antibodies against cellular receptors. Bin-
ding of secreted fungal compounds to cellular receptors was determined by the reduction of 
fluorescence compared to the control sample. Fluorescence was measured by flow cytometry.
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Supplementary Figure 3. LC-MS analysis of 10-50 % pooled methanol fractions after chro-
matography using a C-18 Sep-Pak column. Masses were detected with MS detector and UV 
214 nm.
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Abstract

 Small secreted molecules (≤ 3 kDa) of the A. niger D15#26 mutant interact 
with the human immune receptors CD141, CD162, CD181, and CD182, 
while CD88 showed a variable response. Responses with the receptors 
CD162, CD181, and CD182 were lower in the ≤ 3 kDa fraction of the culture 
medium of the wild-type strain N402 and were absent in the case of CD141 
and CD88. D15#26 is a non-acidifying A. niger strain that contains both 
characterized (prtT-, laeA- and pyrG-) and uncharacterized mutations. The 
≤ 3 kDa culture medium fraction of the laeA complemented D15#26 strain 
was positive for CD162 but not for receptors CD181 and CD182. A ΔlaeA 
strain in a wild-type background produced secreted compounds ≤ 3 kDa that 
bound to CD162, CD181, and CD182, and CD88, while its control strain 
was only positive for CD162. These data show that the global regulator of 
secondary metabolite production LaeA is a repressor of the production of 
secreted compounds binding to CD181, CD182, and CD88. The fact that 
the non-acidifying ΔoahA strain that has a deletion of the oxaloacetate 
hydrolase gene produced compounds binding to CD162 and CD181 but not 
to CD182 and CD88 shows that the CD181 binding compound is produced 
under non-acidifying conditions. 
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Introduction

 Aspergillus niger is a common saprotrophic fungus with an enormous 
capacity to secrete a large variety and high amounts of proteins and organic 
acids into its environment. This property is exploited by the industry, some 
strains secreting up to 30 grams of protein per liter [1]. Fungal secondary 
metabolites are also of high interest for the industry, the best known example 
being penicillin produced by Penicillium chrysogenum [2]. 
 Small extracellular molecules (≤ 3 kDa) of the A. niger mutant strain 
D15#26 interact with CD141, CD162, CD181, and CD182, while a variable 
response was obtained with CD88 (Chapter 4). In the case of the wild-type 
strain N402, responses with the receptors CD162, CD181, and CD182 were 
lower and even absent in the case of CD141 and CD88. The interacting 
molecules in D15#26 and N402 can be peptides, oligosaccharides, or 
secondary metabolites. D15#26 is a non-acidifying A. niger strain derived 
from AB4.1 and contains multiple characterized (prtT-, laeA- and pyrG-) and 
uncharacterized mutations due to UV irradiation (Figure 1) [3]. Gene pyrG 
encodes orotidine-5’phosphate decarboxylase. Strains of A. niger with an 
inactive pyrG gene require uridine supplementation in the culture medium 
but behave otherwise similarly when compared to the parental strain. In 
contrast, prtT and laeA have been shown to play a crucial role in the production 
of extracellular compounds [4-6]. Strains with prtT mutations exhibit 1-2 % 
of the extracellular protease activity when compared to the parental strain 
A. niger AB4.1 [7]. This gene encodes a Zn(II)2Cys6 transcription factor and 
controls the expression of 6 secreted proteases including Aspergillopepsin 
A (PepA) and Aspergillopepsin B (PepB) [8]. Transcriptional and proteomic 
analysis of an A. fumigatus prtT mutant indicated that PrtT also regulates 
genes involved in iron uptake, ergosterol biosynthesis, and production of 
secondary metabolites [7, 9]. Gene laeA encodes a putative methyltransferase 
domain protein and is a global regulator of secondary metabolite gene 
clusters in Aspergillus [10]. Amongst others, synthesis of gliotoxin, 
sterigmatocystin, penicillin, and lovastatin is being regulated by LaeA [6]. 
Recently, it was shown that secondary metabolite production of the A. niger 
ΔlaeA strain was not dramatically affected when compared to the wild-type. 
Interestingly, some compounds showed even higher production levels in the 
absence of LaeA. This indicates that this protein can also act as a repressor 
of secondary metabolite genes [3]. The D15#26 mutant is also affected in 
organic acid production. This is most likely due to the mutated laeA gene 
since strains lacking LaeA do not produce citric acid [3]. Acidification of 
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the culture medium is due to production of citric acid, gluconic acid and / 
or oxalic acid. Production of these organic acids is pH dependent [11]. For 
example, optimal production of citric acid in A. niger occurs at pH 2 [12], 
while oxalic acid production is optimal between pH 5 to 8 [13]. Here it is 
shown that leaA is a repressor of the production of the compounds that 
bind CD88 and CD182. Additionally, secretion of the compound binding to 
CD181 is increased under non-acidifying medium conditions. 

Material and Methods

Strains and isolation of culture medium

 Strains (Table 1; Figure 1) were grown on potato dextrose agar (PDA) 
(Becton, Dickinson and company, Le-Pont-De-Claix, France) for 3 days at 
37 oC. The pyrG- strains were supplemented with 0.01 M uridine. Conidia 
were harvested with 0.005 v/v Tween-80 in 0.85 % (w/v) NaCl. An aliquot of 
10 mL containing 109 conidia mL-1 was added to 250 mL of transformation 
medium [15] (MM, 5 g L-1 yeast extract [Becton, Dickinson and company, 
Le-Pont-De-Claix, France], and 2 g L-1 casamino acids [Becton, Dickinson 
and company, Le-Pont-De-Claix, France]) in a 1 L Erlenmeyer. Cultures 
were incubated for 16 h at 30 oC and 250 rpm. Xylose (25mM) or maltose 
(25mM) was used as carbon source. Mycelium was harvested by filtration 
over 3 layers of Miracloth (Merck, Darmstadt, Germany) and washed with 
50 mL PBS (137 mM NaCl, 2.7 mM KCl, 3.8 mM Na2HPO4

.2H2O, 1.5 mM 
KH2PO4, pH 7.4). An aliquot of 10 g of wet weight mycelium was transferred 
to a 500 mL Erlenmeyer containing 150 mL MM [16] supplemented with 
either 25 mM xylose or 25 mM maltose. Cultures were grown for 3 days 
at 30 oC and 250 rpm. Culture medium was collected using 3 layers of 
Miracloth and filtered using a 0.22 µm filter (Carl Roth GmbH + Co. KG, 
Karsruhe, Germany). Xylose and maltose culture media were mixed 1:1 v/v 
and filtered through a 3 kDa cut-off Amicon ultra centrifugal filter (Merck 
Millipore Ltda., Tullagreen Carrigtwohill, Ireland). The flow-through of the 
3 kDa filters was lyophilized and re-suspended in PBS.

Competition binding assay 

 PMNs and PBMCs were isolated from whole blood of healthy donors. 
200 mL of PMNs (1 x 107 cells mL-1) and 300 ml PBMCs (1 x 107 cells mL-1) 
were mixed and centrifuged for 5 min at 7.000 g. The pellet was suspended 
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Table 1. Strains used in this study. 

Strain name Parent Relevant genotype 

D15#26 N402 An UV-generated pyrG- prtT-, laeA- [3] A. niger strain isolated as a 
non-acidifying mutant (nac)

JN21.1 D15#26 pAO4_13[3], pyrG+, nac

JN22.7 D15#26 pAO4_13-laeA (complemented), pyrG+ [3]

JN23.1 AB4.1 pAB4.1 pyrG+ (this study)

JN24.6 AB4.1 pyrG+, ΔlaeA [3], nac 

AB1.13 AB4.1 pyrG- prtT-

AB1.13ΔoahA#76 AB1.13 AB1.13+ΔoahA::pyrG prtT- [14], nac
nac: non-acidifying.

Figure 1. Schematic overview of strains used in this study (underlined in red). Adapted from 
[3]. nac: non acidifying.

in 1 mL PBS containing a ≤ 3 kDa medium fraction. If necessary, pH of 
the samples was adjusted to 7 using 0.1 M NaOH. After an incubation for 
15 min at 4 oC, 35 µl of the mixture was incubated with antibodies at 160 
rpm for 45 min at 4 oC in 96-well U-plates (Corning, New York, USA). 
The subset of antibodies against receptors CD11b, CD11c, CD162, CD181, 
CD182, CD35, CD47, CD49b, CD87, CD88, and CD119 was used. Cells 
were washed with 150 µL RPMI medium (Life Technologies, Paisley, 
UK) containing 0,05 % human serum albumin (Sanquin, Amsterdam, 
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The Netherlands) and centrifuged at 1200 g for 8 min at 4 oC. Cells were 
fixed with 1 % paraformaldehyde (Sigma-Aldrich, Buchs, Switzerland) 
and fluorescence was measured by flow cytometry (FACSVerse, BD). 
Geometric mean fluorescence of neutrophils, monocytes, and lymphocytes 
was determined using FlowJo software (version V10.1, TreeStar, USA) to 
gate each cell population. Reduced fluorescence due to binding competition 
with molecules within the ≤ 3 kDa fractions was calculated by dividing the 
mean of the ≤ 3 kDa fraction-treated cells by the mean of buffer-treated 
cells. Values were inverted and receptors with geometric means ≥ 2 from the 
control were considered positive for binding with a fungal compound. Data 
was visualized using R software (https://www.r-project.org/) and a box plot 
was generated with the ggplot2 package (http://ggplot2.org, https://github.
com/hadley/ggplot2). Data from neutrophils, monocytes, and lymphocytes 
were included in the same plot and used to calculate median and quartiles. 
Data outside the boxplot whiskers were taken as outliers.

Results

CBA shows that LaeA is involved in production of CB181, CB182, 
and CD88 binding compounds

 D15#26 is a strain resulting from UV mutagenesis (Figure 1) carrying 
mutations in pyrG, prtT, and laeA [3]. Here, it was addressed whether laeA 
impacts the production of immune receptor binding molecules in A. niger. 
To this end, the ≤ 3 kDa fractions from the culture media of D15#26, a 
laeA complemented derivative of D15#26 (JN22.7), and its control (JN21.1) 
(Figure 1) were tested in the CBA assay using a subset of receptors including 
CD162, CD181, CD182, and CD88 that were found to be responsive with 
secreted molecules of D15#26 (Figure 2AB; Chapter 4). The ≤ 3kDa 
fraction of the laeA complemented strain was positive for CD11b, CD47, 
and CD162, but not for receptors CD88, CD181, and CD182 (Figure 2C). 
The control strain JN21.1 behaved as D15#26 (Figure 2D) showing that 
complementation of pyrG did not affect production of the small compounds. 
Gene laeA was previously inactivated in strain AB4.1 (Figure 1) by 
homologous recombination with a pyrG gene cassette. The ≤ 3 kDa 
fractions of the laeA knock out strain (JN24.6) and its control (JN23.1) 
were tested in the CBA. JN24.6 produced components that interacted with 
CD88, CD162, CD181, and CD182 (Figure 2E), while its control strain only 
produced CD162 binding components (Figure 2F). These results show that 
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Figure 2: Competition binding assay using ≤ 3kDa fractions of culture media of D15#26 (A), 
N402 (B), JN22.7 (C), JN21.1 (D), JN24.6 (E), and JN23.1 (F). Lymphocytes, monocytes, 
and neutrophils are represented with red, green, and blue dots, respectively. * Boxplots A and 
B were taken from Figure 3 of Chapter 4.
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the absence of LaeA is correlated with production of CD88, CD181, and 
CD182 interacting components. Considering that these strains lack the prtT 
mutation, the production of components binding to receptors CD88, CD162, 
CD181, and CD182 is not related with prtT mutation. 

Medium acidification and production of immune-reactive 
components

 Inactivation of laeA affects production of the organic acids citric acid, 
gluconic acid, and oxalic acid. Indeed, acidification was absent in the 
medium of 72 h-old cultures of strains lacking LaeA (Table 2). In contrast, 
the laeA complemented strain JN22.7 acidified the medium to pH 3, while 
pH dropped to 4-5 in the case of JN23.1 and AB4.1. Inactivation of the 
oxaloacetate hydrolase gene oahA in strain AB1.13 containing an intact 
laeA copy also results in absence of acidification of the culture medium [3]. 
The ≤ 3 kDa fraction of the ΔoahA strain contained molecules binding to 
CD162 and CD181 in the CBA assay (Figure 3). Together, CD181 reactive 
components are produced by the A niger strain when medium is not acidified. 

Discussion

 D15#26 is a non-acidifying A. niger strain containing characterized 
(prtT-, laeA-, and pyrG-) and non-characterized mutations. In this study it 
was assessed which mutation in D15#26 is responsible for the production 
of compounds that bind to the immune receptors CD88, CD162, CD181, 
and CD182. Experimental data showed that strains with an inactive pyrG or 
prtT but with an intact laeA were not producing binding compounds except 
for CD162. Preliminary CBA data with a prtT knock out strain (AF11#56, a 
derivative of AB4.1) underscored that PrtT is not a repressor of production 
of CD88, CD162, CD181, and CD182 binding compounds. In contrast, 
gene laeA was shown to have a role as a repressor of production of binding 
compounds of CD88, CD181, and CD182. A ΔlaeA strain did not acidify 
the culture medium like D15#26 and produced CD88, CD162, CD181, 
and CD182 binding compounds. On the other hand, the acidifying laeA 
complemented D15#26 strain only produced CD162 binding compounds, 
showing that the global regulator of secondary metabolism LaeA is a 
repressor of production of compounds binding to CD88, CD181, and CD182. 
The finding that LaeA can act as a repressor was previously reported in 
A. nidulans and A. niger. These laeA-deficient strains showed increased 
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Table 2. pH of the medium of 72-h-old A. niger cultures grown in the presence of xylose or 
maltose.

Strains pH Maltose pH Xylose
D15#26 7 7
JN21.1 7 7
JN22.7 3 3
JN23.1 5 4
JN24.6 7 7
AB1.13 4.5 4.5
AB1.13ΔoahA#76 7 7

Figure 3 binding assay of the ≤ 3kDa fraction of the culture medium of strain AB1.13Δoa-
hA#76. Lymphocytes, monocytes, and neutrophils are represented with red, green, and blue 
dots, respectively.
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secretion of an uncharacterized secondary metabolite [10] and aspernigrin 
[3], respectively. LaeA is also an activator of secondary metabolism. For 
instance, loss of laeA inhibits synthesis of sterigmatocystin and penicillin 
in A. nidulans, lovastatin in A. terreus, and gliotoxin in A. fumigatus [17, 18]. 
 Medium acidification is crucial for the production of molecules binding to 
CD181. This was based on the fact that two non-acidifying strains, D15#26 
and ΔoahA produced components that interacted with this receptor. Similar 
results were obtained in preliminary experiments with the non-acidifying 
crzA mutant of A. niger ATCC 11414. CrzA is a transcription factor of the 
calcium/calcineurin pathway, involved in fungal morphogenesis, virulence, 
and ion tolerance [19]. This shows that CD181 binding molecules are 
independent of LaeA presence, but secreted under non-acidifying conditions, 
while the mechanism underlying repression of CD182 and CD88 binding 
molecules seems to be linked to the presence of LaeA. 
 Immune receptors CD181 and CD182 are better known as CXCR1 and 
CXCR2. They are chemokine receptors belonging to the G-protein-coupled 
receptor (GPCR) family. Ligands binding to CXCR1 and CXCR2 include 
IL-8, NAP-2, GCP-2, and GRO-α, β, γ [20, 21] [19, 20]. Activation of CXCR1 
and CXCR2 mediates neutrophil migration and chemotaxis and favor 
angiogenesis [22]. Both receptors are present on neutrophils, are closely 
related, and generally interact with similar ligands, but not necessarily 
with the same affinity [23-25]. The observation that the CD181-interactive 
compound produced under non-acidifying conditions is not reacting 
with CD182 suggests the presence of two different compounds binding 
specifically to each receptor. 
 Identification of the small compounds secreted by A. niger laeA mutant 
strains might result in novel therapeutic agents. Furthermore, absence 
of medium acidification might also explain the secretion of immune-
modulatory components of the pathogen A. fumigatus. In Chapter 4 it was 
shown that this species produced components ≤ 3 kDa that interact with 
receptors CD162, CD181, CD182, CD192, CD99, CD45, CD47, and CD29. 
Interestingly, A. fumigatus increases the pH of the culture medium to 8. This 
increase may be responsible for the production of the binding compounds. 
Notably, Sriranganadane et al., reported that secretion of serine protease 
(Alp1), metalloproteases (Mep1), and leucine aminopeptidases (Lap1 and 
Lap2) by A fumigatus were favored at pH between 7 -7.5 but undetected 
at pH 3.5 [26, 27]. Secretion of Alp1 is related with immune evasion as it 
degrades human complements proteins C3, C4, and C5 [28]. Possibly, PacC 
that is required for alkaline adaption and implicated as another global 
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regulator of secondary metabolite production [17, 29] plays an important role 
in the production of these compounds.
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Introduction and scope

 The fungal genus Aspergillus represents among the most abundant 
fungi in the world and includes up to 837 species [1]. Aspergilli are mainly 
saprotrophic obtaining nutrients by degrading dead organic material in 
particular that of plants. High numbers of Aspergillus spores are present in 
the soil and air allowing propagation over short and long distances. These 
conidia can survive long periods in a dormant state until they reach favorable 
growth conditions [2]. Aspergillus species have an extraordinary capacity to 
secrete high amounts and diversity of proteins and metabolites that function 
in nutrient acquisition and in competition with other microbes. Industry 
exploits this property by using these fungi as a cell factory for enzymes, 
pharmaceuticals, food additives, and preservatives [3]. Some Aspergillus 
species cause infections in animals and humans. Aspergillus fumigatus 
is the causative agent of about 90 % of the cases of human aspergillosis, 
while the remaining part of the cases is caused by other species such as A. 
terreus, A. niger, A. tubingensis, and A. flavus [4]. Infection with Aspergillus 
can develop into allergic aspergillosis, invasive aspergillosis, and non-
invasive aspergilloma. Immuno-compromised individuals are at high risk of 
acquiring such infections. In healthy individuals the vast majority of inhaled 
conidia are removed by mucociliary clearance in the upper area of the lung. 
Those that cross this barrier will encounter surveying immune cells, in 
particular phagocytes. Cytokines and chemokines that are released during 
phagocytosis stimulate an array of immune responses. Lung epithelial cells 
also play an important role in the immune defense despite the fact that they 
are non-professional phagocytic cells [5]. Most of the conidia in contact with 
bronchial or alveolar epithelial cells will be internalized. Non-internalized 
conidia and their germlings have a big chance of being recognized by 
surveilling phagocytes (e.g. macrophages, neutrophils, and dendritic cells). 
In contrast, hyphae resulting from germinating internalized conidia can 
penetrate the epithelial layer and reach the blood stream [6]. Hyphal forms 
are extremely hard to control by the epithelium and the immune system. 
Neutrophils recruited during the infection are the only immune weapon 
able to restrain hyphal growth via NETosis [7]. Formation of neutrophil 
extracellular traps (NETs) requires direct contact with fungal propagules 
and host stimuli such as IL-8. These web-like structures trap the hyphae and 
kill them by releasing antimicrobial factors.
 A. fumigatus uses different strategies to avoid immune recognition and 
to promote immune evasion. The hydrophobin coating on conidia hides 
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recognition motifs (PAMPs) from human pattern recognition receptors 
(PRRs), preventing the initiation of the immune response cascade. Presence 
of hydrophobins is also associated with a decrease in NET formation [8]. 
Aspergillus species synthesize melanin via DHN, oxidative polymerization 
of homogentisate (HGA) using L-tyrosine or L-phenylalanine, and/or the 
L-DOPA pathway. Conidia of some aspergilli (e.g. A. fumigatus, and A. 
tubingensis) are covered with DHN melanin while other species (e.g. A. 
niger, A. tamarii, and A. flavus) produce L-DOPA melanin [9-11]. The first 
precursor of DHN-melanin, naphthopyrone, catalyzed by the enzyme PksP 
in A. fumigatus prevents phagolysosome acidification in both phagocytic 
and non-phagocytic cells [12]. It also inhibits macrophage, epithelial cell, 
or pneumocyte apoptosis. Detoxification of H2O2 and superoxide radicals 
that are produced by immune cells during the infection process is also 
crucial for A. fumigatus survival. To accomplish this task, A. fumigatus uses 
pyomelanin and a set of catalases and superoxide dismutases [13-15]. Apart 
from defense systems, aspergilli need to acquire nutrients to survive. To 
this end, they secrete enzymes that degrade host polymers but they can also 
inactivate host defense components [16]. 
 Virulence factors and immune evasion strategies of A. fumigatus have 
been described but more strategies and components are expected to exist. In 
this Thesis I studied the interaction of aspergilli with lung epithelial cells 
and phagocytes with the aim to find such strategies and components and to 
find clues why A. fumigatus is a more successful pathogen when compared 
to other aspergilli.

Alveolar lung epithelial infections by A. fumigatus 
and A. niger: pursuit of pathogenicity 

 Adherence and internalization of conidia into epithelial cells and 
subsequent germination and hyphal outgrowth represent the first stages of 
an Aspergillus infection in the lung. These stages of A. fumigatus and A. 
niger were followed using alveolar type II epithelial A549 cells (Chapter 
2). Conidia from both species adhered equally well to the epithelial layer 
during a 2 h incubation. In the case of A. fumigatus it has been shown 
that this adhesion is mediated, at least partly, with fucose-specific lectin A, 
extracellular thaumatin domain protein, and sialic acids that are exposed 
at the conidial surface [17]. Striking differences were observed in the 
internalization and germination process of A. fumigatus and A. niger. A. 
fumigatus conidia internalized 17 % more efficient than A. niger conidia. 
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After 8 h of co-culturing, 50 % of the internalized conidia from both species 
were localized in phagosomes. This finding implies that half of the spore 
population does not end up inside phagolysosomes and thus remain in a less 
hostile environment. On top of this, phagosomes containing A. fumigatus 
conidia did not acidify, which is explained by the DHN-melanin precursor 
preventing the acidification of phagosomes [11]. In contrast, pH of the 
phagosomes containing A. niger spores decreased from 6 to 4. It should be 
noted that the intermediate in the DHN-melanine pathway, naphtho-γ-pyrone, 
was shown to be produced in A niger, whether the amount is insufficient to 
block acidification is unclear [18]. In addition, the structure of melanin in 
A. niger remains unclear since previously it was indicated that A. niger 
produces melanin via the L-DOPA pathway [9]. In this study it is reported that 
A. terreous produced a melanin via the DHN (1,8-dihydroxynaphthalene) 
pathway. In contrast, Gieb et al., recently described the lack of genes for 
synthesis of DHN-melanin in A. terreus [19]. They have indentified a novel 
type of melanin known as aspulvinone E, proposed to synthesize via the 
NRPS-like enzyme MelA and polymerization of tyrosinase (TyrP). 
 Lowering the pH is critical for killing many pathogenic bacteria that are 
sensitive to low pH but in the case of aspergilli the impact may be less 
severe because many aspergilli can grow under acidic conditions [19]. Indeed, 
most conidia of A. fumigatus and A. niger remained viable within A549 
cells. Nonetheless, acidification of phagocytic compartments might impact 
germination [20]. Results presented in Chapter 2 showed that germination 
of internalized conidia was reduced 13-fold and 3-fold for A. fumigatus 
and A. niger, respectively, during a 9 and 8 h time span, respectively, when 
compared to the control. This was accompanied by a 2-fold shorter hyphal 
length of A. fumigatus when compared to A. niger. The mechanisms behind 
the reduced germination rate of A. fumigatus and A. niger conidia within 
epithelial cells have not been explored yet. It may be due to the ability to 
respond to stress, hypoxia, pH, and host immune responses. After 12 to 15 
h of co-culturing, A. fumigatus hyphae that had grown out of the A549 cells 
grew mainly parallel to the epithelial layer. In contrast, A. niger hyphae grew 
perpendicular to this cell layer. Hyphal oxytropism has been described for 
the fungal human pathogen Candida albicans, showing elongation towards 
oxygen rich environments [21]. This may also be the case for A. niger but not 
for A. fumigatus. Differences in directional grow might impact recognition 
by surveilling immune cells such as macrophages, neutrophils, and 
dendritic cells. This may explain why neutrophils reduced A. niger growth 
more efficiently than A. fumigatus when grown in the presence of A549 
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cells. Taken together, Chapter 2 showed differences in the behavior of A. 
fumigatus and A. niger when exposed to type II alveolar cells. The fact that 
A. fumigatus conidia are more efficiently internalized, prevent acidification 
of the phagolysosomes, germinate later, and that their hyphae grow parallel 
to the epithelial layer suggest that this fungus tries to hide from and evade 
the defense system from its host. This would explain, at least in part, why 
A. fumigatus is a more successful pathogen when compared to A. niger. 
A. fumigatus conidia that remain dormant within lung epithelium cells for 
extended periods would represent a reservoir of infectious propagules for 
patients that are immuno-compromised. 
 Interaction between A. fumigatus and A. niger on the one hand and A549 
on the other hand was further studied by transcriptome analysis after 12 h of 
co-cultivation (Chapter 3). The expression profiles of the aspergilli differed 
drastically upon contact with epithelial cells. This strengthened the findings 
of Chapter 2 that A. fumigatus and A. niger adopt different life styles upon 
contact with these cells. Protein blast showed that 62 % of the A. fumigatus 
have an orthologue in A. niger. Of the total number of A. fumigatus and A. 
niger genes, 545 and 473 genes were differentially expressed, respectively, 
in the presence and absence of A549. These sets shared 53 genes, including 
sdh1, rip1, aldA, mirB, acuF, and codA. 119 and 426 A. fumigatus genes 
were up- and down-regulated, respectively. These numbers were 203 and 
270 in the case of A. niger. A total of 34 and 46 GO terms associated with 
molecular functions, biological processes, and cellular components were up-
regulated in A. fumigatus and A. niger, respectively. These sets only shared 
3 biological process and 1 molecular function GO terms underscoring that 
these aspergilli express different gene sets during co-culturing with A549. 
 Catalase and dismutase genes (cat2, catA and sod3) were up-regulated 
after A. fumigatus infection. Cat2 and CatA are cytosolic mycelial and 
spore specific catalases [13], respectively, while Sod3 is a mycelial cytosolic 
protein. Deletion analysis of all 3 catalases or 3 Sod proteins (SOD1, SOD2, 
and SOD3) hardly had an effect on virulence in a murine aspergillosis lung 
infection model [14]. Yet, they may have a role under natural systems where 
A. fumigatus loads are lower. The fact that genes responsive to hypoxia 
and stress were also upregulated in A. fumigatus upon exposure to A549 
indicates that global stress response is activated within epithelial cells [22]. 
GO terms were not enriched with the set of A. fumigatus downregulated 
genes. However, genes related with pathogenicity were found down-
regulated such as the sidA and gpgA genes that are required for gliotoxin 
production. In addition, the major group of genes involved in synthesis, 
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hydrolysis, and transportation of siderophores (sidA, sidC, sidF, sidD, and 
mirD) showed decreased expression. This finding supports the hypothesis 
that A. fumigatus infection proceeds in a multi-step program, rather than 
activating its full repertoire of virulence factors directly upon exposure to 
the host cell. 
 Of interest, a substantial set of SrbA regulated A fumigatus genes were 
differentially expressed. SrbA is an important transcription factor that 
stimulates amongst others ergosterol synthesis when A. fumigatus is sensing 
hypoxia conditions (< 1.5 % available oxygen) [23]. The gene expression 
analysis reflects a mixed population of fungal cells. The non-germinating 
intracellular spores most likely represent the hypoxia-sensing population 
while the germinating and growing fungal population does not experience 
hypoxia as these are already escaping the intracellular milieu. No up- or 
down regulated genes related to hypoxia were detected with A. niger. These 
results emphasize another important difference between these two fungal 
species during this infection process. It is tempting to speculate that the 
larger reduction of germination of internalized spores of A. fumigatus (13-
fold versus 3-fold for A. niger) is related to hypoxia sensing and that this is 
used to regulate its pathogenic life style.
 Expression analysis of A549 revealed that these cells respond differently 
to A. fumigatus and A. niger. Upon exposure to A. fumigatus, A549 genes 
associated with immune response were down-regulated including genes 
involved in cytokine and chemokine release. Moreover, the β-catenin TCF-
7L2 complex was down-regulated. This complex is critical for cell-cell 
adhesion (e.g. tight junctions) and nuclear signaling and plays a key role 
in Wnt signaling. This cascade drives the expression of genes involved in 
production of inflammatory molecules and is also linked to the regulation 
of innate immunity [24]. The Wnt-β-catenin pathway plays a role during 
infection with bacteria such as Salmonella typhimurium, Citrobacter 
rodentium, Mycobacterium tuberculosis, Pseudomonas aeruginosa, and 
Helicobacter pylori by inducing up- and downregulation of pro- and anti-
inflammatory cytokines. Together, these data imply that A. fumigatus 
directly or indirectly represses the immune response. In contrast, A. niger 
may activate the immune response because co-culturing of A549 with A. 
niger resulted in upregulation of the gene encoding TSG-6. This protein is 
a potent anti-inflammatory factor that is involved in extracellular matrix 
stability and cell migration. Up-regulation of TSG-6 suggests that A. niger 
damages the epithelial cells and stimulates migration of immune cells. 
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Secreted Aspergillus compounds that interact with 
cellular immune receptors

 Cell-mediated immunity involves activation of phagocytes such as 
macrophages, neutrophils, monocytes, and lymphocytes that leads to 
cytokines and chemokines release. Activation of phagocytes often requires 
binding of microbial ligands to cellular receptors. Bacteria secrete proteins 
that rather than activating the immune system mediate immune evasion. 
For example, the SSLs family of S. aureus block the interaction between 
PSGL-1 and P-selectin thus inhibiting neutrophil (PMN) recruitment [25]. 
Secretion of the S. aureus virulence factor CHIPS inhibits neutrophils 
response by binding to the formyl peptide receptor and the C5a receptor 
(also known as CD88) [26]. Secreted molecules of the helminth parasites 
Trichuris suis and Trichinella spiralis also represent a good example how 
the immune system can be modulated by suppressing secretion of pro-
inflammatory cytokines [27]. Chapter 4 describes a search for secreted 
immune-modulating compounds of aspergilli by screening for molecules 
that bind to cellular receptors that are involved in immune recognition, 
activation, or modulation. Initially, it was hypothesized that secreted 
proteins would interact with these receptors as described for S. aureus. 
However, no evidence for such molecules was obtained. Instead, heat stable 
moderately hydrophobic molecules ≤ 3 kDa were found to bind to human 
cellular receptors. These data suggest that Aspergillus produces different 
molecules for immune evasion when compared to bacteria. These fungal 
compounds may be peptides, carbohydrates, or secondary metabolites. 
 Components within the Aspergillus culture media were shown to bind 
the receptors CD13, CD29, CD45, CD47, CD88, CD99, CD141, CD162, 
CD181, CD182, CD191, CD192, and Siglec-9 that play a variety of roles 
in immune processes (see Chapter 4, Supplementary Table 4). CD162, 
CD181, and CD182 were shared between A. niger, A. fumigatus, and A. 
tubingensis. Migration of leukocytes and neutrophils is stimulated after 
activation of CD162 and CD181 and CD182, respectively. The latter 
receptors respond to cytokines of the CXC chemokine family, in particular 
IL-8, NAP-2, GCP-2, and GRO-α, β, γ [28, 29]. The fact that secretion of 
Aspergillus compounds binding to CD181 and CD182 is regulated by 
different pathways (see below) suggests the presence of two different 
binding compounds. The finding of an Aspergillus compound binding to 
CD88 is of interest since the S. aureus protein CHIPS was also found to 
bind this receptor that is mainly expressed in neutrophils and monocytes [25]. 



133

6

Activation of CD88 by its ligand C5a, stimulates migration of neutrophils, 
eosinophils, and monocyte-macrophages to the site of infection and release 
of pro-inflammatory compounds. It should be noted that the results of the 
competition binding assay (CBA) were quite variable, possibly due to the 
use of different cell donors. Yet, results do indicate that a substantial part of 
the phagocytes bound these molecules that could have therapeutic use. 
 Culture medium of the A. niger D15#26 strain showed stronger responses 
with the human receptors when compared to the wild-type N402 strain. 
D15#26 produced compounds that bound to CD88, CD162, CD181, 
and CD182, while the culture medium of N402 only produced a CD162 
binding compound. D15#26 is a non-acidifying A. niger strain containing 
characterized (prtT-, laeA-, and pyrG-) and non-characterized mutations. 
Genes pyrG and prtT were shown not to impact the secretion of receptor 
binding compounds (Chapter 5). The fact that the protease regulator PrtT 
does not explain the difference between N402 and D15#26 agrees with the 
finding that the binding molecules do not have a proteinaceous nature. I 
proposed that the mutation in laeA explains the difference between N402 
and D15#26. LaeA activates production of secondary metabolites like 
sterigmatocystin, penicillin, and lovastatin but can also act as a repressor 
for the production of secondary metabolites [30, 31]. Indeed, laeA was shown 
to repress production of compounds binding to receptors CD88, CD181, and 
CD182. 
 Complementation of D15#26 with wild-type laeA resulted in a N402 
phenotype, whereas inactivation of this gene in N402 resulted in a D15#26 
phenotype. The role of LaeA in repression of production of the compound 
binding to the CD181 receptor is most probably indirect by repressing the 
acidification of the medium. This compound was also produced in the non-
acidifying ΔoahA strain that has a deleted oxaloacetate acetylhydrolase gene. 
Notably, the virulence factor serine protease (Alp1), the metalloprotease 
Mep1, and the leucine aminopeptidases Lap1 and Lap2 of A. fumigatus are 
also produced at a pH between 7 -7.5 but not at low pH [32, 33]. Production 
of virulence factors at pH 7 -7.5 would be relevant for pathogenicity in the 
human body that is characterized by its tight pH control. The importance 
of pH-regulated expression in infection is illustrated by the role of the 
pH-responsive transcription factor PacC in A. fumigatus. Inactivation of 
its encoding gene resulted in a strain unable to enter epithelial cells and 
with a reduced secretion of molecules normally expressed during infection 
[34]. The fact that A. fumigatus uses DHN-melanin to prevent acidification 
of phagosomes may also be accompanied by the production of compounds 
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mediating immune evasion within epithelial cells (Chapter 2). 
 The results described in this Thesis show that Aspergillus fumigatus has 
various strategies that explain its success as a human pathogen as compared 
to other aspergilli. Its conidia are efficiently internalized in epithelial cells 
and A. fumigatus has developed a strategy to keep its conidia dormant 
and less visible for the immune system. In addition, it is able to produce 
small extracellular compounds that potentially block infiltration of immune 
cells to the site of infection. These strategies would allow A. fumigatus to 
survive the lung environment and to initiate colonization under favorable 
conditions. 
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Nederlandse Samenvatting

 Het geslacht Aspergillus vertegenwoordigt meer dan 800 soorten en komt 
wereldwijd zeer veel voor. Aspergilli verkrijgen met name voedingsstoffen 
door het afbreken van dood organisch materiaal,  zoals dat van planten. 
Hoge aantallen Aspergillus sporen zijn aanwezig in de bodem en de 
lucht waardoor ze zich efficiënt kunnen verspreiden over korte en lange 
afstanden. Deze sporen kunnen een lange periode in een slapende toestand 
overleven totdat ze gunstige groeiomstandigheden treffen en gaan kiemen. 
Aspergilli hebben de buitengewone eigenschap om grote hoeveelheden en 
diversiteit aan eiwitten en metabolieten uit te scheiden, die onder andere 
een rol spelen in het verkrijgen van voedingsstoffen en in concurrentie 
met andere micro-organismen. De industrie gebruikt deze eigenschap om 
ze in te zetten als fabriek van onder andere enzymen, geneesmiddelen, 
voedingsadditieven, en conserveringsmiddelen. Sommige aspergilli 
kunnen infecties veroorzaken bij mens en dier. Aspergillus fumigatus is de 
verwekker van ongeveer 90% van de gevallen van menselijke aspergillose, 
waarbij het resterende deel van de gevallen wordt veroorzaakt door soorten 
zoals A. terreus, A. niger, A. tubingensis, en A. flavus. Een infectie met 
Aspergillus kan zich ontwikkelen tot allergische aspergillose, invasieve 
aspergillose, of een niet-invasief aspergilloom. Met name individuen 
met een verzwakt immuunsysteem hebben een hoog risico op dergelijke 
infecties. Jaarlijks overlijden wereldwijd ongeveer 600.000 mensen aan een 
aspergillose. Bij gezonde personen worden de meeste geïnhaleerde sporen 
verwijderd via de mucociliaire beweging in het bovenste gedeelte van de 
long. Sporen die deze barrière passeren kunnen vervolgens fagocyterende 
immuuncellen tegenkomen die hen opnemen en inactiveren. Cytokinen en 
chemokinen die vrijkomen bij deze fagocytose stimuleren daarnaast een 
reeks van immuunreacties. Longepitheelcellen spelen ook een belangrijke 
rol in de afweer. Hoewel ze geen professionele fagocyten zijn kunnen ook 
deze cellen sporen opnemen. Indien de sporen in deze cellen niet worden 
geïnactiveerd kunnen ze kiemen en kunnen de resulterende hyfen via de 
epitheellaag de bloedstroom bereiken. De groei van hyfen is zeer moeilijk 
te controleren door epitheelcellen en het immuunsysteem. Neutrofielen zijn 
wel een effectief wapen om hyfengroei te beperken middels het vormen van 
extracellulaire netten (NETs). Dit vereist direct contact met de schimmel en 
gastheermoleculen zoals IL-8. 
 A. fumigatus maakt gebruik van verschillende strategieën om herkenning 
door het immuunsysteem te voorkomen. De hydrofobine coating op sporen 
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bedekt herkenningsmotieven (PAMPs) die kunnen binden aan receptoren 
van immuuncellen die betrokken zijn bij patroonherkenning van micro-
organismen (PRRS). Daarnaast onderdrukken hydrofobines de vorming van 
NETs door neutrofielen. Ook melanine speelt een rol bij het voorkomen 
van inactivatie door het immuunsysteem. Sporen van A. fumigatus bevatten 
DHN- melanine in hun celwand. In de eerste stap van de vorming van 
dit type melanine wordt naphthopyrone gemaakt. Deze intermediair 
voorkomt al dat het fagolysosoom verzuurt in zowel fagocytische en niet-
fagocytische cellen.  Het remt daarmee waarschijnlijk ook geïnduceerde 
celdood van macrofagen, epitheelcellen, en pneumocyten. Het neutraliseren 
van peroxiden en superoxide radicalen die tijdens het infectieproces door 
immuuncellen worden geproduceerd is ook cruciaal voor A. fumigatus om 
te overleven. Hiervoor gebruikt de schimmel pyomelanine en een set van 
katalases en superoxidedismutasen. Afgezien van deze afweersystemen 
moeten aspergilli ook voedingsstoffen verwerven om te groeien. Daartoe 
scheiden ze enzymen uit die polymeren afbreken maar tegelijkertijd ook 
afweercomponenten kunnen inactiveren.
 Het doel van het onderzoek dat beschreven is in dit proefschrift was 
om te begrijpen waarom A. fumigatus zo’n succesvolle pathogeen is in 
vergelijking met andere aspergilli. Hoofdstuk 1 beschrijft de stand van zaken 
rond de opbouw, groei en pathogeniciteitfactoren van aspergilli alsmede de 
rol van het immuuunsysteem bij het bestrijden van schimmelinfecties. In 
Hoofdstuk 2 wordt de interactie van humane A549 type 2 longepitheelcellen 
met A. fumigatus en A. niger vergeleken. Sporen van deze soorten binden 
met vergelijkbare efficiëntie aan de epitheelcellen. Een belangrijk verschil 
tussen beide soorten trad op in het vervolgproces waarbij cellen worden 
opgenomen en eventueel kunnen kiemen. De sporen van A. fumigatus 
werden 17% efficiënter opgenomen dan die van A niger. Acht uur na 
beënting is ongeveer 50% van de opgenomen sporen van beide soorten 
aanwezig in een fagolysosoom. De fagosomen met A. fumigatus verzuren 
niet, terwijl dit wel het geval is bij A. niger.  Dit wordt verklaard door een 
verschil in het type melanine dat deze schimmels maken. De kieming van de 
opgenomen sporen werd door de epitheelcellen geremd. Voor A fumigatus 
was dit 13% ten opzichte van 3% voor de sporen van A. niger. Daarnaast 
was de lengte van de gevormde hyfen van A. fumigatus twee maal korter 
ten opzichte van de hyfen van A. niger. De hyfen van A. fumigatus die 
uit longepitheelcellen voortkwamen groeiden vooral evenwijdig aan deze 
laag terwijl die van A. niger juist loodrecht op het epitheelvlak groeiden. 
In Hoofdstuk 3 werd verder ingegaan op de interactie van A. fumigatus 



142

en A. niger met de type II epitheelcellen door genexpressie te bestuderen. 
Expressieanalyse laat zien dat in A. fumigatus en A. niger  respectievelijk 
545 en 473 genen verschillend tot expressie komen in aan- of afwezigheid 
van A549. Hiervan worden slechts 53 genen tussen beide soorten gedeeld. In 
het geval van A. fumigatus werden in aanwezigheid van A549 vooral genen 
tot expressie gebracht die te maken hadden met hypoxia (dit is groei bij een 
zuurstofgehalte < 1,5%) en stress, dit in tegenstelling tot A niger. Ook werd 
duidelijk dat A. fumigatus andere reacties opwekt in epitheelcellen dan A. 
niger. A. fumigatus onderdrukte met name immuunreacties door het remmen 
van genexpressie van genen die cytokinen en chemokinen produceren. 
Daarnaast werd de expressie van het  β-catenin TCF-7L2 complex geremd 
welke een belangrijke rol speelt in de regulatie van immuunreacties. In 
epitheelcellen met A. niger werd onder andere de expressie van TSG-6 
(TNF-α-induced protein 6) geïnduceerd. Deze inductie heeft een relatie met 
epitheelschade die A. niger blijkbaar meer veroorzaakt door snelle kieming 
en groei. Samenvattend kan worden geconcludeerd dat A. fumigatus en A. 
niger een totaal andere levensstijl aannemen wanneer ze in contact komen 
met longepitheelcellen. 
 In Hoofdstuk 4 wordt een zoektocht beschreven naar uitgescheiden 
componenten van aspergilli die kunnen binden aan receptoren van leukocyten, 
monocyten en neutrofielen, waarmee het immuunsysteem mogelijk kan 
worden ontweken. Dit werd gedaan via een competitie bindingsassay met 
receptor-specifieke antilichamen. De verwachting was dat er extracellulaire 
eiwitten zouden worden gevonden, zoals eerder werd gevonden in het geval 
van de bacterie Staphylococcus aureus.  De resultaten lieten echter zien dat 
aspergilli juist kleine moleculen (<3 kDa) uitscheiden die hitte stabiel zijn 
en matig hydrofoob. Aspergilli produceren blijkbaar andere type moleculen 
voor het ontwijken van het immuunsysteem. Dergelijke componenten 
kunnen peptiden, kleine polysachariden of secundaire metabolieten zijn. 
De verschillende aspergilli die zijn gebruikt in dit onderzoek produceerden 
allemaal componenten die binden aan de receptoren CD162, CD181 en 
CD182. Alle drie spelen ze een rol bij het stimuleren van beweging van 
leukocyten en neutrofielen  naar de plek van een infectie. In Hoofdstuk 5 
werd de regulatie van de productie van deze extracellulaire componenten 
verder onderzocht. De resultaten laten zijn dat het LaeA eiwit, een 
belangrijke regulator van secundaire metaboliet genen, de productie van 
componenten remt die binden aan CD181, CD182 en CD88. Deze remming 
kan direct (CD182, CD88) of indirect zijn door zijn effect op verzuring van 
het medium (CD181). Het regulatiesysteem via pH is interessant omdat A 
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fumigatus in fagolysosomen verzuring blokkeert.
 De resultaten zoals beschreven in dit proefschrift laten nieuwe strategieën 
zien van A. fumigatus om succesvoller te zijn als pathogeen in vergelijking 
met andere aspergilli. De sporen van A. fumigatus worden makkelijker 
opgenomen in longepitheelcellen, kunnen daar overleven en blijven langer 
in een slapende toestand waardoor zij minder zichtbaar zijn voor het 
immuunsysteem. Tevens maakt A. fumigatus kleine moleculen die invasie 
van immuuncellen naar de plaats van infectie kunnen blokkeren en kan deze 
schimmel de genexpressie van longepitheelcellen herprogrammeren om hun 
immuunreacties te onderdrukken. 
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