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Introduction
At the lung lining several innate defenses such as mucociliary clearance, 
soluble effector molecules, and roaming phagocytic cells contribute to 
fungal clearance. Discerning how molecular defenses act in concert to 
prevent infection in a healthy lung has proven to be difficult. One reason 
is their redundancy in function, which makes it difficult to assign roles 
to specific effector molecules. Moreover, effector molecules may have 
multiple functions that may further complicate their individual contribution 
in lung host defense. Adding to this challenge is the difficulty of mimicking 
the complex conditions of the lung environment in vitro. At the lung lining, 
several factors such as pH, ionic strength and mucus concentration will also 
affect the activity of many innate immune components.
 The study of immune defenses is most often approached by using 
infection models. Even though these models yield useful information, they 
do not fully apply to a healthy lung, where the fungal intruders need to be 
controlled without causing an excessive immune response. In this review 
we will first summarize the current knowledge of the antifungal function 
of soluble effector molecules. Then we will discuss how the interaction of 
these molecules with epithelial cells and phagocytes modulates protection 
against fungal pathogens. Finally, the possibility of concerted activities 
between these molecules and their interactions with the lung environment 
will be addressed. 

Soluble effector molecules 
Soluble molecules are known to exert their antifungal function in three 
ways: 1) direct killing, 2) opsonization, and 3) immune modulation. Direct 
killing is classically known as the main function of host defense peptides 
(HDPs), but other soluble molecules such as enzymes can also directly 
target fungal cells. Opsonization on the other hand is an important function 
of collagen-containing C-type lectins (collectins). HDPs and collectins 
can also modulate the immune response of epithelial and phagocytic cells. 
These immunomodulatory properties are slowly getting more acknowledged 
as being important in the overall defense strategy of the host. The three 
different modes of antifungal activity expressed by soluble effectors will be 
reviewed in the following paragraphs. 

1. Direct killing 
Several constitutively secreted proteins and peptides line the lung inner 
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surface and a high number of them have been shown to have direct 
fungicidal activity in vitro. One of the most abundant proteins with 
fungicidal activity is lysozyme, a small protein (approx. 15 kDa) produced 
by epithelial cells and alveolar macrophages in the human lung (10 μg/ml 
in bronchoalveolar lavage fluid (BALF)) (1, 2). Lysozyme is one of the first 
characterized antimicrobial proteins, discovered by Alexander Fleming in 
1922. Its antimicrobial activity involves two distinct mechanisms. Firstly, 
the enzymatic cleavage of the N-glycosidic bonds linking polysaccharides 
and proteins in bacterial wall and chitodextrins in fungal cell walls. 
Secondly, the permeabilization of the plasma membrane, due to its cationic 
properties, which resembles host defense peptide activity, as described 
below (3-6). Fungistatic effects have also been attributed to lysozyme, even 
at low concentrations (approximately 1μg/ml for H. capsulatum) (7). These 
include: impairment of yeast budding by C. albicans and P. brasiliensis (3, 
8), decreased production of virulence factors such as aspartyl proteinases 
(SAP) by C. albicans (9) and hyphal disruption of A. fumigatus (10). 
 Antileukoprotease (ALP) is a major serine protease inhibitor secreted 
by Clara and goblet cells at the bronchial epithelium, and by serous cells 
and submucosal glands in the bronchi (11). This 12 kDa cationic non-
glycosylated protein exhibits antifungal activity in vitro against C. albicans 
and A. fumigatus at concentrations comparable to that of lysozyme (12). 
It remains unclear whether the antifungal mechanism of action is similar 
to its antibacterial mechanism. The latter involves binding to bacterial 
DNA and interference with RNAses and both activities reside in the 
cationic N-terminal region of ALP (13). Its proteinase inhibitory activity, 
however, is associated with the C-terminal region, which in itself does 
not have antibacterial activity (12, 14). Recently, a study by Cuvelo et al. 
has shown that ALP can also affect C. albicans cell membrane stability 
by inducing several structural changes, most notably irregularities along 
the cytoplasmic membrane (15). This finding points towards a mechanism 
similar to the one displayed by other cationic peptides, such as defensins, 
known for their ability to permeabilize membranes (see below). In addition 
to direct antifungal activity, ALP also has a fungistatic effect on C. albicans 
and A. fumigatus, most likely related to its proteinase inhibitory activity. In 
vitro, inhibition of C. albicans and A. fumigatus proteases by ALP decreases 
fungal adhesion to MA104 epithelial cells from monkey kidneys (12, 15). 
 Host defense peptides (HDPs) are characterized by their high cationic 
charge, small size (5-50 amino acids) and amphipathicity. There are two 
major groups of cationic HDPs secreted into the lung lining: defensins and 
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cathelicidins. Defensins are characterized by three conserved disulfide 
linkages, which induce a characteristic fold containing a high percentage of 
β-sheets. A structural subdivision is made between α- and β-defensins based 
on the location of the cysteine linkages. Four human β-defensins (hBD-1, 
-2, -3 and -4) are produced by the lung epithelium, either constitutively 
(hBD-1) or induced upon infection (hBD-2, -3, and -4) (16-18).
 The mechanism of action of hBDs has been studied in bacteria, where 
interaction with cell membranes seems to be an important requirement for 
their antibacterial activity. However, other effects such as inhibition of DNA, 
RNA and protein biosynthesis are also observed and might significantly 
contribute to growth inhibition and killing (19). hBD-1, hBD-2 and hBD-3 
are also known to have antifungal activity but these mechanisms are not well 
understood (20). For hBD-1 and hBD-2, the activity against C. albicans is 
dependent on the energy status of the fungal cells, but for hBD-3 energy–
independent mechanisms are also observed (21, 22). Similar to what is seen 
for bacteria, all three defensins permeabilize the fungal cell membrane, 
indicating that membrane destabilization plays an important role in fungal 
killing (21). Histatin 5, a host defense peptide present in the oral cavity but 
not in the lungs, binds to specific receptors on the fungal cell membrane, 
ultimately leading to cell permeabilization. In line with this, Vylkova et al. 
have shown that hDB-2 and hBD-3 require Ssa1/-2 surface proteins to exert 
killing of C. albicans, and it seems likely that other peptides or proteins use 
membrane bound receptors as well (22).
 The mechanism of action of defensins against fungi other than C. 
albicans has been less studied. Contact with metabolically active spores of 
A. fumigatus, for example, increases transcription and secretion of hBD-
2 and the recently described hBD-9 by human bronchial epithelial cells. 
This indicates that several antimicrobial peptides might be released into the 
lung lining upon fungal infection (23, 24). Levels of α-defensins 1 and 3 
in whole blood seem to increase after exposure to Candida spp. yeast cells 
(25). However, to our current knowledge no mechanistic data of α-defensins 
against fungi are available.
 Cathelicidins constitute a structurally diverse family of host defense 
peptides characterized by sharing a similar (cathelin-like) prosequence. In 
the lung, the only human cathelicidin, hCAP18 is processed by proteases 
such as elastase, cathepsin G and proteinase 3 (26). The processed 
product is the active peptide LL-37. This peptide is secreted by alveolar 
macrophages, neutrophils, bronchial glands and the epithelium of the lung 
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lining (27). In a healthy lung, LL-37 can be found at the lung lining at 
measurable concentrations (28). In vitro antifungal activity of LL-37 has 
been described for C. albicans (21, 29-31) Its activity results mainly from 
permeabilization of the cytoplasmic membrane, although effects on internal 
organelle membranes have also been described (30). The only instance in 
literature where the role of LL-37 in fungal infections was mentioned is in 
a study of patients with chronic rhinosinusitis (32). In these patients LL-37 
levels increased after contact with A. fumigatus.

2. Opsonization
a. Fungal recognition by SP-A and SP-D
Surfactant proteins A and D (SP-A and SP-D) are two multimeric C-type 
lectins. Several publications have described the structure and processing of 
SP-A and SP-D in detail (33, 34). Briefly, these proteins are characterized 
by a C-terminal Ca2+-dependent carbohydrate recognition domain (CRD), a 
neck region and an N-terminal collagen-like domain. These glycoproteins 
are mainly secreted as large octadecameric (SP-A), dodecameric (SP-D) or 
even higher order oligomeric structures and to a lesser extent as trimeric 
subunit structures. The low affinity interaction for carbohydrates of the 
CRDs requires cooperative binding of these domains. Thus, the assembly 
of collectins to oligomeric structures is essential for increasing the avidity 
of binding to glycan arrays on the surface of microorganisms. Production 
and secretion of SP-A and SP-D is mainly attributed to alveolar type II cells 
and bronchiolar Clara cells, but mRNA expression of both lung collectins 
is also observed in trachea (35-37). SP-A strongly associates with the 
phospholipids present in ‘pulmonary surfactant’, the protein/lipid mixture 
produced and secreted by epithelial type II cells, whereas SP-D is not. This 
difference affects their distribution: while SP-A will remain largely bound 
to surfactant lipids at the alveolar lumen and bronchioli, SP-D is relatively 
more abundant at the upper conductive airways.
 SP-A and SP-D bind to fungi through their CRD in a Ca2+-dependent 
manner. Fungal ligands that are recognized by collectins can be found in 
Table 1. For a more detailed description on fungal interactions with collectins 
we refer to an excellent review by Brummer et al. (38). Carbohydrate 
binding by SP-A and SP-D is not very specific and therefore it does not 
rely on the availability of only a single type of polysaccharide on the fungal 
membrane. Binding to fungal surfaces by oligomeric structures of SP-A and 
SP-D results in aggregation of the fungi. Fungal aggregation can facilitate 
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fungal removal, either by mucociliary clearance or by phagocytosis. Fungal 
cells coated with either SP-A or SP-D interact differently with immune cells 
(Fig. 1). In some cases, binding of these proteins to fungal cells has shown 
to enhance macrophage phagocytosis and modulate their cytokine secretion 
(39). This will be discussed further in the following section. 

b. Effects of SP-A and SP-D opsonization on the antifungal activity of 
phagocytic cells
Collectins are known to interact with phagocyte receptors as well as with 
fungal ligands, and can thereby be of influence during an encounter between 
them (Fig. 2). Brown et al. describes in detail how fungal pathogens are 
recognized by phagocytes through several pattern recognition receptors 
(PRR) (40), which comprise Toll-like receptors (TLRs) as well as C-type 
lectin receptors (CLRs). The structures present in the fungal cell wall that 
can be recognized by PRRs include mannan, phospholipo-mannan, o-linked 
mannan, glucuronoxylomannan, galactomannan and β-glucans (41-44). 
Some PRRs are known to interact with SP-A and SP-D directly such as 
TLR2, TLR3 and TLR4, gp-340, CD91/calreticulin and SIRPα (45, 46). As 
for CLRs expressed at the surface of phagocytes, one can imagine that these 
compete with SP-A and SP-D for similar binding sites at the fungal surface.
 Recognition by PRRs initiates phagocytic uptake. Internalized fungi are 
directed to acidic compartments, called lysosomes, which further fuse to 
form phagolysosomes. Here, a cocktail of hydrolytic enzymes, host defense 
peptides, reactive oxygen species and reactive nitric oxide species are in 
charge to destroy the internalized fungi (47-49). Collectin-opsonization 
of fungal cells can either decrease or enhance phagocytosis. Enhanced 
phagocytosis could either be favorable or unfavorable for fungal clearance 
depending on the fungus involved. For example, increased phagocytosis by 
macrophages and neutrophils has shown to improve killing of A. fumigatus 
(50). while increased phagocytosis can be favorable for survival of C. 
neoformans and H. capsulatum. Extracellular growth of C. neoformans 
can be inhibited by macrophages while internalized C. neoformans is able 
to survive (51). For H. capsulatum internalization by macrophages allows 
fungal survival while internalization by neutrophils and dendritic cells has 
proven to be fungistatic and fungicidal, respectively (52).
 Interestingly, for Pneumocystis carinii, collectin binding decreases 
phagocytosis. SP-D binding to the 120 kDa mannose-rich glycoprotein 
(GPA) of P. carinii blocks the fungal cell from interacting with macrophage 
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 Table 1: Interaction of fungal ligands with SP-A and SP-D

Fungi Ligand for SP-A Effect Ligand for SP-D Effect

C. albicans
• Sugar moieties 

at cell wall 

(37,101)

• Reduction of 

phagocytosis 

by alveolar 

macrophages

• Moderate increase 

in phagocytosis 

in monocytes and 

neutrophils 

• Down-regulation 

of cytokines 

in alveolar 

macrophages (38)

• Mannose 

• Maltose  (99, 101)

• Inhibition of 

phagocytosis 

by alveolar 

macrophages (100) 

P. Carinii
• Glycosylation 

on Gp-A (54)

• Enhanced 

attachment to rat 

macrophages 

• Increased 

clearance of P. 

carinii infection (54)

• Glycosylation on 

Gp-A  (53)

• Cell wall β-glucans 

(54)

• Fungal aggregation

• Increased binding 

to

• macrophage 

surface 

• Decreased fungal 

internalization (55)

H. capsulatum
• Sugars at the 

cell surface (not 

identified) (102)

• Fungal 

permeabilization

• Sugars at the 

cell surface (not 

identified) 

• Fungal 

permeabilization

A. fumigatus • Mannose

• Maltose (49)

• Enhanced 

phagocytosis 

and killing by 

macrophages and 

neutrophils   (49)

• Mannose

• Maltose 

• Enhanced 

phagocytosis 

and killing by 

macrophages and 

neutrophils

(49)

C. neoformans
? ? • Glucoxylomannan 

(GXM) 

• Sugars at the cell 

surface 

• Aggregation 

of acapsular C. 

neoformans . (103, 

104)
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mannose receptors that are responsible for phagocytosis (53, 54). SP-A also 
binds to GPA of P. carinii but actually enhances its association to alveolar 
macrophages (55). These opposing effects of SP-A and SP-D, observed for 
P. carinii, are hard to explain with the current knowledge and one can only 
speculate about these outcomes.  Two reasons have been proposed; one is 
that SP-A interaction with macrophage receptors may increase phagocytosis, 
counteracting GPA blockage. Another hypothesis suggested by Yong et al. 
is that the tertiary structures of SP-A and SP-D differ so strongly that they 
may promote different outcomes even though binding the same ligand (56).
 
3. Immune modulation
Until now immunomodulatory effects of host defense molecules have 
been strongly underestimated. In the fight against bacterial infections, 
immune modulation by host defense molecules plays an important role and 
it is likely that this also accounts for fungal clearance. A broad range of 
immunomodulatory functions has been described for several of the innate 
defense molecules in the airway surface liquid (ASL).
 Host defense molecules could prepare immune cells for encounters with 
fungi in the healthy lung. A study by Scott et al. shows that LL-37 may 
contribute to the immune response against bacteria by limiting host cell 
damage and increasing phagocyte recruitment to infection sites (57). During 
infection an increase in secretion of several defense molecules is observed. 
Human lactoferrin for example, triggers the transcription of host defense 
peptides by bovine tracheal epithelial cells (58). Host defense molecules 
can increase protection in areas near the infection and additionally attract 
phagocytic cells. For instance, LL-37 secreted by epithelial cells is known 
to act as a chemoattractant for neutrophil recruitment (59). LL-37 produced 
by PMNs has also been suggested to activate the epithelium (60).
 Collectins can induce macrophage actin changes (45, 61), integrin 
induction (62) and increase cellular receptors on phagocytes (63). These 
collectin-induced modifications might be essential for proper phagocyte 
activation. In fact, macrophages alone are not able to clear an A. fumigatus 
infection in an in vitro model of early aspergillosis. In vitro, SP-A can 
downregulate proinflammatory cytokines of alveolar macrophages evoked 
by C. albicans (39). Additionally, SP-A interacts with macrophages affecting 
their response to LPS, and decreases macrophage TNFα production by 
interaction with TLR2 (63, 64). 
 Cell receptors and signaling pathways activated by collectins have 
been studied mainly in macrophages, but they are also known to trigger 
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Figure 1: Interaction of SP-A and SP-D with fungal cells at the lung lining. Aggregation of fungal cells 

by SP-D facilitates fungal clearance through mucociliary movement. Fungal opsonization by SP-A or 

SP-D affects interactions with roaming neutrophils and macrophages affecting phagocytosis and fungal 

killing. Binding of these collectins also affects fungal interaction with the respiratory epithelium. 
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lymphocyte proliferation and leukocyte recruitment (34, 50, 65). SP-D is also 
known to be involved in creating an anti-inflammatory environment at the 
lung. Several cell receptors have been found to be responsible for SP-A and 
SP-D’s role in inflammation. Gardai et al. showed that the CRD domain of 
both collectins bind to the inhibitory signal regulatory protein α (SIRPα) at 
the macrophage surface, while the collagenous domain binds to calreticulin/
CD91 (45). Binding to SIRPα blocks pro-inflammatory responses and 
decreases phagocytosis of apoptotic cells, while binding to calreticulin/
CD91 increases proinflammatory responses, chemotaxis and macrophage 
phagocytosis. Additionally, another pathway for the immunomodulatory 
function of SP-D has been recently described by Olde Nordkamp et al., 
where the collagenous domain of SP-D was found to bind the Leukocyte 
Associated Ig-like Receptor 1 (LAIR-1) at the neutrophil surface, inhibiting 
the production of FcαR-mediated reactive oxygen (66). These examples 
show that there are multiple pathways of immunemodulation in which 
soluble lung effector molecules play an important role and it is likely that 
these only constitute a fraction of all immunomodulatory routes. 

Effects of lung environment on antifungal activities 
Most of the antifungal components and mechanisms described above are 
derived from in vitro studies and, in most cases, have been determined in a 
one to one set-up. For example, the antimicrobial activity of host defense 
peptides such as LL-37 or defensins is determined by incubating fungi with 
the peptide in a specified buffered solution after which the viability of the 
fungi is monitored in time. Although valuable observations can be made 
this way, one should be careful in extrapolating these activities to an in vivo 
situation. The complex composition of the airway surface liquid (ASL), will 
likely affect the activity of individual innate immune effector molecules. 
Several factors can modulate the activity of soluble effector molecules: 1) 
pH, 2) ionic strength, 3) the presence of divalent cations and 4) interactions 
with mucus. 

1. pH
In general, the ASL of a healthy lung is known to have a neutral pH of 6.94 
± 0.03 (66-68) and a decrease in pH can affect the activity of several defense 
molecules (17). This can happen during infection at specific locations 
inside the lung, or during certain diseases such as cystic fibrosis. From 
what is described for bacteria a low pH may reduce the activity of LL-37 by 
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Figure 2: Receptors involved in direct vor collectin mediated recognition of fungi. Left panel shows 

receptors recognizing either the collectin or the CRD domain of SP-A and SP-D. Binding to the 

receptors can either suppress or promote the production of proinflammatory mediators. Right panel 

shows receptors that directly bind polysaccharide motives at the surface of fungal cells. Binding of 

SP-A or SP-D to the fungi could potentially interfere with these interactions.
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perturbing its α-helical conformation and interaction with membranes (67). 
Low pH also decreases HBD-1 secretion by epithelial cells (68), phagocyte 
chemotaxis and ROS production. However, specific effects of pH with 
respect to their antifungal activities have not been described yet (69, 70). On 
the other hand, the calcium-binding properties of SP-D and SP-A are mostly 
retained at pH values as low as 5.0 (34, 71). It is not known, however, 
whether pH changes may affect phagocyte interactions with these collectins, 
(39). If such a low pH could exist locally in a healthy lung is debatable, but 
phagocytic responses might generate acidic microenvironments that could 
reach low pH values.

2. Ionic strength
The activity of most HDPs is based on their high cationic charge and the ASL 
ionic concentration can therefore strongly affect their activities. The major 
component contributing to the ionic strength of the ASL is NaCl, present in 
a concentration of approximately 100 mM at the ASL of the healthy lung 
(72). In vitro, such salt concentrations significantly diminish the direct 
antifungal activity of several host defense peptides including defensins (20, 
21), lysozyme and ALP (12), although the antifungal activity of HBD-3 
appears less sensitive as compared to that of other defensins (21, 73). The 
bacterial killing properties of LL-37 are also affected by the presence of 
salt and it can be speculated that the direct killing of fungi could be affected 
similarly. At ASL ionic strength, a 4-fold reduction of antibacterial activity 
was observed for LL-37 at concentrations normally present at the lung lining 
(27). The high amount of antimicrobials needed to exert adequate antifungal 
killing at physiological ionic concentrations does not correspond with the 
concentrations normally found at the ASL. However, there is evidence that 
at lower than minimum inhibitory concentrations, innate effector molecules 
can still affect fungal growth. Lysozyme, for example, can still decrease 
C. albicans growth, morphology transition and protein production at 
inflammatory concentrations around 400 to 800 μg/ml (8). Additionally, 
lysozyme inhibits C. albicans virulence-related proteins at sub-inhibitory 
concentrations (10 μg/ml) (9). 
 The collectins SP-A and SP-D are also affected by ionic concentrations 
but in opposite ways. While purified SP-A precipitates at physiological salt 
concentrations, SP-D requires physiological salt concentrations to maintain 
its structure and functionality. This could correlate with their localization 
in vivo. Inside the lung, SP-A is mainly forming a complex with surfactant 
lipids whereas most of SP-D locates in the aqueous salt-containing sub-phase 
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(34). The localization of these two collectins could make the difference for 
their availability to bind fungal cells and how they modulate presentation to 
phagocytes. SP-D has shown to be able to bind fungal spores in BALF (74)  
. Nevertheless, a fraction of SPA produced by Clara cells and submucosal 
glands at the conductive airway is not bound to lipids (as it is the case for 
SP-A at the alveoli) and therefore could bind to inhaled microorganisms 
(75). It is unclear though, to what extend SP-A might affect macrophage 
activation.

3. Presence of divalent cations
The presence of divalent cations at the lung lining, such as Mg2+, Fe2+ and 
Ca2+, strongly influences ASL antifungal activity. In vitro concentrations 
of ~5µM Ca2+ or ~25µM Mg2+ are sufficient to abrogate the candidacidal 
activity of defensins, especially HBD-1 and HBD-2 (21). The antifungal 
activity of LL-37 is also decreased by Ca2+ at concentrations as low as 1 µM 
(Ordonez et al.; unpublished data). This is similar to what has been observed 
for its antibacterial activity where the minimum inhibitory concentration of 
LL-37 for E. coli increased tenfold in the presence of 1 mM CaCl2 (73). 
There are also several chelators present at the ASL that sequester divalent 
cations as a defense against pathogenic organisms. Lactoferrin for example, 
is a monomeric multifunctional glycoprotein of 80 kDa secreted by lung 
epithelium and submucosal glands into the ASL. There, lactoferrin is 
found in high concentrations (2, 76). This protein is best known for its 
ability to trap iron ions. According to Ding et al., iron ions are essential 
for fungal virulence (77). In line with these observations, Soukka et al. 
described candidacidal effects of lactoferrin that were dependent on iron 
ion sequestering since Fe3+-saturated lactoferrin completely lost its ability 
to kill C. albicans (78). Transferrin, a siderophore present in the deep lung, 
is also known to limit iron availability, thus inhibiting microbial growth. 
Although this siderophore will chelate ions, several pathogenic bacteria 
such as P. aeruginosa are known for their ability to use them as a source 
of ions (79). Interestingly C. neoformans is also able to use transferrin as a 
source of iron (80).
 
4. Mucus
Mucus is a complex structure mainly composed of highly glycosylated 
proteins called mucins. This structure covers the epithelial surface 
throughout the conductive airways, thereby serving as a barrier against 
inhaled microorganisms. The regulation of mucus secretion by epithelial 
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cells is tightly linked to pH and ionic concentrations at the ASL. To date, 
20 genes coding for mucosal proteins have been described (81). Fourteen of 
these mucins are expressed in the lung as demonstrated by RNA expression, 
with MUC5AC and MUC5B being the most abundant components of the 
respiratory mucus (82). Interaction of mucus with cationic peptides is 
likely to occur since mucins are negatively charged. It is known that LL-37 
and HBD-2 bind mucins in the gastrointestinal tract (83, 84). Mucins are 
highly glycosylated, and this enables their interaction with lectins, such as 
SP-D. Although SP-D is produced mainly in the deep lung, its localization 
in the aqueous phase might enable it to travel throughout the conductive 
tract. Nevertheless, low expression of this protein was also observed at 
the trachea level (35, 85). Whether SP-D interactions with mucus at the 
conductive airway, interferes with SP-D binding to pathogens remains to 
be studied. 

Combined immune defenses against fungal pathogens.
Previously, we have discussed how ASL conditions may affect the interactions 
between antimicrobial molecules and fungal pathogens. It is easy to imagine 
that the concentrations needed for exerting antifungal activity would have 
to be higher than the ones described in in vitro experiments. It can be 
speculated though that in the healthy lung, the concerted action of several 
antimicrobial molecules may help to protect against fungal colonization. 
In this scenario we have to consider synergistic, additive and antagonistic 
activities of the different soluble effector molecules present. 
 In vitro, combined effects have already been described against bacteria, 
but these are less understood for fungi. For bacteria, combinations of 
lactoferrin, lysozyme, ALP and LL-37 appear to be synergistic, while 
combinations with defensins seem to have only an additive effect (86, 87). 
However, it remains to be investigated to what extent these effects occur at 
the ASL with salt concentrations of approximately 100 mM, since Singh et 
al. shows loss of synergism at salt concentrations as low as 45 mM (87). 
Even though combinatorial fungicidal activities between antimicrobials have 
not yet been described, there is some evidence for a synergistic effect with 
antifungal drugs (88, 89). Lactoferrin acts synergistically with amphotericin 
B, 5-fluorocytosine and more strongly with fluconazole against C. albicans 
(90). This synergism seems to be related to the different mechanisms of 
action between fluconazole and lactoferrin. While fluconazole inhibits 
ergosterol synthesis, lactoferrin directly interacts with the membrane making 
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it unstable. The result is a 50% reduction in the concentration of fluconazole 
needed for complete growth inhibition in the presence of lactoferrin. 
 Interactions between surfactant proteins SP-A or SP-D with other 
antimicrobial components of the ASL have been widely overlooked. It 
seems plausible that these collectins can interact with defensins and LL-
37 due to the cationic nature of these peptides (16). The results of these 
interactions could be either positive or negative for fungal clearance. On 
one hand, assuming that interactions are weak enough, SP-A/SP-D-bound 
peptides can be released and bind to fungal membrane targets. On the other 
hand, if binding between these molecules is strong enough, either peptide 
activity or sugar recognition by the surfactant protein could be reduced. In 
this respect, it is worth to mention that while the antiviral activity of SP-D 
is not affected by binding to β-defensins 5 and 6, binding with neutrophil 
defensins 1 and 2 actually leads to decreased antiviral activity of SP-D (16, 
91). This is most likely due to stronger interactions between neutrophil 
defensins and SP-D that interfere with recognition by SP-D of viral target 
proteins. 

Conclusions
Altogether it is clear that physiological conditions at the lung lining may 
strongly contribute to the antifungal activity of soluble effector molecules. 
Most of the direct antifungal activities of host defense peptides are dependent 
on factors such as pH and divalent cation concentrations at the lung lining. 
It is important to realize that interactions among different innate immune 
molecules, and how they interact with host cells, are of major importance 
in controlling fungal intruders. Therefore, it is essential that the antifungal 
activity of innate immune molecules should be tested in more complex 
environments resembling their natural environment in vivo.  
 Several experimental models that mimic the lung surface more closely 
are currently being developed and optimized. The availability of several 
alveolar and bronchiolar epithelial cell lines is aiding in this process (92, 
93). Usage of a cell-based system that includes several relevant immune 
components like salts, mucus and immune cells has become within reach. 
Such a system will provide a good in vitro model to test antifungals in 
a more realistic environment. Hope et al. described a model of the lung 
consisting of a bilayer of epithelial and endothelial cells (94). Surprisingly, 
this study showed that neither the tested antifungal compound, nor the use 
of macrophages could eliminate an A. Fumigatus infection but rather the 
combination of both: an effect not observed in simpler models. 
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 In addition, the emergence of new technologies such as the lung-on-a-
chip system could be of great help to dissect the antifungal mechanisms 
and importance of the innate immune system in vitro under circumstances 
that mimic the human lung (95). This microdevice makes use of endothelial 
and epithelial cells grown on a polymer support that produces a polarized 
cell layer with one side submerged in liquid (blood flow) and the other 
side exposed to air. This setting could help mimic the conditions during a 
fungal infection, especially at later stages where hyphal growth is believed 
to reach the endothelium. Finally, a recent report described the development 
of human lung organoids, resembling the upper airways (96). The use of 
these sophisticated model systems will ultimately lead to a more thorough 
understanding of the innate defense against fungi, and may contribute to 
the development of novel, more effective drugs for the treatment for fungal 
infections in humans.
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Scope of this thesis
Our current knowledge regarding the interactions between lung innate 
immune defense and fungal pathogens is limited. One of the biggest 
limitations is that our knowledge is based on relatively simple in vitro studies 
that, even though useful for understanding specific activities in detail, 
hardly represent the in vivo situation. To obtain a more realistic picture, 
complex systems, where the interactions between different molecules are 
put in context with the environmental factors encountered at the lung lining, 
need to be employed. Furthermore, our current understanding of fungal 
infections is mainly based on information from studies with one or two 
model organisms, ignoring potentially important differences between fungal 
pathogens. In most cases, the observations acquired for one fungal species 
are generalized and translated for others and rarely a comparative study 
is performed in which the immune response against two different fungal 
species is compared. 
 The goal of this thesis is to investigate the antifungal properties of two 
important innate immune effector molecules: the collectin surfactant protein 
D (SP-D) and the antimicrobial peptide LL-37 against the fungal pathogens 
C. albicans and A. fumigatus. First, we investigate their mechanisms of 
action against fungi in a relatively simple in vitro model. Then, we move to 
a more complex system where the environmental factors of the lung lining 
are taken into account. This system consists of Calu-3 cells grown in an air/
liquid interphase, which allows them to polarize and secrete mucins on their 
apical (air exposed) surface, which produces an environment similar to the 
lung lining. Finally, the antifungal activity of neutrophils in this system is 
also studied. 
 As a start, the fungicidal mechanisms of action of two cathelicidins; 
human cathelicidin LL-37 and chicken cathelicidin CATH-2 were compared 
with that of the fungicidal peptide Hst5 (Chapter 2). In this study we used C. 
albicans as the model organism, and the effects of these three peptides were 
mainly obtained from live imaging experiments using fluorescently labeled 
peptides. The results showed that even though membrane destabilization 
appeared to be the most prominent antifungal property of cathelicidins, 
the importance of internal targets also have to be also taken into account. 
Additionally, internalization of cathelicidins at concentrations lower 
than minimum fungicidal concentration could already exert an effect that 
rendered the fungi vulnerable to immunological attack.
 In Chapter 3 the interactions between SP-D and two well-characterized 
fungal pathogens: C. albicans and A. fumigatus are described. In this chapter 
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results are presented about how the activities of LL-37 and SP-D change 
when they are both present in the same location. The results obtained showed 
that SP-D bound differently to C. albicans and A. fumigatus surfaces and 
that addition of LL-37 did not block this binding. Additionally, the effect of 
EDTA in SP-D preparations is also described.
 Next we investigated the antifungal properties of SP-D and LL-37 within a 
more complex setting that mimics the conditions at the pulmonary epithelial 
surface (Chapter 4). Calu-3 cells were used to produce an environment that 
closely mimics the lung lining of the conductive respiratory tract. With this 
system the localization of SP-D and LL-37 and their antifungal activities 
were tested against C. albicans and A. fumigatus. Interestingly, LL-37 
bound predominantly to the mucin layer and did not relocalize to the surface 
of C. albicans in this complex environment, contrary to when A. fumigatus 
was present which quickly attracted LL-37 to its surface. Even though SP-D 
had a significant effect blocking adhesion of fungi to the epithelium, neither 
SP-D or LL-37 nor the combination of both was able to clear the infection. 
To test these molecules further, fungal clearance by neutrophils was also 
studied using the Calu-3 epithelial system as the arena. In this setting the 
combination of SP-D and neutrophils cleared most of C. albicans or A. 
fumigatus at the epithelial surface.  
 The degree of success of our innate immune defenses also depends on the 
type of fungus. Previous chapters focused on how SP-D and LL-37 affect 
two very different fungal pathogens: C. albicans and A. fumigatus. To show 
that fungal differences even within a genus could skew the outcome during 
infection, two Aspergillus species: A. niger and A. fumigatus were compared 
during infection (Chapter 5). Differences between them during adhesion, 
internalization, germination, and outgrowth of conidia were studied, mainly 
using A549 cells. Finally, this thesis provides a comprehensive summary of 
results and conclusions (Chapter 6). 
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Abstract
Antifungal mechanisms of action of two cathelicidins, chicken CATH-2 and 
human LL-37, were studied and compared with the mode of action of the 
salivary peptide histatin 5 (Hst5). Candida albicans was used as a model 
organism for fungal pathogens. Analysis by live-cell imaging showed that 
the peptides kill C. albicans rapidly. CATH-2 is the most active peptide 
and kills C. albicans within 5 min. Both cathelicidins induce cell membrane 
permeabilization and simultaneous vacuolar expansion. Mini- mal fungicidal 
concentrations (MFC) are in the same order of magnitude for all three peptides, 
but the mechanisms of antifungal activity are very different. The activity of 
cathelicidins is independent of the energy status of the fungal cell, unlike Hst5 
activity. Live-cell imaging using fluorescently labeled peptides showed that 
both CATH-2 and LL-37 quickly localize to the C. albicans cell membrane, 
while Hst5 was mainly directed to the fungal vacuole. Small amounts of 
cathelicidins internalize at sub-MFCs, suggesting that intracellular activities 
of the peptide could contribute to the antifungal activity. Analysis by flow 
cytometry indicated that CATH-2 significantly decreases C. albicans cell 
size. Finally, electron microscopy showed that CATH-2 affects the in- tegrity 
of the cell membrane and nuclear envelope. It is concluded that the general 
mechanisms of action of both cathelicidins are partially similar (but very 
different from that of Hst5). CATH-2 has unique features and possesses 
antifungal potential supe- rior to that of LL-37.
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Introduction
Antimicrobial peptides (AMPs) are host defense molecules that are widely 
used by a plethora of organisms. These molecules comprise the first line 
of defense against a broad range of micro- organisms, including bacteria, 
fungi, and even enveloped viruses (1). The antimicrobial activity of AMPs 
and especially their inter- actions with membrane components have almost 
exclusively been studied using either liposomes or bacteria. From these 
studies three models of peptide-membrane interactions have been pro- 
posed (2). In addition, interaction of peptides with intracellular components 
is thought to constitute an important antimicrobial mode of action. For 
example, buforin II and tachyplesin have been shown to interact with bacterial 
DNA (3, 4). Evidence of effects on cellular processes has also been described, 
e.g., inhibition of pro- tein synthesis by PR-39 and inhibition of enzymatic 
activity in Leishmania spp. by histatin 5 (Hst5) (5–7).
 In contrast to the effects on bacteria, the antifungal mode of action of 
AMPs has been less studied. The different structure and composition of 
fungal cell walls and membranes compared to those of bacteria suggest that 
peptides may exert a different mode of action against these microorganisms. 
Fungal cell membranes contain more zwitterionic phospholipids and sterols, 
especially in the outer leaflet of the membrane. These lipids make fungal 
membranes less negatively charged than those of bacteria (8). Cell wall 
thickness and composition also differ between these organisms. Yeast cell 
walls contain different polysaccharides such as chitin, β1,3-glucan, and β 
1,6-glucan, and their thickness ranges from 100 to 200 nm (9). Bacterial cell 
walls have a thickness from 20 to 80 nm.
 One major group of AMPs is the family of cathelicidins. This is a group of 
highly variable peptides that share a domain known as the cathelin domain 
at the middle region of the pre-pro-peptide. The carboxy-terminal domain is 
cleaved to produce a peptide with antimicrobial activity. The active peptides 
can differ completely in sequence, length, and function between molecules 
and between species (10). Such variability may well translate into different 
mechanisms of action of these peptides.
 Until now two well-known peptides (LL-37 and Hst5) have been studied 
for their fungicidal mechanisms against medically relevant fungi. LL-37, 
the only known cathelicidin peptide pro- duced in humans, is known to have 
fungicidal activity against Aspergillus spp. and Candida albicans (11–13). 
Structurally, LL-37 is amphipathic and has an a-helical conformation with 
a net positive charge. Its activity at the C. albicans cell membrane has been 
studied by den Hertog and coworkers (11), who found that LL-37 targeted 
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the membrane and caused its complete disruption. In contrast, Hst5, a well-
described fungicidal salivary peptide from the histatin family, needs to 
translocate to the cytosol in order to exert its function (14).
 Chicken cathelicidin-2 (CATH-2), one of the four cathelicidins produced 
by chickens, is a potent antimicrobial peptide (15), but its antifungal activity 
has not yet been described. Interestingly, the processed peptide does not have 
any sequence homology with LL-37, and even though both peptides possess 
an amphipathic a-helical structure, CATH-2 has a pronounced kink due to a 
pro- line residue, which divides the peptide into two a-helical segments. In 
this study the mechanisms of action against the model organism C. albicans 
of both human cathelicidin LL-37 and chicken cathelicidin CATH-2 were 
compared with that of the fungicidal peptide Hst5 using live-cell imaging.

Materials and Methods

C. albicans strain and growth conditions 
Cultures of C. albicans (ATCC 10231) were grown from a frozen glycerol 
stock in yeast malt (YM; Sigma- Aldrich; Y3752) agar plates. For all 
experiments, yeasts were cultured at 30 °C in 10 ml YM broth until mid-
log phase was reached. Cells were washed twice in 5 mM HEPES buffer, 
pH 7.4. Growth was determined by measuring optical density (OD) at 620 
nm and set to 2 X 106 CFU/ml in the same buffer. For minimal fungicidal 
concentration (MFC) experiments, initial cell density was additionally 
checked by plating 10-fold dilutions in minimal YM medium.

Peptide production and labeling
Histatin 5 (Hst5), LL-37, and CATH-2 were synthesized and purified as 
previously described (16–18) (Table 1). Briefly, peptides were synthesized 
by solid-phase synthesis using 9-fluorenylmethoxy carbonyl (Fmoc) 
chemistry on a Syro peptide synthesizer (MultiSyntech, Bochum, Germany). 
Purification of the pep- tides was performed by reversed-phase high-
pressure liquid chromatography (HPLC) on a C18 column (Alltech Alltima, 
Deerfield, IL). Elution of the peptides was done using a linear gradient of 5 
to 80% acetonitrile in 0.01% (wt/vol) trifluoroacetic acid. Characterization 
of the purified pep- tides was done as previously described (19). Purity 
was >98%. Fluorescent labels, fluorescein isothiocyanate (FITC) with an 
emission maximum of 594 nm (Molecular Probes, Life Technologies, United 
States) or tetramethylrhodamine (TAMRA) with an emission maximum 
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of 583 nm (Novabiochem, Merck Chemical Ltd., United Kingdom), were 
added during peptide synthesis at the N terminus.

MFC assay
The MFCs of the three peptides were assessed by colony count assays, as 
previously described (20), with few modifications. Briefly, 25 µl of a 2 X 
106-CFU/ml cell suspension, in HEPES buffer (pH 7.4), was incubated for3h 
at 37 °C with an equal volume of peptide (0 to 40 µM). Tenfold dilutions 
in minimal YM medium (1:1,000 dilution of YM in HEPES buffer, pH 7.4) 
were plated onto YM agar plates and incubated overnight at 37 °C. Finally, 
colonies of surviving yeast were counted. In order to achieve ATP depletion 
in some of the experiments, C. albicans cells were incubated with 5 mM 
sodium azide before peptide exposure.

ATP release assay 
ATP released by the cells during peptide exposure was measured using the 
ATP determination kit (A22066) from Molecular Probes (Life Sciences, 
Bleiswijk, The Netherlands). Briefly, a 2 X 106- CFU/ml cell suspension 
in HEPES buffer (pH 7.4) was incubated with 0.5, 2.5, and 7.5 µM 
concentrations of each of the three peptides for 5 and 60 min. Samples were 
centrifuged for 1 min at 1,200 g, and the supernatant was stored on ice for 
ATP determination as described by the manufacturer. ATP concentrations in 
the medium without the use of peptides were checked and were below 10 
nM (data not shown).

Table 1 Peptide Sequence and molecular characteristics

Peptide Sequence Lengtha Charge (H)b µHc

CATH-2 RFGRFLRKIRRFRPKVTITIQGSARF-NH2 26 +10 -1.30 0.33

LL-37 LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES 37 +6 -3.48 0.35

Hst5 DSHAKRHHGYKRKFHEKHHSHRGY 24 +5 -4.68 0.09

a Length is measured by the number of amino acids. 
b Global hydrophobicity as a mean per residue value.
c The amphipathicity was determined as the mean hydrophobic moments as described by (15) using a consensus 

hydrophobicity scale (16)
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Real-time tracking of CATH-2, LL-37, and Hst5 during C. albicans 
killing
Live-cell imaging experiments were performed as previously described by 
Jang and coworkers (21) with some modifications. For all experiments, 
35-mm culture dishes (FluoroDish; WPI, Sarasota, FL) were coated with 
concanavalin (Sigma-Aldrich; L7647) at a concentration of 1 mg/ml solution 
in water, after which 100 µl of a 2 X 106-CFU/ml C. albicans cell suspension 
in HEPES buffer (pH 7.4) was added. Addition of the peptide was done in 
50 µl of the buffer containing the specific peptide plus propidium iodide 
(PI) (Sigma-Aldrich; P4170). The final concentration of PI was 5 µg/ml, 
while peptide concentrations varied depending on the experiment. In order 
to investigate the effect of energy depletion on peptide-induced killing, 
sodium azide (5 mM) was added for 30 min at 30 °C before addition of the 
peptide. In some experiments trypan blue (Sigma-Aldrich; T6146) was used 
for quenching noninternalized FITC- labeled peptides.
 Confocal images were acquired with a Leica SPE-II at the Center for 
Cell Imaging (CCI), Utrecht University, using 100X/1.4-numerical aperture 
objectives. A 488-nm argon laser and a 561-nm diode-pumped solid- state 
(DPSS) laser were used for simultaneous detection of FITC-labeled peptides 
and PI, respectively. Additionally, TAMRA-labeled CATH-2 was measured 
with a 561-nm DPSS laser. ImageJ/Fiji software was used for data analysis; 
graphs depicting fluorescence versus vacuolar diameter were made using 
kymographs as described at the Fiji Web page http://fiji.sc/wiki/index.php/
Generate_and_exploit_Kymographs.

Cell size reduction by peptide treatment 
The effects of CATH-2, LL-37, and Hst5 on C. albicans cell size at minimal 
fungicidal concentrations were measured by both confocal imaging using 
ImageJ software and flow cytometry. For confocal images, cells were 
measured before and after 15 min of incubation with the peptide. Statistical 
analysis was performed using one-way analysis of variance (ANOVA) and 
Dunnett’s multiple- comparison tests. For flow cytometry measurements a 
BD FACS Calibur machine was used. Comparisons between forward scatter 
(FSC) and side scatter (SSC) of treated cells and control cells were analyzed 
by the chi- square test using FlowJo software.
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Electron microscopy
Log phase yeast cultures were resuspended to a cell density of 1 X 108 CFU/
ml in HEPES buffer, pH 7.4, and treated for 60 min with CATH-2, LL-37, 
and Hst5 at the MFCs for this cell density: 20 µM, 30 µM, and 20 µM, 
respectively. Cells were prepared for electron microscopy by permanganate 
fixation (22). Briefly, cells were washed once with water, resuspended in 
ice-cold 1.5% KMnO4, and incubated overnight at 4 °C while being gently 
shaken. Subsequently, cells were de- hydrated in increasing concentrations 
of acetone to be later submerged in 33% Spurr’s resin for1h at room 
temperature with gentle mixing. Finally,cells were embedded in 100% 
Spurr’s resin, left overnight at room temperature (RT), and then embedded 
in newly made resin. Samples were heated to 70 °C for 2 days to polymerize 
the resin. Cut sections of 60 nm were stained with uranyl acetate using a 
Leica EM AC20 system. Imaging was done using a FEI Tecnai 12 electron 
microscope at 80 kV. Cells were selected randomly at low magnification 
and zoomed to observe changes in membrane structures. For each parameter 
at least 30 cells were included in the analysis.

Results

Candidacidal activity of CATH-2 
The candidacidal activities of CATH-2, LL-37, and Hst5 were determined 
by colony count as- says (Fig. 1). These assays showed a 1,000-fold 
reduction in viable yeast cells at 1.25 µM CATH-2 and complete killing 
of all C. albicans cells at 2.5 µM (MFC). Hst5 exhibited candidacidal 
activity similar to that of CATH-2, having an MFC of 5 µM. LL-37 had a 
slightly higher MFC of 10 µM under these experimental conditions. For 
live-cell imaging experiments, the MFCs were used, but not for Hst5. For 

Figure 1: Candidacidal activity of CATH-2 (A), LL-37 (B) and Hst5 (C). The minimum fungicidal 

concentrations (MFC) were assessed by colony count assays. Shown are the averages and standard 

errors of the means (SEM) of four independent experiments.
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this peptide, a concentration of 5 µM was used in order to observe killing 
kinetics at a slower pace.

Peptides cause vacuolar expansion and PI influx 
In order to compare the killing kinetics of the three AMPs, confocal live-
cell images using FITC-labeled or unlabeled peptides and propidium iodide 
(PI) as a permeability indicator were recorded. Labeling of peptides did not 
have an effect on MFC values (see Fig. S1 in the supplemental material). 
Several initial effects were observed after peptide addition (Fig. 2). For 
CATH-2 a small increase in intra-cellular localization of PI, indicative of 
membrane permeabilization, was observed at the MFC (2.5 µM) within 2 
min of contact. Subsequently, the central vacuole of C. albicans expanded 
(Fig. 2 differential interference contrast [DIC] images), and a 200-fold 
increase in PI intensity throughout the cytosol was observed. Intensity 
measurements of PI influx relative to vacuolar increase showed that both 
processes occurred simultaneously and seemed to be linked (Fig. 2A). 
 During this process cells shrank considerably, especially after the central 
vacuole imploded (see Movie S1 in the supplemental material). To analyze 
this decrease in cell size, we measured cell area before and after 15 min 
of incubation with peptides when cells were already permeable to PI. A 
significant decrease of 20% in cell area was observed for CATH-2-treated 
fungal cells (see Fig. S2). To better quantify these differences, samples 
were analyzed by flow cytometry, where sizes (FSC) and cell complexities 
(SSC) were compared. These experiments indicated that CATH-2 treatment 
produced a significant decrease in cell size and cell complexity (P < 0.001) 
(Fig. 3).
 Exposing C. albicans to a higher concentration of CATH-2 (7.5 µM) 
resulted in a similar order of events, although PI influx and vacuolar 
expansion occurred faster, while sub-MFC CATH-2 concentrations resulted 
in a reduced number of cells showing the described effects. Similar to CATH-
2 treatment, treatment of C. albicans with 10 µM LL-37 and 2.5 µM Hst5 
(MFC values) triggered PI influx at around 450 and 540 s, respectively. This 
event was also coupled to vacuolar expansion (Fig. 2B and C), as observed 
for CATH-2; however, no decrease in cell size was observed with either cell 
area or flow cytometry measurements (Fig. 3).

CATH-2-induced ATP release is immediate after contact 
The observed effects of vacuolar expansion and PI influx indicate that 
membrane permeabilization is a major factor in the candidacidal mechanism, 
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in agreement with a previous report (11). To increase our understanding of 
this matter, peptide induced ATP leakage was determined 5 and 60 min after 
addition (Fig. 4). Interestingly, at the MFC CATH-2 triggered ATP release 
soon after contact and this release did not increase after 60 min of exposure. 
In contrast, sub-MFC concentrations show an increase in ATP release only 
after 60 min of exposure. Furthermore, lower ATP levels were measured 
when higher peptide concentrations were used. For LL-37 the profile 
observed was similar to that for CATH-2 with the exception that high and 



44

2

Figure 3: CATH-2 induced cell shrinkage. C. albicans size and morphology changes were measured 

by flow cytometry after 15 min of incubation with: CATH-2 (A), LL-37 (B) and Hst5 (C) at MFC. 

CATH-2 was the only peptide that affected cell size (FSC) and granularity (SSC) of C. albicans after 

treatment P< 0.001.

immediate ATP releases were observed at 2.5 µM, which is 2-fold lower 
than the MFC, while at the MFC (5 to 10 µM) a decrease in ATP release is 
observed. These observations differ from those for Hst5, where re- leased ATP 
increased in time and was directly related to the pep- tide concentration used.

Localization of CATH-2, LL-37, and Hst5 during C. albicans killing
FITC-labeled CATH-2 (at MFC of 2.5 µM) localized to the cell surface 
immediately after addition, with more-intense staining at the cell poles 
(Fig. 5). Surface fluorescence intensity increased 200-fold in a few 
seconds and decreased significantly over the first minutes, which cannot be 
explained by a rapid internalization of CATH-2. At MFCs, almost no cells 
showed vacuolar collapse before 30 min and no intracellular CATH-2 was 
observed. Only after quenching of extracellular fluorescent CATH-2 was 
the internalized peptide faintly visible in specific sites inside the cell (Fig. 
6). Similar effects were shown when TAMRA-labeled CATH-2 was used, 
proving that peptide labeling was not interfering with localization.
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(averages and SEM of three independent experiments performed in duplicate) at 5 and 60 min after 

contact with each peptide. While cathelicidins (A and B) induce a sudden release of ATP at MFC, the 

effect of Hst5 (C) is gradual over time and proportional to the peptide concentration used.

Figure 5: Localization of FITC-labeled peptides. (Left) Montage pictures of confocal live-cell imaging movies 

depicting FITC-labeled pe FIG 6 Quenching of surface FITC-labeled peptide. CATH-2 (A) and LL-37 (B) were added 

at MFC. Immediately after adding trypan blue was added, the surface signal was blocked and by increasing 6 fold the 

laser intensity (right panels) it was possible to visualize the internalized peptide. ptides. Bars, 5 μM. (Middle) Plots for 

membrane and cytosol fluorescence vs. vacuolar expansion of each representative cell. (Right)Three-dimnsional plot 

of each cell after: 90 s (CATH-2), 180 s (LL-37) and 360 s (Hst5). The color gradient indicates changes in intensity, 

showing sites where peptide concentration is the highest in red color. 
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At concentrations 3 times greater than the MFC, approximately 90% of 
cells suffered vacuolar collapse after 20 min of imaging, and soon after 
cytosolic CATH-2 was visible (see Movie S1 in the supplemental material). 
Localization after entry was mainly seen in patches near the membrane 
(especially near the cell poles). Furthermore, it was possible to follow 
peptide entry through one of the poles in a few cells (see Movie S2), 
although it could not be determined whether these were isolated events or 
reflect the general mechanism of peptide entry. Similar experiments using 
FITC-labeled LL-37 showed that this peptide followed the same steps and 
localized similarly to CATH-2 during peptide entry. However, localization 
of Hst5 greatly differed from that of CATH-2 and LL-37. At MFCs, Hst5 
localization at the cell surface increased gradually, and at the same time a 
similar increase in the cytosol and vacuole was observed (Fig. 5C).

CATH-2 and LL-37 candidacidal activities are not affected by 
sodium azide 
The candidacidal activities of CATH-2 and LL-37 were not dependent on the 
energy status of the cells. In contrast, the activity of Hst5 was completely 
inhibited by azide, a poison that reduces ATP levels of the cells (Fig. 7). 
To study the mechanism in more detail, cells were observed by confocal 
live-cell imaging. In the presence of azide, CATH-2 still permeabilized the 
cells and induced vacuolar expansion, similar to the effects in the absence 
of azide. Distribution and internalization of CATH-2 did not alter after 
azide treatment (Fig. 8). In contrast, PI influx in Hst5-treated cells was 
completely inhibited by azide and no pep- tide localized inside the vacuole 
or in the cytosol.

Electron microscopy reveals that CATH-2, LL-37, and Hst5 have 
distinct effects on C. albicans at MFC 
Analysis by transmission electron microscopy (TEM) of C. albicans 
treated with each of the three peptides showed CATH-2 to have the most 
pronounced effects on membranes. The clearest effect produced by CATH-
2 was detachment of the plasma membrane (PM) from the cell wall and the 
formation of pockets close to the cell poles (Fig. 9B). In other cases it was 
possible to observe breakage of extended areas of the cell membrane and 
areas with thicker membrane portions. Internally, the nuclear membrane 
was clearly disrupted in almost all cells, but mitochondria did not seem to 
be affected. In addition to the membrane effect, cell wall integrity was also 
affected, as shown by detachment of the cellular wall.
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Figure 6: Quenching of surface FITC-labeled peptide. CATH-2 (A) and LL-37 (B) were added at MFC. Immediately 

after adding trypan blue was added, the surface signal was blocked and by increasing 6 fold the laser intensity (right 

panels) it was possible to visualize the internalized peptide.

Figure 7: Effect of azide on the MFC of CATH-2 (A), LL-37 (B) and Hst5 (C).  Results are shown as 

the means and SEM of three separate experiments. Hst5 activity is significantly affected by sodium 

azide.

For LL-37 the effects observed were less clear (Fig. 9C). Some cells 
presented membrane detachment similar to what was seen for CATH-2, but 
cell wall and internal membranes were not visibly disrupted. No effects of 
Hst5 were visible by electron micros- copy, neither effects on membranes 
nor changes on the cell wall (Fig. 9D).
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Discussion
In the present study the antifungal mechanisms of two cathelicidins were 
compared to that of Hst5, a well-known candidacidal peptide. Although all 
three peptides have comparable cationic and amphipathic features, there are 
also notable differences between them. No apparent sequence homology 
between the three pep- tides is present, and LL-37 is also significantly 
bigger than CATH-2 and Hst5. Structurally, LL-37 and Hst5 form a close-
to- the middle of the helix (19, 23).
 One of the clearest phenomena for all three peptide treatments was 
the increase in vacuolar size. As described by Jang and co- workers (21), 
vacuolar resizing is related to osmotic stress and likely reflects leakage 
of cytosolic ions. The simultaneous influx of PI supports this hypothesis. 
Contrary to what we observed, the study by Jang et al. showed that PI entry 
happens after vacuolar expansion. This difference in the sequence of events 
might be attributed to differences in the peptide concentrations used. In this 
study we used the MFC or concentrations close to the MFC, while 10-fold 
higher concentrations were used in the above-mentioned study.

Figure 9: Peptide-induced morphological changes observed by TEM. Shown are TEM pictures from 

representative cells for each peptide treatment and control.  (A-A’’) Control; (B-B’’) CATH-2; (C-

C’) LL-37; (D-D’) Hst5. CATH-2 induced detachment of the plasma membrane (PM) from the cell 

wall (CW) and disruption of nuclear envelope. LL-37 produces similar membrane effects but in lesser 

extent, while Hst5 had no observable effects on cell membranes. M, mitochondria; N, nuclei; V, 

Vacuole; ER, endoplasmic reticulum.
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After the initial cytosolic influx of PI, its concentration in- creases about 
200-fold when the vacuole stops expanding. The increase in fluorescence 
can be related to a decrease in cytosolic volume due to vacuolar expansion 
and an increase in permeabilization due to membrane disruption by the 
peptide. In parallel to PI efflux, loss of ions occurs as early as 5 min after 
peptide contact. Interestingly, both cathelicidins induce ATP release rapidly 
at low concentrations, but this was no longer measurable at high peptide 
concentrations, contrary to what is seen for Hst5. The decrease in measurable 
ATP at high cathelicidin concentrations suggests rapid degradation of ATP 
by enzymes released in the medium due to membrane damage. If this is the 
case, lower concentrations might induce transient permeabilization, while 
high concentrations might allow gross disruption of the membranes, leading 
to enzyme leakage and rapid cell death.
 It was also interesting to observe, in parallel to the permeabilization 
effects, a loss in cell volume during killing by CATH-2, which did not 
occur with the other two peptides (Fig. 3). Barns and Weisshaar described a 
similar effect in the Gram-positive bacterium Bacillus subtilis if exposed to 
concentrations higher than MICs of LL-37 (24). In their study loss of turgor 
and possibly loss of transmembrane potential were the likely causes of cell 
shrink- age, an effect from which the cells could not recover. It is possible 
that CATH-2-induced cell shrinkage has similar causes. This observation 
is in line with our results, obtained by transmission electron microscopy 
and by flow cytometry, that showed shrinkage of the cell membrane and its 
detachment from the cell wall.
 It is still unclear whether, apart from the effects of cathelicidins on 
membranes during killing, binding to intracellular targets is part of their 
antimicrobial activity. For LL-37 and CATH-2, the strong membrane 
staining during the killing process would suggest that direct membrane 
permeabilization is the main mechanism of their action. However, it is 
clear from our experiments that small amounts of peptides are present 
intracellularly, even before PI influx and vacuolar expansion take place. If 
that is the case, the actual transportation of peptides across the membrane 
would be an energy-independent process, since the addition of azide did 
not prevent their candidacidal activity. It is possible that a relatively high 
concentration of peptides at the membrane is required for the peptides to 
traverse the cell boundaries. Intracellular localization of peptides increased 
drastically after C. albicans vacuolar implosion (see Movie S3 in the 
supplemental material), but this could be a secondary effect and not the cause 
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of killing. In line with this notion, intracellular targets for the antibacterial 
activity of LL-37 have been described, while it was still localized mainly 
at the membrane (25). The mechanism of the candidacidal action of Hst5 
has been studied in detail (21). Its effect is attributed to several changes in 
the cell due to the lack of internal ATP (26, 27), though in order to produce 
these changes Hst5 needs to translocate to the cytosol of the cell. Indeed, 
we found that the effect of Hst5 but not that of the cathelicidins can be 
blocked by sodium azide, which inhibits ATP-dependent internalization 
pathways and also possibly rigidifies the cellular membrane due to actin 
depolymerization (26).
 Differences in the cell surface of the yeast C. albicans compared to that of 
bacteria do not seem to affect the mechanism of action of cathelicidins. Both 
in the yeast and in bacteria the membrane was the main target. Furthermore, 
LL-37 and CATH-2 are active at concentrations similar to those we used 
in this study against several bacteria (25, 28, 29). In contrast, mammalian 
cells seem to differ enough to avoid the cytotoxic effects due to membrane 
permeabilization of CATH-2 (28, 30). Differences in phospholipid 
composition and sterol subtypes (cholesterol versus ergosterol) between 
mammalian and fungal membranes or the overall negative charge could be 
the cause of this selectivity (8).
 Our results indicate that, even though membrane destabilization seems to 
be the most prominent effect of the candidacidal activities of cathelicidins, 
the importance of internal targets for cathelicidins cannot be ruled out yet. The 
rapid onset of effects on internal membranes at the MFC suggests additional 
mechanisms of action of cathelicidins. The internalization of cathelicidins 
at low concentrations that do not induce membrane permeabilization is in 
line with this notion. It may very well be possible that the concentrations of 
cathelicidins do not need to reach the MFC to exert an effect that renders the 
organisms vulnerable to immunological attack.
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2 (green fluorescence) and PI (red fluorescence). Live-cell imaging was done with 5 μM peptide.

Movie S2: entry of FITC-labeled CATH-2 (green) through one of the cell poles of a C. albicans cell. 
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Figure S2: CATH-2 decreases C. albicans cell area after treatment. Depicted in the graph is the mean 

and SEM of the area reduction, obtained measuring the cell area before and after peptide treatment for 

more than 20 cells for each peptide. CATH-2 shows significant (P < 0.001) area reduction compared 

to LL-37 and Hst5.

Figure S1: Candidacidal activities of CATH-2 and LL-37 are not affected by FITC or TAMRA labeling. 

The minimum fungicidal concentrations (MFC) were assessed by colony count assays. A) CATH-2, B) 

LL-37. Shown are the average and SEM of two independent experiments

Supplemental figures:
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Abstract 
In this chapter, the interactions between human surfactant protein D (SP-
D) oligomeric, trimeric and the carbohydrate recognition domain (CRD) 
structures are described from experiments in vitro carried out against two 
fungal pathogens: Candida albicans and Aspergillus fumigatus. The first 
observations with SP-D preparations showed that EDTA, present in the 
storage buffer, had a strong inhibitory effect against C. albicans hyphal 
growth. This effect was independent of the Ca2+ chelating property of 
EDTA. SP-D fractions bound C. albicans yeast and hyphae structures in a 
strictly Ca2+-dependent manner. Interestingly, SP-D binding to A. fumigatus 
conidia and hyphae was only partially calcium-dependent. Addition of LL-
37, an antimicrobial peptide that is usually present at the lung lining, did 
not affect the binding of SP-D to both fungi.  LL-37’s candidacidal activity 
was additively increased when SP-D was added. These observations are 
important for our understanding of the interactions between SP-D and 
fungal pathogens. The following step is to study SP-D as well as LL-37 in 
a more complex system that mimics the lung lining. This topic is the focus 
of the next chapter. 
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Introduction
Fungal pathogens can cause life-threatening respiratory infections in 
immune-compromised individuals. Two well-studied organisms capable of 
causing such opportunistic infections are Candida albicans and Aspergillus 
fumigatus. C. albicans yeasts are commonly found as commensals of 
mucosal surfaces but can cause opportunistic infections during immune 
suppression as is the case for patients that receive treatment against AIDS 
(1). Although infection of the airways by C. albicans is rare, it is a risk 
for mechanically ventilated patients. A. fumigatus, another well-studied 
opportunistic pathogen, is the major cause of pneumonia in immune-
compromised patients, often leading to disseminated infections. 
 Surfactant protein D (SP-D), an important pulmonary innate immune 
protein present throughout the lung lining, is able to bind C. albicans and 
A. fumigatus in vitro (2, 3). SP-D belongs to the family of the so-called 
‘collectins’, multimeric glycoproteins that are characterized by the presence 
of a C-terminal Ca2+-dependent carbohydrate recognition domain (CRD), 
a neck region, and an N-terminal collagen-like domain in their polypeptide 
chain. Several publications have described the structure and processing of 
SP-D in detail (4, 5). SP-D is mainly secreted as a large dodecameric or 
higher order oligomeric structure and to a lesser extent as a trimeric subunit 
structure. Binding of oligomeric SP-D to the surface of C. albicans and A. 
fumigatus has been described previously and has been shown to be strictly 
calcium-dependent, indicating that polysaccharides at the fungal surface 
serve as ligands for SP-D (6, 7). 
 Several fungal surface components can be recognized by SP-D and have 
been described in detail by Brummer et al. (8). Briefly, carbohydrate binding 
by SP-D is not restricted to a single polysaccharide structure and therefore it 
is able to bind different fungal surface components. Binding by oligomeric 
SP-D can result in aggregation of fungal cells (6, 7). It is hypothesized that 
fungal aggregation can facilitate efficient removal of fungal particles, either 
by mucociliary clearance or by phagocytosis although this remains to be 
proven in animal models. 
 Binding of SP-D to fungal cells may also result in the modulation of 
the activity of immune cells and will vary depending on the type of 
fungi. Binding of SP-D to C. albicans yeast decreases phagocytosis by 
macrophages (7), in contrast with binding of SP-D to A. fumigatus conidia, 
which results in increased phagocytosis and killing by macrophages and 
neutrophils (6). These contrasting outcomes are difficult to explain with our 



60

3

current knowledge. Moreover, the few studies that have been published do 
not consider interactions between SP-D and other soluble innate defense 
molecules.  These are likely to occur at the lung lining, affecting the outcome 
during a fungal infection. Two studies describing the interaction between 
SP-D, neutrophil defensins, β-defensins and the cathelicidin LL-37 during 
viral infections have been done. Neutrophil defensins block SP-D antiviral 
activity by binding to its CRD domain. β-defensins and the cathelicidin LL-
37 however, do not interact simultaneously with SP-D. This allows SP-D to 
bind viral particles and LL-37 to exert its antiviral activity, resulting in an 
additive antiviral effect (9-11).  
 In this chapter the interactions between SP-D and the two fungal 
pathogens C. albicans and A. fumigatus are described. Since the morphology 
of these fungi changes during infection, binding of SP-D to C. albicans was 
examined for both yeast and hyphal morphologies. Also for A. fumigatus, 
SP-D binding to resting conidia as well as to germtubes was studied. The 
state of oligomerization (CRD, trimers, or oligomers) and Ca2+ -dependency 
of SP-D binding was also investigated for both fungi. Finally, we measured 
the antifungal effect of combining the antimicrobial peptide LL-37 and 
SP-D against C. albicans and A. fumigatus.

Materials and Methods

Strains C. albicans and A. fumigatus
Wild type A. fumigatus (AF 293) was grown on potato dextrose agar (PDA) 
plate 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 after counting the conidia with a Bürker chamber. 
C. albicans (CAI-4) was grown on yeast malt (YM; Sigma- Aldrich; Y3752) 
agar plates. For all experiments yeasts were cultured at 30 °C in 10 ml 
YM broth overnight (lag phase). Cells were washed twice in 5 mM HEPES 
buffer pH 7.4 supplemented with 5 mM CaCl2 and 150 mM NaCl. Growth 
was determined by measuring optical density (OD) at 620 nm and diluted 
to 2*106 CFU/ml in the same buffer. For minimal fungicidal concentration 
(MFC) experiments, initial cell density was also checked by plating 10-fold 
dilutions in minimal YM broth (1:1.000 dilution of YM in HEPES buffer, 
pH 7.4) from SIGMA (St. Louis, MO, USA).
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SP-D expression, purification and labeling
Recombinant human surfactant protein D was expressed in HEK293 cells, 
as previously described (12). Fractionation of mannan affinity purified 
SP-D into oligomeric and trimeric structures was performed by gel filtration 
using an ÄKTA purifier10 system, equipped with a Hiload 16/60 Superdex 
200 PREP GRADE column. A trimeric neck-carbohydrate recognition 
domain (CRD) fragment derived from SP-D was expressed, purified and 
characterized as previously described (13). Gel filtration of SP-D and CRD 
was performed using an elution buffer that was composed of 5 mM HEPES 
(pH 7.4) and 150 mM NaCl (in absence of EDTA). This buffer was also used 
as storage buffer (-20 °C). Fluorescent labeling of SP-D fractions was done 
using a Alexa 647 protein conjugation labeling kit from Molecular Probes 
(Eugene, OR). Endotoxin levels were determined with the Toxinsensor LAL 
assay kit and ranged between 10 and 100 pg/μg of SP-D.

LL-37 synthesis and labeling
LL-37 (aa sequence: LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNL 
VPRTES) was synthesized and purified as previously described (14). 
Briefly, LL-37 synthesis was done by solid-phase using 9-fluorenylmethoxy 
carbonyl (Fmoc) chemistry on a Syro peptide synthesizer (MultiSyntech, 
Bochum, Germany). Purification of the peptide was performed by reversed-
phase high-pressure liquid chromatography (HPLC) on a C18 column 
(Alltech Alltima, Deerfield, IL). Elution of the peptide was done using a 
linear gradient of 5 to 80 % acetonitrile in 0.01 % (wt/vol) trifluoroacetic 
acid. Characterization of the purified peptide was done as previously 
described (15). Purity was >98 %. For labeled LL-37, the fluorescent label 
Alexa 488 with an emission maximum of 519 nm (Molecular Probes, Life 
Technologies, United States) was incorporated during synthesis at the 
N-terminus of the peptide.

Confocal imaging:

Imaging with fluorescently labeled SP-D / LL-37
Fungal cells were added to a glass bottom chamber (35-mm culture dishes 
(FluoroDish; WPI, Sarasota, FL) and either grown until germination at 
370C or imaged after 30 min room temperature (C. albicans yeasts and 
A. fumigatus conidia). Images were taken 5 min after addition of 20 μg/
ml fluorescently labeled A647-SP-D and/or 5 μM A488-LL-37. Confocal 



62

3

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 488 and 647 nm laser lines. 

Imaging with antibodies against SP-D
C. albicans culture was harvested at mid-log phase and concentration was 
set to 1 x 106 CFU/ml in 5 mM HEPES buffer pH 7.4 supplemented with 
5mM CaCl2 and 150 mM NaCl. 50 µl of cell suspension was added top the 
top of a 0.01% poly-L-lysine coated coverslip inside the wells of a 24-wells 
plate and incubated for 10 min on ice followed by 20 min at 37 °C. After 
absorption of liquid, 50 µl of 5 μM A488-LL-37 was added and incubated 
for 30 min at 37 °C. The supernatant was removed and the sample was 
fixed by using 250 µl of 4% PFA. The coverslip was washed 3 times with 
250µl HEPES buffer, mounted on a microscope slide with fluorosafe and 
incubated overnight at RT in the dark.  Confocal Images were acquired with 
a Leica SPE-II as described in the previous section.

Flow cytometry
A suspension of yeast cells from C. albicans at a density of 1*106 CFU/ml 
or a suspension of A. fumigatus conidia at a concentration of 1*106 conidia/
ml were used for FACS analysis. Cells were suspended in 5 mM HEPES 
buffer pH 7.4 supplemented with 150 mM NaCl and either 5 mM CaCl2 or 
5 mM EDTA. Cells were mixed with 10 μg/ml A647-SP-D and incubated 
for 1 h at 37 °C.  Cells were fixed with 2 % PFA at room temperature for 
30 min and analyzed by flow cytometry using a BD FACS Calibur machine 
from BD Bioscience. 

Preparation of Polysaccharide solutions 
The polysaccharide Laminarin mainly consisting of β-(1→3) linked glucose 
(Sigma Aldrich) was dissolved  in buffer containing 5 mM HEPES pH 7.4, 
5 mM CaCl2, 150 mM NaCl, 0.05 % Tween-20 and 1.5 % BSA. Pustulan, 
a linear (1-6) linked glucose polysaccharide, was prepared by boiling 20 
mM of glucose in water for 5 min. The latter was diluted further in the 
previously described buffer (16). Mannan from Sigma-Aldrich (St. Louis, 
MO, USA) was also dissolved in this same buffer.
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Binding competition assay
Coating of 96-well plates with C. albicans was done by adding 50 μl of a 
1*105 CFU/ml suspension in 5 mM HEPES buffer pH 7.4, 150 mM NaCl, 
to each well and was incubated for 30 min at 30 °C. The supernatant was 
removed and wells were washed once with 200 μl buffer containing 5 mM 
HEPES pH 7.4, 5 mM CaCl2, 150 mM NaCl, 0.05 % Tween-20 and 1.5 % 
BSA. In parallel, 100 ng/ml of SP-D diluted in 5 mM HEPES pH 7.4, 5 mM 
CaCl2, 150 mM NaCl, was incubated for 2 h in the presence of one of the 
following polysaccharides: a) Laminarin 0.005 to 5 μg/ml, b) Pustulan from 
0.02 to 1800 μg/ml, or c) Mannan 0.005 to 5 μg/ml.As a negative control, 
the same buffer was used but with 5 mM EDTA instead of 5mM CaCl2. 
These premixed suspensions were added to the C. albicans-coated wells 
and incubated for 1h at RT in a final volume of 50 μl/well. SP-D detection 
was done by using a mouse monoclonal antibody against SP-D and a second 
goat anti-mouse antibody coupled with peroxidase, as described by (2). 

Minimum fungicidal concentration assay for LL-37 in the presence 
of SP-D 
The minimum fungicidal concentrations (MFCs) of LL-37 in absence or 
presence of SP-D was assessed by a colony count assay as previously 
described (17) with small modifications. Briefly, 2x106 fungal cells 
suspended in 5 mM HEPES buffer pH 7.4 supplemented with 5 mM CaCl2 
and 150 mM NaCl, were incubated for 3 h at 37 °C with an equal volume 
of LL-37, at concentrations ranging from 0 to 40 μM. In order to measure 
the effect of SP-D, a duplicate experiment where SP-D was added before 
peptide addition was done in parallel. In the latter experiment the first 25 
μl contained 2*106 CFU/ml fungal cells plus 20 μg/ml of SP-D diluted in 
5 mM HEPES buffer pH 7.4 supplemented with 5 mM CaCl2 and 150 mM 
NaCl. Tenfold dilutions in minimal YM medium were plated onto YM agar 
plates and incubated overnight at 37 °C. Finally, colonies of surviving yeast 
were counted.
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Results

Inhibition of C. albicans hyphal growth 
Previously our group had reported a decrease in C. albicans hyphal growth 
upon treatment with SP-D (7). To understand how SP-D exerts this effect 
and whether its degree of oligomerization is important, three SP-D fractions 
(oligomers, trimers and CRDs) were tested for their inhibitory effect on 
fungal hyphenation. The results from these experiments confirmed strong 
differences in hyphal length between untreated and SP-D-treated C. 
albicans samples, the latter resulting in significant decreased hyphal length, 
regardless of the degree of oligomerization (Fig. 1A). Interestingly, these 
effects were also observed at very low concentrations of all SP-D fractions. 
One buffer component present in SP-D stock solutions that is known to affect 
fungal growth is EDTA. Previous studies investigating the effect of EDTA 
on C. albicans hyphal growth used EDTA at concentrations in the range 
of 1 to 25 mM and attributed the observed inhibitory activity to the Ca2+-
chelating property of this compound (18). In our experiments, however, the 
final concentration of EDTA was much lower (between 0.25 and 0.5 mM) 
while the working buffer contained 5 mM CaCl2. The excess of CaCl2 in 
comparison to the final concentration of EDTA present in these experiments 
led us to discard the idea that EDTA at low concentrations can affect 
calcium-mediated SP-D effects on C. albicans hyphenation. Therefore, the 
effect of EDTA itself on C albicans hyphenation was investigated in more 
detail. 
 Surprisingly, EDTA exhibited a strong inhibitory effect on hyphal growth 
even at concentrations as low as 0.13 mM (Fig. 1B).  To test if this inhibition 
was due to chelation of other divalent cations, Mg2+ or Mn2+ were added at 
a concentration of 0.5 mM.  These experiments showed that EDTA was 
still able to exert its inhibitory effect, but with less potency when the other 
divalent cations were present (Fig. 1C). Unlike EDTA, which binds several 
divalent cations, EGTA specifically chelates Ca2+ -ions. When EGTA was 
used (Fig. 1D), no growth inhibition was observed. Subsequently, when 
SP-D purified in the absence of EDTA was used, no significant effect 
on hyphenation after 24 h was observed (Fig. 1E). Nevertheless, if the 
growth was left for a longer time period of 48 h, there was an increase 
from hyphae to yeast conversion when SP-D was present (Fig. 1E). Overall, 
these experiments show that EDTA-mediated inhibitory effects are not 
due to Ca2+-chelation by EDTA and that its presence in SP-D preparations 
complicates interpretation of the inhibitory effects mediated by SP-D itself. 
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Figure 1: Changes in C. albicans hyphenation due 

to EDTA present in the purified recombinant SP-D 

preparation. A) Decrease of C. albicans hyphal length 

by three fractions of SP-D (20 μg/ml). B) Effect of 

different concentrations of EDTA on C. albicans 

hyphal length. C) Effect of 0.5 mM EDTA in the 

presence of 0.5 mM Mg2+ or 0.5 mM Mn2+. D) EGTA 

effect on C. albicans hyphal formation. E) Effect of 

SP-D purified without EDTA, 24 h and 48 h after 

addition to C. albicans yeast cells.
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To circumvent these problems the SP-D used for all following experiments 
was purified by gel filtration using EDTA-free buffer.

SP-D binding to C. albicans is calcium-dependent and targets 
mannose residues. 
SP-D is known to bind fungal surfaces via its CRD in a calcium-dependent 
manner (7). In order to investigate the SP-D binding properties by live 
imaging, a fluorescent label (Alexa 647) was amine-linked to SP-D. 
However, amine-reactive fluorophore groups can potentially conjugate 
side chains of lysine residues in the CRD during labeling, thus interfering 
with the lectin binding properties of this domain. To check the effect of 
the label on t the calcium-dependent binding of SP-D to fungi, live cell 
imaging was performed. Results showed that SP-D only binds C. albicans 
yeast and hyphal structures in the presence of calcium ions (Fig. 2A and B). 
Importantly, SP-D binding was evenly distributed at the C. albicans yeast 
/ hyphal surface. As an extra control unlabeled SP-D was also tested for 
binding to C. albicans and imaged using a monoclonal antibody against SP-D 
and a secondary A647-conjugated goat anti mouse antibody for detection 
(Fig. 2C).  Results from these experiments underlined our findings with 
A647-labeled SP-D, showing calcium-dependent binding of SP-D, evenly 
distributed over the surface of C. albicans yeasts.  In addition, the Ca2+-
dependency of SP-D binding to C. albicans was also demonstrated by flow 
cytometry (Fig. 3). 
 In order to test which sugar ligands at the surface of C. albicans are 
important for interaction with SP-D a glycan binding competition assay 
was used. In this assay Laminarin (β-(1→3) glucan), mannan (D-mannose 
polymer), pustulan (β-(1→6) glucan) were co-incubated with SP-D in the 
presence of calcium. As a negative control, SP-D was also incubated in the 
absence of any glycans but in the presence of 5 mM EDTA. Our results show 
that partial blocking (~70 %) is exerted by mannan but not by laminarin 
nor pustulan. Also, as expected the EDTA control blocked 90 % of SP-D 
binding to C. albicans (Fig. 4).

SP-D binding to C. albicans is not affected by the addition of the 
antimicrobial peptide LL-37
Both SP-D and antimicrobial peptides such as LL-37 interact with 
components at the surface of C. albicans cells to exert their activity. At the 
lung surface both molecules are constitutively present (19-21), which makes 
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Figure 3: Flow cytometry showing A647 

labeled SP-D binding to C. albicans. Histogram 

(left) showing mean fluorescence intensity and 

a dot blot (right) of  A) A647- SP-D binding to 

C. albicans in the presence of Ca2+ (red), with 

EDTA (light blue) and absence of SP-D (black). 

B) Binding of  A647-SP-D to C. albicans in 

HBSS medium with 1% BSA with Ca2+ (red), 

with EDTA (light blue), or in the absence of 

SP-D (black) Representative experiment from 

four independent experiments.

Figure 2: Binding of SP-D to C. albicans yeasts surface 

is Ca2+-dependent. A) Binding of  A647-labeled SP-D 

fractions (red) in the presence of  5 mM Ca2+ and in the 

presence of 5 mM EDTA. B) Binding of A647-SP-D 

oligomer (red) to C. albicans hyphal surface. While SP-D 

bound hyphae strongly in the presence of Ca2+, the EDTA 

control showed no binding C) Binding of SP-D oligomer 

to C. albicans yeasts surface using an antibody against  

SP-D , followed by a A647-labeled secondary antibody 

for detection. EDTA control showed no binding of SP-D 

to yeasts. 
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it interesting to study combinations of both innate components with respect 
to binding C. albicans. In this study Alexa 488-labeled LL-37 (green) and 
Alexa 647-labeled SP-D (red) were pre-mixed in a concentration of 5 μM 
and 20 μg/ml, respectively, and added to C. albicans yeast cells while 
imaged by confocal microscopy. The localization of both components during 
imaging showed that both LL-37 and SP-D bound to C. albicans shortly 
after addition (Fig. 5A). Localization of SP-D was restricted to the surface 
of C. albicans and LL-37 accumulated mainly inside the fungal cells. In 
addition, the candidacidal effect of LL-37 when used in combination with 
SP-D was also studied by a colony count assay. This showed that LL-37 
antifungal activity was not inhibited by SP-D but rather had an additive 
effect (Fig. 5B). 

Figure 4: Binding competition assay. The ability of three different sugars: laminarin (blue), mannan 

(grey) and pustulan (red) to block SP-D binding to C. albicans yeast cells were tested in an ELISA 

setting. Results show that addition of mannan blocked SP-D binding to C. albicans. Results shown 

from one of three independent experiments.

SP-D binding to A. fumigatus is only partially calcium-dependent 
To assess the importance of polysaccharide binding by SP-D with respect 
to A. fumigatus recognition, the Ca2+-dependency of the binding was tested 
and compared to C. albicans by using live imaging. In contrast to the strong 
calcium-dependency of SP-D to bind C. albicans, binding to A. fumigatus 
conidia was only partially blocked by the addition of EDTA, independent of 
the degree of oligomerization of SP-D (Fig. 6A). Moreover, pre-incubation 
of SP-D with 500 μg free mannan did not block SP-D binding to conidia 
of A. fumigatus (Fig. 6B). Interestingly, SP-D binding seems to be stronger 
for the germtube surface compared to the conidial surface and this binding 
could not be inhibited by EDTA (Fig. 6C). Since there is a possibility that 
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Figure 5: Binding of LL-37 and SP-D to C. albicans A) Live imaging showing binding of SP-D (red) to 

the surface of C. albicans in the presence of LL-37 (green). Last panel shows the surface of C. albicans 

cells with light contrast B) Minimum fungicidal concentration of LL-37 necessary to kill C. albicans 

in the absence or presence of 20 mg/ml SP-D. Data shown in B) are the average of two independent 

experiments.

the fluorescent label itself binds to A. fumigatus, the label was checked 
separately by incubating for 1 h the conidia in the presence of Alexa 647 
only. No interaction with conidia was observed (data not shown).  FACS 
analysis confirmed that binding of SP-D to A. fumigatus is only partially 
dependent on the presence of calcium since incubation in the presence of 
EDTA also results in significant binding by labeled SP-D (Fig. 7). 

SP-D binding to A. fumigatus is not affected by the addition of the 
antimicrobial peptide LL-37 
SP-D binding to A. fumigatus conidia was also determined in the presence of 
LL-37. Confocal imaging showed that A647-SP-D as well as A488-LL-37 
binds conidial and hyphal surface immediately after addition (Fig. 8A 
and B). Similar to what was found in previous experiments (Fig. 6), SP-D 
showed stronger binding to germ tubes than to the surface of germinating 
conidia. Similarly LL-37 also bound strongly to hyphae and a fraction 
localized inside the cells.
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Figure 7: Flow cytometry analysis of A647-labeled SP-D binding to A. fumigatus. Histograms (left 

panels) showing the mean fluorescence intensity of SP-D binding to A. fumigatus conidia in the 

presence of Ca2+ (red), with EDTA (blue) and a control without SP-D (black). Right panels show dot 

blots with events gated for each histogram. A) all events, B) conidial aggregates or C) single conidia, 

were analyzed separately. Results show representative data from one of four experiments.
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Figure 8: Binding of 5 μM LL-37 and 20 μg/ml SP-D to A. fumigatus A) conidia and B) germ tubes. 

First row shows the binding of SP-D. Second row shows binding of LL-37 and the third row shows 

binding of SP-D and LL-37. SP-D and LL-37 bind strongly to fungal surface without interfering with 

each other.
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Discussion
Inhaled fungi immediately encounter several innate defenses at the lung 
lining. SP-D is an important innate immune component of the lungs that 
plays a role in early defense against fungi. This multimeric C-type lectin 
is able to interact with polysaccharide patterns expressed at the surface of 
fungal pathogens in a Ca2+-dependent manner (7, 8). The outcome following 
SP-D binding largely depends on the type of fungi involved. Binding of 
SP-D to fungal surfaces affects how fungi interact with other innate immune 
defenses, such as phagocytic cells or other soluble antifungal molecules. 
In some cases, binding of SP-D to fungal cells has shown to enhance 
phagocytosis by macrophages and modulate their cytokine secretion (22). 
In the case of A. fumigatus, binding leads to enhanced phagocytosis which 
results in more efficient killing (6). In contrast, SP-D-mediated enhanced 
phagocytosis of C. neoformans and H. capsulatum contributes to survival of 
these fungi (23, 24). n this study we investigated the antifungal activity of 
SP-D against C. albicans and A. fumigatus, two important fungal pathogens 
of the lungs.
 Previous studies demonstrated that SP-D had an inhibitory effect over 
C. albicans hyphal growth (7). In the present study, the first observations 
indicated that SP-D was in fact inhibited C. albicans hyphal formation. 
However, this antifungal effect was also observed at low concentrations 
and with all SP-D fractions. The only other component present in SP-D 
preparations capable of eliciting such an effect was EDTA. Previously, 
the effect of EDTA was dismissed due to the low (0.4 to 0.6 mM) final 
concentrations used and the presence of 5  mM of Ca2+ in the working media. 
Interestingly, when EDTA alone was tested under the previously described 
experimental conditions, a profound effect on C. albicans morphology was 
observed, even when (0.13 mM) EDTA was used. The effect of EDTA on 
C. albicans morphology has been described previously (18). The effect of 
EDTA has been attributed to its ability to capture Ca2+, an important cation 
required for C. albicans morphology change.
 The inhibitory effect of EDTA on hyphal growth was difficult to explain 
based on its Ca2+ chelating activity since experiments were carried out in 
the presence of an excess of Ca2+ (5 mM). To investigate this further, EGTA, 
another chelating agent specific for complexing Ca2+-ions, was tested for its 
effect on C. albicans morphology. Remarkably 0.5 mM EGTA had no effect 
on C. albicans morphology in the presence of 5 mM Ca2+. This reiterated that 
the Ca2+ chelation property of EDTA might not directly cause the observed 
decrease in hyphal growth.  Contrary to EGTA, EDTA also has strong 
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affinity for Mg2+,Mn2+ and Fe2+, divalent cations necessary for C. albicans 
growth. Interestingly, even though these other cations are not directly linked 
to changes in fungal morphology, a previous study by Holmes et al., suggest 
that their presence affects Ca2+ intake (25). Nevertheless, our results show 
that adding 0.5 mM Mg2+ or 0.5 mM Mn2+ to the working medium could 
only partially decrease the inhibitory effect caused by EDTA. Additional 
experiments with other divalent cations and under other conditions are 
required to understand the observed inhibitory effect of EDTA.
 Binding of SP-D to C. albicans has been described in one previous study 
with respect to yeast morphology (7).In this study the hyphae morphology 
was also tested, mainly because of its importance for infection settings (26). 
In both cases, SP-D bound the surface of C. albicans in a Ca2+-dependent 
manner, and this binding was inhibited in the presence of mannan, but 
not by pustulan or laminarin. This indicates that mannan expressed at the 
surface of C. albicans could be the main ligand for SP-D binding in contrast 
to β-glucans. Considering C. albican’s cell wall structure, these findings are 
in line with the fact that β-glucans are located deeper inside the cell wall 
than mannan. Mannan motives decorate cell wall proteins on the surface, 
and are thereby more accessible for interactions with SP-D (27).
 Since binding of SP-D to different fungal pathogens can have very different 
outcomes in terms of the immune response elicited, it was important to test 
SP-D against another relevant fungal pathogen of the lung. A. fumigatus 
enters the lung as conidia, highly resistant non-metabolically active 
structures. Its surface differs strongly from C. albicans yeasts by possessing 
a coat of hydrophobic proteins called hydrophobins. This different coat 
could potentially result in different interactions with SP-D. There are two 
studies published concerned with effects of SP-D on A. fumigatus (6, 16). 
Allen et al. found that pustulan (β-(1→6) glucan) blocks SP-D binding to 
A. fumigatus conidia. Madan et al. focused on how SP-D interaction with 
A. fumigatus affected neutrophilic response. Both studies pointed towards 
a strict Ca2+-dependent interaction of SP-D with the conidial surface. In 
the present study SP-D also bound A. fumigatus but strikingly, there was 
strong binding even when Ca2+ was not present. Two important differences 
in experimental conditions between the studies mentioned above and this 
study can be addressed. First, both Allen et al. and Madan et al. used 1 % of 
BSA or 1% FCS in their buffer, while in the present study these components 
were excluded. Secondly, their study included analysis by flow cytometry, 
for which FITC- labeled secondary antibody was used for SP-D detection 
and samples needed to be fixed before imaging). In the present study we use 
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live imaging of fluorescently labeled SP-D and no fixation steps.
 To verify whether the different experimental settings could account for 
the disparities in our results, we executed experiments with the conditions 
and methods described by Madan et al. (Fig. 1S). Results show that BSA 
blocks most of the Ca2+-independent binding that was observed in the present 
study. However, the relevance of this type of interaction in vivo is hard to 
predict. The orientation of SP-D during binding to the fungal surface can 
greatly affect the interaction with phagocytic and epithelial cells. Receptors 
at the surface of these cells can selectively recognize either the CRD domain 
or the collagen domain of SP-D, and the outcome greatly depends on which 
of these domains is interacting with the receptor (28, 29).
 SP-D binding was also studied with A. fumigatus germtubes. Since flow 
cytometry is not suitable as a detection method due to the high aggregation 
of growing hyphae we performed live imaging, which allowed us to visualize 
this interaction for the first time. Strikingly, SP-D bound more strongly to 
A. fumigatus germtubes than to conidia. Binding of SP-D to germtubes was 
also observed in the presence of EDTA, similar to what we observed for the 
Ca2+-independent binding seen for conida. This is of interest since conidia 
and germtubes of A. fumigatus differ strongly in their cell wall composition 
(30). During germination the surface composition of the fungi changes 
exposing β-(1→3) and β-(1→6) glucan chains and other polysaccharide 
motives such as galactofuran and mannan, all potential targets for SP-D 
binding (31). 
 Finally the effect of combining SP-D with LL-37 was also tested. This has 
special relevance since at the lung lining SP-D will encounter several other 
host defense molecules such as antimicrobial peptides. Interactions between 
these molecules could affect how fungal cells are recognized. For both C. 
albicans and A. fumigatus, SP-D binding was not inhibited in the presence 
of LL-37. At the same time LL-37 also bound to the surface of A. fumigatus 
conidia but no fluorescent peptide was observed inside the conidia. This 
outcome was expected since conidia are largely impermeable to molecules 
at the surrounding environment, due to their very low metabolic activity and 
thick coating. During testing of LL-37 fungicidal activity, the presence of 
SP-D decreased the amount of peptide needed for complete fungal killing 
to 50 %. A previous study by Triphati et al. also showed that the addition of 
SP-D and LL-37 together had an additive effect on their antiviral properties 
(11). The reason for this additive effect was that LL-37 and SP-D did not 
interact, allowing these molecules to act without affecting each other. 
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Different observations have been made when SP-D is added together with 
neutrophil defensins. This peptide was shown to interact strongly with SP-D 
blocking its antiviral effect. The antiviral effect of SP-D is attributed to its 
ability to aggregate viral particles. The latter suggests that the observations 
with viral particles may to a certain extent be applied to SP-D fungal 
interactions.
 In conclusion, this study sheds light on the antifungal properties of SP-D 
and LL-37, two innate immune molecules that play an important role in 
early defense against fungal pathogens at the lung lining. Binding of SP-D 
to C. albicans and A. fumigatus differed in the dependency of calcium ions. 
SP-D was able to interact with the surface of A. fumigatus independent of 
its lectin binding property. This difference in binding could later change the 
way opsonized fungi are seen by phagocytic cells, affecting the outcome 
of the encounter. Additionally, the combination of SP-D and LL-37 did not 
affect their independent fungal recognition nor LL-37’s antifungal activity, 
an important observation that needs to be explored further. This study also 
revealed that the presence of micromolar amounts of EDTA contributes to 
the growth-inhibitory activity, which maybe caused by chelation of traces 
of essential divalent cations. The findings described so far provide the basis 
for a further investigation of the interactions of SP-D and LL-37 in a system 
mimicking the lung lining. This will be the topic of the next chapter.
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Abstract
At the lung lining innate defenses are comprised of mucociliary clearance, 
soluble effector molecules and roaming phagocytic cells, such as 
macrophages and neutrophils. How exactly each of these defenses contribute 
in microbial clearing inside a healthy lung is hard to devise. One of the 
reasons is the difficulty to replicate the original complex environment in 
an in vitro system. In this study the localization and activity of the lung 
surfactant protein D (SP-D) and the antimicrobial peptide LL-37 were 
studied in an environment mimicking the lung lining. To accomplish this 
Calu-3 cells were grown on an air liquid interface allowing them to polarize 
and produce mucus at their apical surface. Additionally, neutrophils were 
added to help clear the fungal infection. Two fungal pathogens were used 
for these experiments: Candida albicans and Aspergillus fumigatus, both 
of clinical relevance. The results obtained show that while LL-37 localized 
mainly at the mucus layer, SP-D remained soluble at the top of the epithelial 
cells. During infection LL-37 bound to the surface of A. fumigatus, but 
interestingly did not bind C. albicans cells. SP-D localized strongly to both 
fungal surfaces during the different stages of infection. Furthermore, SP-D 
increased fungal clearance by neutrophils from Calu-3 apical surface. These 
findings suggest that SP-D plays an important role during the different 
stages of clearance of fungal intruders. 
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Introduction
The lung epithelium is coated by a stratified liquid fluid (also known as the 
lung lining fluid or LLF). This coating is distributed continuously throughout 
the respiratory tract, changing in composition from the conductive airways 
to the alveoli. In the conductive airways LLF is formed by two layers: 
an aqueous (sol) layer surrounding the epithelial villi and a second (gel) 
layer formed by glycosylated proteins called mucins. Epithelial cells are 
responsible for regulating the thickness and composition of the LLF. The 
mucus layer, together with ciliar movement, helps to remove inhaled 
particles. In addition, epithelial cells and roaming phagocytes secrete a 
plethora of antimicrobial molecules such as antimicrobial peptides, proteins 
and lipids. These molecules confer the first mechanisms of defense against 
inhaled microorganisms (1, 2). 
 For the removal of fungal pathogens, maintaining this defensive barrier is 
of major importance. This can be evident in cases where the normal barrier is 
altered, such as in immune compromised and cystic fibrosis patients. In these 
instances fungal infections are common and constitute a high percentage of 
morbidity and mortality (3, 4). Furthermore, fungal infections are persistent 
and not easy to treat mainly because they are eukaryotic, making it difficult 
to target them without affecting host cells. Currently there are only few 
antifungals available that can be used and more efforts need to be made to 
find alternatives.
 Surfactant protein-D (SP-D) is known to form part of the arsenal of 
soluble defense molecules against fungal pathogens present in the lung. 
This multimeric C-type lectin is secreted in high amounts by alveolar type 
II cells and bronchiolar Clara cells, but mRNA of this protein has also been 
found at the level of the trachea (5, 6). SP-D binds to fungal surfaces by 
recognition of polysaccharides present at the fungal cell wall (7). To date, 
SP-D’s antifungal activity has been mainly studied in simplified in vitro 
settings. In these studies SP-D binding properties were tested together with 
its role as an opsonin for macrophages or neutrophils (8). 
 A second soluble defense molecule is the antimicrobial peptide LL-37. 
This peptide is secreted by alveolar macrophages, bronchial glands and is 
constitutively secreted by lung epithelial cells (9). In a healthy lung LL-
37 can be found at the lung lining in measurable concentrations (10), but 
is strongly upregulated during fungal infections (11, 12) which indicates 
that it might have an important role in vivo in fungal clearing. Similarly, 
levels of LL-37 increase in patients with chronic rhinosinusitis after contact 
with Aspergillus fumigatus (13). In vitro antifungal activity of LL-37 has 
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been described against Candida albicans due to cytoplasmic membrane 
permeabilization, but it has also been shown that LL-37 can enter the 
cytoplasm affecting organelle morphology (14-17). 
 To our knowledge the antifungal activity of SP-D and LL-37 in an 
environment similar to that encountered at the lung lining, has not been 
studied. There are several components of the lung lining that can alter 
fungal recognition by these molecules (18). Highly glycosylated proteins, 
such as mucins for example, could block fungal recognition by competing 
for binding with SP-D or by electrostatic interactions with the amphipathic 
peptide LL-37. In addition, it is possible that the soluble effector molecules 
themselves interact with each other, affecting antifungal activity. For the in 
vitro antiviral activity of SP-D such interactions with LL-37 have actually 
already been described (19, 20). However, the presence of phagocytes in the 
lining fluid and their effect on activity of SP-D and LL-37 has never been 
addressed.
 In this study we developed an in vitro system consisting of Calu-3 
epithelial cells, multiple soluble molecules and immune cells, mimicking 
the environment of the lung lining of the conductive respiratory tract 
(21). By the use of confocal microscopy and life imaging we visualized 
the localization of these molecules before and after fungal infection of two 
well-studied fungal pathogens, C. albicans and A. fumigatus. In addition, 
measurements of fungal adhesion, fungal clearance by neutrophils and 
cytokine production by Calu-3 cells were also obtained for SP-D and LL-37 
with infections of both fungi.

Materials and Methods

Fungal strains
Wild type A. fumigatus (AF 293) and a green fluorescent protein (GFP)-
expressing strain A1258(22) (kindly provided by the Department of Medical 
Microbiology, Utrecht University), 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 spores/ml after 
counting the conidia with a Bürker chamber. Cultures of C. albicans (CAI-4) 
were grown from a frozen glycerol stock in yeast malt broth (YM; SIGMA, St. 
Louis, MO, USA) agar plates. Yeasts were cultured at 30 °C in 10 ml YM broth 
until lag phase was reached. Growth was determined by measuring optical 
density (OD) at 620 nm. 
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SP-D and LL-37 purification and labeling
LL-37 (amino acid sequence: LLGDFFRKSKEKIGKEFKRIVQRIKDFL 
RNLVPRTES) was synthesized by solid-phase synthesis using 9 
fluorenylmethoxy carbonyl (Fmoc) chemistry on a Syro peptide synthesizer 
(MultiSyntech, Bochum, Germany) (23, 24) . Purification of the peptide 
was performed by reversed-phase high-pressure liquid chromatography on 
a C18 column (Alltech Alltima, Deerfield, IL). Elution was done using a 
linear gradient of 5 to 80 % acetonitrile in 0.01 % (w/v) trifluoroacetic acid. 
Characterization of the purified peptide was done as previously described 
(25) and only peptides with a purity  > 98 % were used. For fluorescently 
labeled peptides Alexa fluor 488 with an emission maximum 519 nm was 
added during peptide synthesis at the N terminus.
 Recombinant human surfactant protein D (SP-D) was produced in 
HEK293 cells as previously described (26). Fractionation of the produced 
SP-D into oligomeric and trimeric structures was done by gel filtration 
using an ÄKTA purifier10 system, which was equipped with a Hiload 16/60 
Superdex 200 PREP GRADE column. A trimeric carbohydrate recognition 
domain (CRD) fragment of SP-D was expressed, purified and characterized 
as previously described (27). During the gel filtration step of SP-D and 
CRD, the elution buffer differed from the one described previously, and 
contained 5 mM HEPES (pH 7.4) and 150 mM NaCl only (no EDTA was 
used). This buffer was also used as storage buffer (-20 °C). Labeling of SP-D 
fractions was done using a conjugation protein labeling kit from Molecular 
Probes. Endotoxin levels were determined with the Toxinsensor LAL assay 
kit (ranging between 10 and 100 pg/μg of SP-D).

Calu-3 air liquid culture and neutrophil isolation
Calu-3 cell culture was done as described by Grainger et al. (21), with a few 
modifications. Briefly, cells were purchased at ATCC (Rockville, MD, USA) 
and used between passages 5 to 20. Cells were cultured using Minimum 
Eagle medium (SIGMA, St. Louis, MO, USA) supplemented with 10 % 
FCS in 75 cm2 culture flasks (SIGMA, St. Louis, MO, USA), until 80 % 
confluence was reached. Calu-3 cells were harvested and 250 μl of a 2.105 
cell/ml suspension was added to a transwell chamber (Costar, Kennebunk, 
ME, USA) and grown until confluence. Before performing experiments, 
TEER measurements were performed and only wells with higher resistance 
values than 200 Ω were used.
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Human neutrophils were isolated from whole blood of healthy donors 
following the Histopaque-Ficoll gradient protocol as previously described 
(28). 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). 

Collection of mucus from apical cells and Zo-1 and MUC5AC 
detection
Collection of apically secreted mucus of Calu-3 cells was done using the 
protocol described by Matsui et al. (29) , with few modifications. Shortly, 
200 μl of 1mM HEPES buffer pH 7.4 supplemented with NaCl 150 mM and 
1 mM CaCl2 were added to the apical side of Calu-3 cells and incubated 
for 24 h. At this stage, supernatant (mucus) was harvested and stored at 4 
°C until enough material was collected to perform the experiment. Pooled 
mucus samples were placed in dialysis tubes (MWCO = 3500; Spectrum 
Laboratories) and concentrated with a polymer absorbent (Spectra/Gel; 
Spectrum Laboratories) for 1 day at 4 °C until the mucus reached 1% of 
the final volume. This was calculated from the percent dry weight and 
the volume of the initial sample. To generate an isotonic sample, the 
concentrated mucus was dialyzed against 1mM HEPES buffer (2 liters, 
two times) supplemented with 0.5 mM MgCl2 and 0.8 mM CaCl2 at 4 °C, 
then 1/100 volume of D-glucose solution (100 mg/ml) was added (final 
concentration, 1 mg/ml).

Confocal detection of Zo-1 and MUC5AC
Detection of human MUC5AC, the most abundantly produced mucin by 
Calu-3 cells was used as another tool to show apical mucus production by 
this cell line. Concentrated mucus (15 μl) was electrophoresed in a 12% 
polyacrylamide Tris-Glycine gel (pH 7.5) containing 0.1% (w/v) SDS. 
Electrophoresis was performed using a VWR power source apparatus at 80 
V at RT. After electrophoresis, samples were transferred to a nitrocellulose 
membrane using a BIORAD transblot turbo system with the program: 25 
V, 1.5 mA, 7min. Protein was detected using a monoclonal mouse anti-
MUC5AC (SIGMA, St. Louis, MO, USA) (1:100), and a secondary goat anti 
mouse antibody (1:1000) HRP-conjugated. Fluorescence was revealed using 
ECL western blot analysis system from GE Healthcare (Buckinghamshire, 
UK). Pictures were taken with a BIORAD ChemiDoc MP system.
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Fungal infection of Calu-3 cells
For the first experiments where the localization and the effects of SP-D and 
LL-37 were measured, a concentration of 20 μg/ml SP-D and 5 μM LL-37 
were dissolved in HEPES buffer pH 7.4 supplemented with 150 mM NaCl 
and 1 mM CaCl2 and added to the apical side of Calu-3 cells. Thirty min after 
treatment 100 μl of fungal suspension was added. For all experiments both 
A. fumigatus and C. albicans were re-suspended in 5 mM HEPES buffer, pH 
7.4 supplemented with 150 mM NaCl and 1 mM CaCl2 at concentrations of 
1*107 and 2*106 CFU/ml, respectively. The infection was either visualized 
by confocal microscopy (described in detail in the following section) or 
incubated for 3 h at 37 °C, 5 % CO2 and washed three times with 5mM 
HEPES pH 7.4, supplemented with NaCl 150 mM and 1 mM CaCl2. In order 
to assess fungal association to the epithelium, the apical side was washed 
and 200 μl of 1 % Triton X (SERVA, Heidelberg, West Germany) in HEPES 
supp. was added. After 5 min at 37 °C the supernatant was collected and 
serial diluted for plating. Colonies of C. albicans were counted after 24 h 
incubation at 37 °C and colonies of A. fumigatus were counted after 48 h at 
37 °C of incubation. Neutrophils, 2.106 cells/well were added on the apical 
side of Calu-3 cells and left for 3 h, before assessing viable fungi (following 
the same protocol as for fungal association described earlier).

Confocal imaging and fungal growth measurements 
Live imaging was used to observe the localization of SP-D and LL-37 
during fungal infection of Calu-3 cells. Briefly, the internal chamber of 
a transwell containing polarized Calu-3 cells was transferred to a glass 
bottom chamber (35-mm culture dishes (FluoroDish; WPI, Sarasota, FL). 
This chamber was positioned inside a 37 °C, 5 % CO2, incubation chamber 
of a Nikon A1R microscope. After focusing, cells were infected and 
treatment was followed as described in the previous section. Visualization 
of A488-LL-37 and A647-SP-D was done using 488 nm (200 mW) Saphire 
Blue Coherent and a 645 nm (300 mW) MPBC laser. Fungal growth was 
also assessed by live imaging. Calu-3 cells that were previously infected 
by C. albicans or A. fumigatus were visualized after the start of hyphal 
growth, when hyphae were long enough to be measured (3 h for C. albicans 
and 8 h for A. fumigatus) . Calcofluor (SIGMA, St. Louis, MO, USA), 
at a concentration of 0.003% was used to stain hyphae before imaging. 
Visualization was done with a 405 nm (100 mW) Coherent Viotet Cube 
laser. This same laser was used for visualization of Hoechst stained 
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neutrophils (Molecular Probes). Measurements and image analysis was 
done using ImageJ/Fiji software (www.fiji.sc). 
 Localization of Zo-1 (a tight junction protein), was used to determine 
tight junction formation by Calu-3 cells. Calu-3 cells were fixed with 4% 
paraformaldehyde for 30 min at RT, washed once with PBS and once with 
1% BSA (SIGMA, St. Louis, MO, USA) in HEPES supp. This was followed 
by an incubation with a rabbit anti Zo-1 antibody (1:100) (Invitrogen) 
overnight at 4 °C. A secondary goat anti-rabbit antibody (1:10,000) 
fluorescently labeled with A488 (Invitrogen) was used for detection.

Neutrophil antifungal activity at Calu-3 cell epithelia
For experiments in which neutrophils (2.106 cells/well) were used, these 
cells were added 3 h (C. albicans) or 6 h (A. fumigatus) after fungal 
infection and start of SP-D or LL-37 treatment. Neutrophil effects (either 
killing or fungal growth inhibition) were assessed after an incubation of 
4 h at 37 °C, 5% CO2. For assessing fungal clearance by neutrophils the 
same procedure for measuring fungal association (described in the previous 
section) was used. Briefly, surviving fungal cells at the surface of Calu-3 
cells were plated and colonies were counted. As a reference, conidia/yeasts 
from both fungal strains were grown without epithelial cells and treated 
with neutrophils immediately after germination started. When imaging of 
neutrophils was required, they were pre-incubated with Hoechst stain for 30 
min before addition to Calu-3 surface. Hyphal growth was also measured as 
described in the confocal section above.

Cytokine measurements
For experiments where cytokine concentrations were measured, no wash 
after fungal infection and SP-D and LL-37 treatment was done. Two 
hundred μl of basal medium was collected every 4 h and replaced with fresh 
medium. Collected basal medium was frozen at -20 °C until the analysis 
was performed. The concentrations of IL-6 and IL-8 were measured by 
ELISA, using human IL-6 and IL-8 DuoSet ELISA kit (R & D Systems, 
Minneapolis, MN). 

NADPH-oxidase activity measurement
Neutrophils were suspended in RPMI (with 10 % human serum albumin) at 
a concentration of 1.107 cells/ml and 100 μl of this suspension was added per 
well in a 96 well plate (Costar, Kennebunk, ME, USA). C. albicans (5.107 
cells.ml) or A. fumigatus (5.107 cells/ml) were preincubated for 1 h at RT  
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Figure 1: Calu-3 transwell system. A) Representation of Calu-3 cells grown in 

an air-liquid interface. B) A488-Ab against ZO-1 (green) showing tight junctions 

and DAPI (blue) nuclear straining of Calu-3 cells. C) Western blot after detection 

with an αMUC5AC antibody, as indicated in Methods. Image shows at the left side 

ladder (L) and on the right side the MUC5AC protein collected from the apical 

surface of Calu-3 cells supernatant. 

with either 10 μg of SP-D oligomer, the CRD fraction or 5 μM LL-37. From 
these preparations 50 μl was added to each well containing neutrophils and 
incubated for 1 h at 37 °C, 5 % CO2. For controls, treatment with proteins 
was used but no fungi were added. Measurements were obtained using the 
FluoStar Omega plate reader (BMG Labtech). DCFH-DA (1.5 μl/well) from 
Molecular Probes, Inc. (Eugene, OR, USA) was added and measurements 
were repeated. Measurements were repeated every 2 h for the following 6 h 
of incubation at 37 0C, 5 % CO2.

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 of ≤ 0.05 were considered significant and ≤ 0.001 as highly 
significant. Analysis of internalization and internalization blockers 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.
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Results

Binding of SP-D and LL-37 to C. albicans and A. fumigatus cells at 
the apical surface of Calu-3 cells
To test if SP-D and LL-37 can recognize fungal surfaces in a complex 
environment, an in vitro system that can mimic the lung lining was 
developed. In order to achieve this, lung epithelial cells (Calu-3 cell line) 
were grown at an air-liquid interface. Under these conditions the cells are 
capable of polarizing and secreting proteins such as mucins to its apical 
surface (Fig. 1). Results showed that in this system, SP-D strongly binds C. 
albicans yeasts and A. fumigatus conidia (Fig. 2). SP-D was also bound to 
cell debris at the Calu-3 surface but not to mucins. Interestingly, LL-37 did 
not bind the C. albicans surface but remained attached to the mucus layer, 
whereas it bound strongly to A. fumigatus conidia and cell debris (Fig. 2).

SP-D and LL-37 binding affects fungal interaction with Calu-3 cells
After the initial contact with fungal intruders, SP-D-coated fungal cells are 
likely to interact with the epithelial lining. To test if this SP-D coat affects 
fungal interaction with the epithelium three processes were measured: 1) 
fungal association to the Calu-3 cells surface, 2) fungal growth (hyphal 
length), and 3) cytokine secretion by Calu-3 cells. 
 C. albicans associated significantly less to the Calu-3 surface when 
SP-D was present (Fig. 3A). The blocking of this association seems to 
be a characteristic of the SP-D multimeric structure, but not of the CRD. 
Interestingly, the CRD fraction even increased association of coated C. 
albicans compared to the control. When LL-37 was also present, SP-D 
still inhibited C. albicans association. In fact LL-37 by itself produced a 
significant reduction. Contrary to the effect on C. albicans, the combination 
only SP-D inhibited association of A. fumigatus conidia to Calu-3 cells. 
LL-37 did not have such an effect, and when SP-D and LL-37 even a slight 
increase in association was observed (Fig. 3B).
 The effect of SP-D on fungal growth could only be measured for 
A. fumigatus since hyphal growth was slower than C. albicans, and did 
not produce aggregates on top of the Calu-3 cells. Addition of SP-D to 
A. fumigatus resulted in a significant decrease in hyphal length 8h after 
infection (Fig. 3C). The effect of LL-37 was not tested during hyphal 
growth.
 The third activity that was measured was the effect of opsonized fungal 
cells on cytokine production. Four cytokines that are produced by Calu-
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Figure 2: Confocal microscopy of SP-D and LL-37 binding to C. albicans and A. fumigatus at the 

surface of CALU-3 cells. In red : A647-labeled SP-D; in green: A488-labeled LL-37, last column show 

merged pictures with all channels including differential contrast (DIC) to visualize Calu-3 cells. White 

bars are 20 mm long. Representative pictures of more than three independent experiments.
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3 cells were measured: IL-8, IL-6, IL-1β and IL-10. Only IL-8 and IL-6 
production were increased significantly after infection with either C. 
albicans or A. fumigatus (Fig. 4A and B).  During C. albicans infection, 
no effect of SP-D was observed on IL-8 production, but IL-6 decreased 
significantly (Fig. 4C and D). After 24 h of A. fumigatus infection on Calu-
3 cells, there was still a slight decrease in IL-6 production when SP-D was 
present but this did not reach statistical significance (Fig. 4E and F). No 
effect was observed for LL-37 on C. albicans or A. fumigatus cytokine 
production either in the presence or absence of SP-D. 

Neutrophil activity is affected by SP-D coating of fungal surfaces
One of the major defenses against fungal infections are neutrophils. In fact, 
fungi cannot be cleared effectively without them (30). For this reason, it 
was decided to measure the effect of SP-D on neutrophils that are present 
at the lung lining and encounter fungal intruders. Three characteristics of 
neutrophil activation were measured: 1) Fungal clearance at the Calu-3 
surface, 2) Oxidative burst and 3) Inhibition of hyphal growth.
 Before the activity of neutrophils at the surface of Calu-3 cells was 
tested, confocal images were taken to study binding of neutrophils at 
Calu-3 infected surfaces. Interestingly, images showed strong binding of 
neutrophils to SP-D-coated C. albicans and A. fumigatus (Fig. 5). Fungal 
infection was decreased by neutrophils in the presence of SP-D for both 
C. albicans and A. fumigatus (Fig. 6A and B). Neutrophils alone reduced 
the infection by 90 %, but when SP-D was present a further reduction in 
infection was observed. The CRD fraction of SP-D, however, did not have 
an effect, indicating that either the multimerization of SP-D or its collagen 
domain is important for eliciting an activity. Addition of LL-37 did not have 
an effect on neutrophil clearance of C. albicans and even had a detrimental 
effect on neutrophil clearance of A. fumigatus. 
 To find out if neutrophil activity changes in the presence of SP-D, the 
oxidative burst and the neutrophilic killing capacity were tested. The 
oxidative burst of neutrophils actually decreased when they were in contact 
with free SP-D oligomer, but no effect was seen with CRD fragments (Fig. 
7A). The oxidative burst increased sharply when C. albicans was added to 
neutrophils and addition of SP-D in this case had no significant effect on the 
C. albicans-induced oxidative burst (Fig. 7B). In contrast to C. albicans, no 
effect on the oxidative burst was observed when neutrophils were incubated 
with A. fumigatus (Fig. 7C). Addition of SP-D to A. fumigatus and neutrophils 
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Figure 3: Effect of SP-D and LL-37 during fungal infection. A) Effect of SP-D and LL-37 on C. 

albicans association to Calu-3 cells. B) Effect of SP-D and LL-37 on A. fumigatus association to Calu-

3 cells. C) Effect of SP-D on hyphal length of A. fumigatus during Calu-3 infection. Measurements 

from three independent experiments are shown as mean values with error bars representing standard 

deviation. * and ** indicate significant and very significant difference.  

Figure 4: Cytokine production by Calu-3 cells during infection with C. 
albicans (CA) or A. fumigatus (AF). A) and B) show controls (unstimulated 
cells) showing the increase in cytokine production after infection. C) and D) 
Effect of SP-D and LL-37 during CA infection. E) and F) Effect of SP-D and 
LL-37 during AF infection. Data from 10 independent experiments are shown 
as mean values with error bars representing standard deviations. * means 
significantly different from control and **** highly significant.
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again led to a reduced oxidative burst although the effect was somewhat less 
than in the absence of A. fumigatus. In presence or absence of fungi, LL-37 
did not have a significant effect on the oxidative burst of neutrophils (Fig. 
7A-C). 

Figure 5: Binding of neutrophils to fungal cells at Calu-3 surface. A) Calu-3 infection with C. albicans, 

first row without SP-D and second row with SP-D present. First three columns show: fungi light 

contrast, Hoechst labeled neutrophils (blue) and  a merge picture for both channels. The fourth column 

shows a 3D surface-plot where intensity of neutrophils is measured by a change of color from blue to 

red.  B) Calu-3 infection with A. fumigatus, first row without SP-D and second row with SP-D present. 

First three columns show: A488-labeled fungi (green), Hoechst labeled neutrophils (blue) and  a merge 

picture for both channels. The fourth column shows a 3D surface-plot. SP-D treatment increased the 

intensity of neutrophil fluorescence indicating a higher quantity of these cells binding to the fungi. 

Representative pictures of three independent experiments.
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Figure 6: Clearance of fungal infection from Calu-3 cells by neutrophils (PMN). A) C. albicans (CA) 

infection. B) A. fumigatus (AF) infection. Data are means of three independent experiments. Bars 

represent standard deviation. * and ** represent significant and highly significant difference.

Figure 7: Neutrophil NADPH-oxidase activity measurements during 6 h of infection with fungi. A) 

Controls showing the decrease in neutrophil oxidase activity due to the oligomeric fractions of SP-D. 

B) Effect of C. albicans infection on oxidase activity. C) Effect of A. fumigatus infection on oxidase 

activity. Measurements are Mean Fluorescence Intensity of three independent experiments, bars 

represent standard deviation. * represent significant difference. 

During the period of co-incubation of neutrophils and fungi it was observed 
that fungal growth was more effectively inhibited when SP-D was present. 
This is similar to what was observed for incubation of Calu-3 cells with 
A. fumigatus. Especially in the case of A. fumigatus, SP-D significantly 
decreased hyphal growth (Fig. 8A). For C. albicans the effects were smaller 
(Fig. 8B). Interestingly LL-37 also had an inhibitory effect in halting growth 
of fungi. Both SP-D and LL-37 significantly decreased C. albicans hyphal 
growth. 
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Figure 8: Hyphal growth during co-incubation with neutrophils. A) A. fumigatus growth in the 

presence or absence of SP-D and LL-37. B) C. albicans growth in the presence or absence of SP-D and 

LL37. Data shown are average measurements of two independent experiments. Bars represent standard 

deviation. *** and **** represent very significant ans highly significant differences.

SP-D 

(Oligomer or trimer) SP-D (CRD) LL-37

SP-D Oligomer 

and LL-37

C. albicans

• Binds fungal surface

• Decrease binding to Calu-3 

cells

• Decrease IL-6 production  

by Calu-3 cells

• Decrease hyphal growth

• Increase neutrophil binding 

to infected sites

• Increase neutrophil 

clearance

• Binds fungal 

surface

• Increase binding 

to Calu-3 cells

• Binds Calu-3 

mucus layer

• Decrease 

binding to Calu3 

cells

• Decrease binding to 

Calu-3 cells

• Slightly decreases the 

effect of SP-D alone 

in fungal clearance by 

neutrophils

A. fumigatus

• Binds fungal surface 

• Decrease binding to Calu-3 

cells

• Decrease growth

• Increase neutrophil binding 

to infected sites

• Increase neutrophil 

clearance

• Binds fungal 

surface

• Binds fungal 

surface and Calu-3 

mucus layer

• Decreases effect seen 

for SP-D alone with 

and without neutrophils

Table 1: Effects of SP-D and LL-37 during C. albicans and A. fumigatus infection of Calu-3 cells



97

4

Discussion
In this study an in vitro system mimicking the lung lining environment 
was developed. This system consisted of Calu-3 epithelial cells at an air/
liquid interface that allowed them to polarize and produce a stratified fluid 
composed of an aqueous phase and a gel phase (also called the mucus 
layer). This fluid had similar Ca2+ concentration and a similar pH to what 
is found at the lung lining (21). Additionally, Calu-3 cells secrete, to their 
apical surface, multiple soluble molecules such as antimicrobial peptides. 
To this system, two host defense molecules: SP-D and LL-37 were added 
in order to study their role against the fungal pathogens C. albicans and 
A. fumigatus. The interactions were measured mainly by live imaging 
using confocal microscopy but also by other techniques such as colony 
count assays and ELISAs. To make this environment more realistic and to 
discover other host defense interactions neutrophils were also included in 
some experiments, and the effects of SP-D and LL-37 were assessed. An 
overview of the findings can be found in Table 1.
 In the lung-mimicking environment SP-D bound strongly to C. albicans. 
Interestingly, binding of LL-37 to the C. albicans surface was hardly 
detectable, and most LL-37 remained localized in the mucus layer. Only a 
few C. albicans cells were positive for LL-37 and in those cases the peptide 
was localized inside the fungal cell (Movie 1). In contrast, A. fumigatus 
conidia were brightly labeled with LL-37, indicating that LL-37 apparently 
has a strong affinity for these conidia, which has not been described before. 
Binding of LL-37 to fungal conidia is not likely to have an immediate effect 
on the cells, as they are probably not permeable to the peptide but binding 
could delay germination, a possibility that remains to be tested.
The absence of LL-37 at the surface of C. albicans in a lung-mimicking 
environment is an important observation. Previous studies where 
more simplified conditions are used focus on the importance of LL-37 
accumulation at the fungal surface in order to exert its fungicidal activity. 
The fact that only low amounts of LL-37 are in direct contact with C. 
albicans undermines the general view of LL-37’s antifungal activity with 
initial saturation of the fungal membrane. These observations underline the 
importance of environmental factors on the activity of antifungal compounds 
and the necessity to mimic the in vivo situation as closely as possible. 
 Association of fungi with Calu-3 cells was reduced in the presence of 
oligomeric SP-D. It is known that SP-D can aggregate C. albicans and A. 
fumigatus (8, 31). Thus it could be that aggregation of fungal cells helps 
to block their association with the epithelium and facilitates their removal 
during washes. Interestingly, the trimeric form of SP-D has this same effect, 
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even though it lacks most of the aggregation ability that the oligomer 
has (data not shown). There could be another reason for the decrease in 
fungal association since several Toll-like receptors and lectin receptors are 
responsible for fungal recognition at the epithelial surface (32-34), Fungal 
cells coated with trimeric or oligomeric SP-D may mask polysaccharide 
ligands that are usually recognized by the receptors, thus decreasing adhesion. 
Curiously, an actual increase in adhering fungi to Calu-3 cells was observed 
after addition of the CRD domain of SP-D only. This observation is hard 
to explain but could mean that CRD domains are also being recognized by 
receptors at the epithelium. Whether this observation has any value in an in 
vivo setting is highly unlikely since only oligomeric and trimeric structures 
of SP-D are secreted into the lung lining, but not the artificial CRD (35). 
 Contrary to what is observed for SP-D, LL-37 affected association 
with the epithelium only for C. albicans and not for A. fumigatus. Since 
LL-37 was bound to the A. fumigatus surface but not to C. albicans, it 
indicates that the effect of LL-37 could most probably be related to an 
interaction between LL-37 and the epithelium. Although LL-37 may have 
a direct killing activity against C. albicans, the concentration of Ca2+ at 
Calu-3 surface is such that it partially blocks LL-37 direct activity. In fact, 
the minimum fungicidal concentration found earlier for LL-37 in a buffer 
containing 1 mM of free Ca2+ was four times higher than the one used during 
these experiments (see Fig. 5 of Chapter 3), but possibly still high enough 
to explain a < 50 % reduction in adhesion of C. albicans. Nevertheless, it 
is also important to consider that LL-37 binds strongly to mucus, probably 
decreasing even further the amount of free LL-37 that can interact with the 
fungi. To confirm this, the killing activity of LL-37 should be addressed in a 
medium containing the same concentration of mucus as used for this study.
 To test the immunomodulatory effect of SP-D and LL-37 during fungal 
infection, cytokine measurements were taken at 24 h post-infection. At this 
time point A. fumigatus infection caused a modest increase in IL-8 and IL-
6, whereas C. albicans infection increased these two cytokines significantly. 
This is probably related to the fact that C. albicans is growing faster than A. 
fumigatus, which takes 8 h before germination starts. It is also known though 
that A. fumigatus can block apoptosis of epithelial cells and that it decreases 
TNFα production (36). The effect of SP-D was only evident for C. albicans, 
where IL-6 was decreased by 20 %. IL-6 is a cytokine secreted during C. 
albicans infection by activation through Dectin -1, and is also linked to 
cell damage (37, 38). This could mean that SP-D is blocking the binding of 
β-glucans to this receptor. 
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The effect of SP-D and LL-37 during neutrophil fungal clearance at 
the Calu-3 apical environment was also tested. The first finding was an 
increased number of neutrophils at Calu-3 infected sites when SP-D was 
present. Several reasons could explain this finding: increased adhesion, 
increased chemotaxis and increased activation of neutrophils by SP-D (8). 
We tested these options in a more simplified setting (only neutrophils and 
SP-D present). We found that there was neither an increase in adhesion nor 
chemotaxis was exerted by SP-D (data not shown). However, a different 
effect could occur when SP-D is bound to fungi, since only the collagenous 
region of SP-D would be available for interacting with neutrophils and 
fungal cells. Additionally, the presence of SP-D could aid neutrophils to 
clear the fungal infection and to decrease fungal growth. These results are 
important and support the conclusion that SP-D contributes to clearance of 
fungal pathogens at the lung epithelium. 
 Altogether, this study shows the potential of our newly developed system 
to mimic the lung lining fluid in many aspects, and provides novel insights 
into the function and activity of innate immune molecules and/or innate 
immune cells. The clearest example of this is the inability of LL-37 to 
bind to C. albicans in this environment, which indicates that despite in 
vitro antifungal activity in more simple assays, it is likely to play a more 
immunomodulatory role in the candidacidal response in the lung. Additional 
factors can be included in future experiments, like alveolar macrophages, 
pulmonary surfactant or other innate immune molecules. This will enable 
us to study the fungal or bacterial interaction with the lung epithelium more 
closely and reliably.
 . 
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Supplemental movie:
Movie S1: https://www.youtube.com/watch?v=vnFLqf5lz4Y

Movie legend
Movie S1: Localization of SP-D (red) and LL-37 (green) during C. albicans infection of Calu-3 cells. 

SP-D binds to the surface of  C. albicans while LL-37 remains bound to the mucus 

Figure 1S: Hoechst- labeled A. fumigatus hyphae (blue) infecting Calu-3 cells 
A) in the presence of SP-D and B) in the absence of SP-D. Representative 
pictures of three independent experiments.

Supplemental figures
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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 immunocompromised 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, we show that A. fumigatus and A. 
niger conidia adhere with similar efficiency to the lung epithelial A549 cell 
line 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 
the 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. They mainly feed on dead organic material but are also 
opportunistic pathogens of plants, animals and humans (1). 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 (2, 3). Aspergillus 
infections rarely occur in immuno-competent individuals, indicating 
efficient clearance of conidia by pulmonary defense mechanisms (4). 
However, infections occur as a consequence of suppressed or impaired host 
immunity (5, 6). 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 (IA). IA is accompanied by 
long-term hospitalization, intensive antifungal therapies, and high rates of 
mortality (7, 8). 
 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 
protein D (SP-D) play a crucial role as well (9-11). The role of neutrophils 
in defense against A. fumigatus has been relatively well studied (12). 
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) (13, 14). This web-like 
structure is produced as a result of neutrophil induced apoptosis and consists 
of DNA, chromatin and cytoplasmic and granular proteins. SP-D has also 
shown to increase A. fumigatus clearance by neutrophils (15, 16). However, 
conidia restrict recognition by neutrophils by their rodlet and melanin layers 
that coat them (17-19). 
 A. fumigatus is the main cause of IA and allergic aspergillosis (20, 21). 
It is often isolated from patients presenting symptoms, even though in the 
majority of the cases cultures remain negative (22). Aspergillosis can also 
be caused by other Aspergillus species such as A. flavus, A. niger, and A. 
terreus (23-26). 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 (27-31). The relatively small diameter of its conidia 
(2-3µm) would make A. fumigatus a more potent pathogen when compared 
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to other Aspergillus species. A small conidial size favors deposition in the 
alveolar cavities and internalization by phagocytic and non-phagocytic 
cells (13). 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 (32). Indeed, A. fumigatus conidia but not those 
of A. terreus prevent acidification of phagolysosomes in macrophages (33). 
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. A. niger synthesize melanin via L-3,4-dihyroxyphenylalanine 
(L-dopa) and 5,6-dihydroxynindole, while A. fumigatus makes use of 1,8 
dihydroxynaphtalene to form DHN melanin (34, 35). 
 In this study we start by screening two types of cells: Calu-3 and A549 
as a model for fungal infection. Since A549 cells resulted in higher rates of 
fungal association and internalization, these cells were used in all further 
experiments. Interestingly, results showed higher internalization efficiency 
and delayed germination for A. fumigatus compared to A. niger. At a later 
stage of infection hyphal growth direction differed between these two species 
making A. fumigatus harder to be recognized by neutrophils. Overall these 
observations show how A. fumigatus can cause a more successful infection 
than A. niger.

Materials and Methods

SP-D expression, purification and labeling
 Recombinant human surfactant protein D was expressed in HEK293 
cells, as previously described (36). Fractionation of mannan affinity purified 
SP-D into oligomeric and trimeric structures was performed by gel filtration 
using an ÄKTA purifier10 system, equipped with a Hiload 16/60 Superdex 
200 PREP GRADE column. A trimeric neck-carbohydrate recognition 
domain (CRD) fragment derived from SP-D was expressed, purified and 
characterized as previously described (37). Gel filtration of SP-D and CRD 
was performed using an elution buffer that was composed of 5 mM HEPES 
(pH 7.4) and 150 mM NaCl (in absence of EDTA). This buffer was also used 
as storage buffer (-20 °C). Fluorescent labeling of SP-D fractions was done 
using a Alexa 647 protein conjugation labeling kit from Molecular Probes 
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(Eugene, OR). Endotoxin levels were determined with the Toxinsensor LAL 
assay kit and ranged between 10 and 100 pg/μg of SP-D.

Strains and growth conditions
The strains selected for A. niger and A. fumigatus have been broadly studied 
(Table 1). For A. fumigatus the strain A293 is widely used for assessing 
internalization and infection in A549 cells (38). This strain originates from a 
clinical isolate (39, 40), which makes it more representative for this specific 
study. For A. niger no experiments involving infection and its interaction 
with epithelial cells have been described to our knowledge. Therefore, the 
strains used are environmental strains, completely sequenced and often used 
in fungal biology (41). Spores were grown on PDA agar plates for 3 days at 
37ºC. 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 
after counting the conidia with a Bürker chamber.

Table 1. Strains used in this study

Strains Construct Parental strain Description of strain

A. fumigatus

 AF 293 Wild type (52)

 AF 293.1a  pRG3AMA1-RFP AF293 Strain expressing RFP (53)

 AF ΔpksPb CEA17 Non-melanised mutant, partial deletion of pksP 

(19)

A. niger

N402 NRRL3 Short conidiophore mutant (54)

AV112d.7 PglaA:dTomato CB-A112.11 Strain expressing dtomato (55)

JP1.1  pptA::AopyrG AB4.1 Non-melansied mutant, deletion of pptA (56)

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)

Cell cultures and fungal infection

Calu-3 air liquid culture 
Calu-3 cell culture was done as described by Grainger et al. (42), with few 
modifications. Briefly, cells were purchased at ATCC (Rockville, MD, USA) 
and used between passages 5 to 20. Cells were cultured using Minimum 
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Eagle medium (SIGMA, St. Louis, MO, USA) supplemented with 10 % 
FCS in 75 cm2 culture flasks (SIGMA, St. Louis, MO, USA), until 80 % 
confluence was reached. Calu-3 cells were harvested and 250 μl of a 2*105 
cell/ml suspension was added to a transwell chamber (Costar, Kennebunk, 
ME, USA) and grown until confluence. Before performing experiments, 
TEER measurements were performed and only wells with higher resistance 
values than 200 Ω were used. For infection, cells were challenged with 
2*106 fungal conidia/well at their apical side (Corning®, Costar®, New 
York, USA). For experiments that required fixation prior to fluorescence 
microscopy, transwell membranes containing Calu-3 cells were cut and 
fixed to coverslips (WPI international BV, Europe).

A549 liquid culture 
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) culture medium (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 2.105 cells/ml 
on 8-mm glass coverslips (WPI international BV, Europe), and cultured at 
37 °C and 5% CO2 until a confluent monolayer was formed. For infection, 
cells were challenged with 2*106 fungal conidia/well 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 such as the one by (38). For experiments that required 
fixation prior to fluorescence microscopy, A549 cells were 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 
Conidia were added to cells and incubated for 4 h. Unbound conidia 
were removed carefully by washing 3 times with DMEM (pre-warmed to 
37ºC). Adhering conidia were visualized with 0.003% Calcofluor-white 
(CFW) (SIGMA-ALDRICH, Buchs, Switzerland). The dye was added 
for 5 min at 37oC followed by 2 washing steps with pre-warmed medium. 
Cells were fixed with 4% paraformaldehyde (PFA) (SIGMA-ALDRICH, 
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Buchs, Switzerland) for 5 min at 4oC 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 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 cells. Obtained 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. For 
associated conidia values are represented as percentage of the total inoculum 
and for conidial internalization values are presented as the percentage of 
internalization from 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 
(43). Briefly, conidia were added to A549 cell and incubated for 4 hours to 
allow internalization. Cells were washed 2 times with DPBS and incubated 
with 100 µg/mL of nystatin. Incubation was followed for 3 hours and cells 
were washed 2 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 37oC

Germination and directionality of hyphal growth upon interaction 
with A549 cells
For germination experiments A549 cells were grown on 8-mm glass 
coverslips (WPI international BV, Europe) and in µ-slide 8 well chambers 
(Ibidi®, Munich, Germany) for observing hyphal growth directionality. 
CFW was used to visualize conidia and hyphae outside the A549 cells. 
After 6 hours 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, 5% 
CO2. Observations were made every hour until hyphal length reached a size 
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comparable to the observed in the presence of A549 cells. Three separate 
experiments were included in the analysis, using at least 100 conidia per 
experiment.
 To assess hyphal growth directionality, hyphae from both strains were 
grown until they reached similar lengths. The latter times for observation 
were taken from germination experiments were we saw a lag in growth for A. 
fumigatus compared to A. niger. For epithelial visualization, A549 cells were 
stained with Hoechst (1mg/ml) (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 and perpendicularly 
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) were used to block internalization pathways. These 
concentrations were obtained from cytotoxicity experiments with A549 
cells together with the comparison with other article (44). 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 two separate 
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 
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LAMP-1 antibodies for 45 min at RT. Slides were washed once with PBS and 
mounted with FluoroSave. Percentages of colocalization were calculated by 
analyzing at least 50 conidia in each of three separate experiments
 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) was incubated at RT for 2 h with 6 µL 10 mg/ml 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). Analyzed data was obtained from three separate experiment 
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 (45). 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) 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 taken from three separate experiments, 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, 561 and 647 
nm laser lines. Identical settings were used when comparing fluorescence 
intensities between samples. Fluorescence emission of CFW was detected 
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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. 

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 of ≤ 0.05 were considered significant and ≤ 0.001 as highly 
significant. Analysis of internalization and internalization blockers 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 Calu-3 and A549 
cells
A monolayer of Calu-3 or 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. Association and internalization of both fungal 
species to Calu-3 cells was 3 times lower than to A549 cells (data not shown). 
Because of this finding we decided to only use A549 cells. 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 (Fig. 1A). 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 (Fig. D). The effect of SP-D on 
association of both fungal species to A549 cells was also assessed (Fig. 1B). 
SP-D treatment did not decrease association for both fungal pathogens. 
 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 (43, 46, 47). 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: Association and internalization of conidia. A. fumigatus (light grey shading) and  A. niger 

(black shading) to a monolayer of A549 cells. Adherence of conidia in time expressed as the number 

of conidia per A549 cells (A) and after 4 h expressed as the percentage of the initial inoculum, in 

the presence or in the absence of surfactant protein D (SP-D) (B). Internalization of conidia in time 

expressed as the number of conidia per cell (C) and after 4 h expressed as the percentage of the initial 

inoculum (D). Bars represent standard deviation. * indicates significant difference. 

Figure 2 :Cytochalasin-B and nocodazole block internalization of A. fumigatus more effectively than 

that of A. niger. Internalization of A. niger (AN) and A. fumigatus (AF) by A549 after treatment with 

10 µM cytochalasin-B (CB), and / or 20 µM nocodazole (Noc). For analysis, each conidium 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. 
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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% (Fig. 2). 

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 

Figure 3: 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 (AN) and A. fumigatus (AF) conidia, co-

localizing with FITC-labelled 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 4: A. fumigatus melanin inhibits acidification of cellular compartments. Tracking of acidification 

inside cellular compartments containing Cy-pHer5e-labelled conidia (CC). Wild-type A. niger (AN) 

and A. fumigatus (AF) 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. Data obtained from three separate experiments analyzing at least 100 conidia per condition 

were analyzed.
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and A. niger conidia, respectively, were co-localized with LAMP-1. These 
numbers increased to 59 % and 54 % after 8 h of incubation (Fig. 3). 
 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 (Fig. S1). 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 (Fig. 4A and B). In contrast, 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 (Fig. 4E and F). 
 It has been shown that DHN-melanin of A. fumigatus conidia inhibit 
phagolysosome acidification (29, 48). To test whether A. niger melanin 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 (Fig. 4C and D), In contrast, both white and wild-
type strains of A. niger did not decrease acidification and phagolysosomes 
reached pH 4 after 4 and 6 h, respectively (Fig. 4E 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 we observed that all 
internalized conidia from A. fumigatus and A. niger were viable after 20 h 
(Fig. S2). As part of the Aspergillus cycle of infection, internalized conidia 
need to escape from cellular endosomes. 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 (Fig. 5). At 10 h after infection 
as little as 6 % of the conidia of A. fumigatus had germinated, while at 9 h, 
24 % of A. niger conidia had already germinated (Fig. 6A). Germtubes also 
differed in length. A. fumigatus hyphae were significantly smaller compared 
to those of A. niger (Fig. 6B). In addition, hyphae of A. fumigatus and A. 
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Figure 5: 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 (AF) and A. niger (AN). Data are from one of three representative experiments.

Figure 6: Germination and hyphal length of A. fumigatus (AF) are more effectively decreased in 

the presence of A549 cells than that of A. niger (AN). (A) Germination and (B) hyphal length. Bar 

represents standard error of the mean. * indicates significant difference. Data are obtained from three 

separate experiments; at least 100 conidia per condition were analyzed.
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niger showed a difference in growth direction. Hyphae of A. fumigatus grew 
mainly parallel to the A549 epithelial cell 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 cell monolayer (Fig. 7; Fig. 
7G 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 (Fig. 7D 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 
PMNs are crucial in controlling IA by killing conidia and hyphal structures 
by means of phagocytosis or by degranulation and NETs formation (13,40). 
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. niger and the 
outgrowth of hyphae (Fig. 8C and D). In contrast, germination of conidia 
of A. niger was reduced by 31 % in the presence of PMNs (Fig. 8A). In 
addition, the length of A. niger hyphae was reduced by 24 % (Fig. 8B). 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 % (Fig. 
9A and B). Germination of conidia of A. fumigatus was reduced by 31 % 
with no significant effects on hyphal length (Fig. 9C and D).
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Figure 7: 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. Approximately 10 fields per slide from 3 biological replicas were analyzed.
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Figure 8: PMNs reduce A. niger (AN) germination and hyphal length at the surface of A549 cells. A. 

fumigatus (AF) 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. Data are 

obtained from three separate experiments; at least 100 conidia per condition were analyzed.

Figure 9: A. niger germination and hyphal length are reduced more effectively by PMNs compared to 

A. fumigatus. A. fumigatus (AF) and A. niger (AN). (A, C) percentage of germination, (B, D) hyphal 

length. Bars represent standard error of the mean. * indicate significant differences. Data are obtained 

from three separate experiments; at least 100 conidia per condition were analyzed.
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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, host defense 
molecules, epithelial cells, and phagocytes within the lung 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 Calu-3 cells, representing the 
conductive airways and A549 cells, representing lung type II pneumocytes 
in the alveoli was addressed. Results showed that A. niger and A. fumigatus 
adhered 3 times more to A549 cells than to Calu-3 cells. Since A549 cells 
have been used before for A. fumigatus infection studies and because we 
observed more infection with both A. niger and A. fumigatus in these cells, 
all subsequent experiments were done using A549 cells. 
 The surfactant protein SP-D was used to assess differences at the first 
stages of recognition between these two fungi. However, addition of SP-D 
to A. niger and A. fumigatus did not result in any differences in association 
or internalization compared to control conidia. Internalization by A549 
cells was different if uncoated A. niger and A. fumigatus were compared 
with the latter conidia being 17 % more internalized. This last observation 
suggests that A549 cells interact differently with A. niger and A. fumigatus 
conidia. 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 (19, 38). In fact, we 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 
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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 (35). Indeed, 
conidia of a white strain of A. niger showed a similar 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 ΔpksP strain 
failed to inhibit phagosomal acidification (19, 29, 48, 49). It should be 
mentioned however that we did not detect acidification of phagolysosomes 
with LysoSensorTM and that we noticed an aspecific binding of lysotracker to 
conidia lacking melanine (Fig. S1). 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-melanine (19). 
 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 conidia 
of germinated A. fumigatus was reduced 13-fold in the presence of A549 cells 
whereas it was only 3-fold reduced for A. niger conidia (data obtained from 
Fig. 8 and Fig. 9). Compared to A. niger, A. fumigatus conidia germinated 
20 % less and had a twofold decrease in hyphal length in the presence of 
A549 cells (Fig. 8). 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 (50). 
This may also be the case for aspergilli. They need a minimal oxygen 
concentration between 0.1 % and 0.5 % for growth (51). It has been reported 
that A. niger hyphae respond to electrical fields, chemical compounds, and 
topographical sensing (52). Little is known about hyphal tropism or contour 
sensing in A. fumigatus. The differences in hyphal orientation may also be 
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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 (38, 53). We hypothesized 
that A. niger hyphae 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 (Fig. 9) 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 (54). 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. The extension of this 
study to other aspergillus species, would 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: LysoSensorTM did neither colocalize with A. fumigatus (AF) nor with A. niger (AN) 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 labelled with red fluorescent protein inside A549 cells 8 

h after the challenge. LysoSensorTM (green) labelled acidic compartments. (B) Conidia of the white 

strains of A. niger co-localizing in A549 cells with LysoSensorTM 8 h after 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.

Supplemental figures
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Figure S2: A. fumigatus and A .niger conidia survive inside A549 cells. A. fumigatus and A. niger 

inside A549 cells after 3h and overnight (20h). Nystatin (Nyst) protection assay was used to kill conidia 

outside the cells. Data from one of three representative experiments.
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Host defense proteins and peptides are part of the innate immune system of 
the lung. They constitute one of the first defenses against fungal pathogens 
during inhalation. Discerning how these molecular defenses act in concert 
to prevent infection in a healthy lung has proven to be difficult, due to 
a redundancy in function and the difficulty of mimicking the complex 
conditions of the lung environment in vitro. For these reasons the study of 
innate host defense molecules is most often approached by using infection 
models and simplified conditions in vitro. Current knowledge has found 
three ways in which these molecules exert their function: 1) direct killing, 
2) opsonization, and 3) immune modulation. How relevant these findings 
are with respect to the lung environment is discussed in detail in Chapter 1. 
 This thesis deals with the antifungal properties of two host defense 
molecules: the antimicrobial peptide LL-37 and the surfactant protein D 
(SP-D). LL-37 is constitutively secreted to the lung lining by epithelial and 
roaming phagocytic cells (1). The antifungal activity of LL-37 has been 
described in vitro only for C. albicans (2). SP-D on the other hand is a 
multimeric collagenous lectin that acts as a pattern recognition molecule of 
the lung innate immune system. Like LL-37, SP-D is constitutively secreted 
to the lung lining by Clara cells and alveolar type II cells in the alveoli. 
SP-D binds to fungi through its carbohydrate recognition domain (CRD) 
in a Ca2+-dependent manner. This binding has two effects against fungi: 
it can aggregate fungal cells, facilitating fungal removal by mucociliary 
clearance, or it can increase phagocytosis (3). 
 The approach taken in this research was to extend our knowledge of these 
two molecules (SP-D and LL-37) using first a simple in vitro setting and use 
this information to develop a second setting where the conditions of the lung 
environment are mimicked and where interactions with the environment 
can also be taken into account. This system was accomplished by growing 
Calu-3 cells in an air-liquid interface, allowing them to polarize and secrete 
mucus to their apical surface. This setting has previously proven to be a 
good model to study lung lining conditions (4), but has not been tested for 
the study of fungal infections before. Furthermore, the immunomodulatory 
effects of these molecules with epithelial (Calu-3 cells) and neutrophils were 
also taken into consideration. In this chapter results from both approaches 
will be compared. 
 In Chapter 2 the candidacidal activity of LL-37 and two other peptides 
(chicken cathelicidin CATH-2 and human salivary peptide Hist5) were 
described to show their antifungal mechanisms against C. albicans. For LL-
37 and CATH-2, their marked localization at the cell surface during the 
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killing process suggested that direct membrane permeabilization is the main 
mechanism of their action. However, it was also clear that small amounts of 
peptide were present intracellularly, even before permeabilization occurred. 
Interestingly, the results using the Calu-3 cells system (addressed in detail 
in Chapter 4) showed no preferential binding of LL-37 to C. albicans yeasts 
and the hyphal surface. LL-37 was observed to bind mucus and did not 
relocalize to the surface of C. albicans upon infection. In the few occasions, 
where LL-37 was binding to C. albicans its localization was predominantly 
intracellular. These contrasting observations show that deposition of high 
amounts of LL-37 at the surface of C. albicans probably not occur at the 
lung lining. On the contrary, internalization of LL-37 seems to occur in 
both settings, suggesting that internal targets can have a more relevant role 
during LL-37 activity against C. albicans in vivo.
 Even though LL-37 did not bind C. albicans when located at the Calu-3 
surface, its presence significantly decreased the number of fungi adhered to 
Calu-3 cells. To a certain extent this correlates with a previous study where 
LL-37 prevents invasion of lung epithelial by P. aeuroginosa and increasing 
cell stiffness while decreasing trans-epithelial permeability. However the 
latter study was done using A549 cells that neither polarize nor secrete 
mucus on their surface, which is the case in our experiments described with 
Calu-3 cells. 
 In contrast to the observations regarding the interaction of LL-37 with 
C. albicans, the results using A. fumigatus conidia (described in Chapter 
3 and 4) show that binding of LL-37 to A. fumigatus occurred both in 
buffer and at the surface of Calu-3 cells. Curiously, this binding did neither 
have an effect on conidial adhesion, nor on Calu-3 cell response (cytokine 
production) during infection. Conidia are structures highly impermeable to 
environmental factors (5). Binding of LL-37 to the conidial surface might 
block its passage to the inside of the conidia, thereby inhibiting LL-37’s 
activity. Strong binding of the peptide to the conidial cell wall might also 
hamper any activity in a later stage of fungal growth. Conidia change their 
surface coat during germination and bound LL-37 probably is not released 
to interact with the new growing hyphae (6). 
 Cytokine production at 12 h might not be an adequate way to find if 
there is an effect of LL-37 after A. fumigatus infection. The reason is the 
long period of time needed to have measurable cytokine levels. Other 
measurements such as internalization times and cell stress signals might 
be better indicators in an earlier stage. Another factor that was not checked 
during these experiments is whether bound LL-37 can affect germination 
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time. The effect of LL-37 on neutrophil activity was described in Chapter 
4. Results showed that the presence of LL-37 facilitated the decrease of 
A. fumigatus growth. This result could by explained by a delay in conidial 
germination due to bound LL-37, since no other direct effects of LL-37 on 
neutrophils, such as an increased oxidative burst, were observed. 
 In Chapter 3 the initial binding properties of SP-D to C. albicans and A. 
fumigatus were described and discussed. Results showed that SP-D binding 
was, in the case of A. fumigatus, only partially Ca2+-dependent. Interestingly, 
SP-D bound germ tubes of A. fumigatus also in a Ca2+-independent manner 
indicating that even though conidia and germtubes differ strongly in their cell 
wall composition, they seem to retain the properties that make them prone 
to Ca2+-independent binding to SP-D. In contrast, binding of A. fumigatus 
germtubes under these same conditions was completely Ca2+-dependent. 
Ca2+-dependency can be important at the lung lining because if SP-D binds 
with other domain other than its CRD to the fungal surface, the CRD domain 
of SP-D will then be free to interact with phagocytic cell receptors, changing 
the elicited response during the encounter. In Chapter 3 and 4 the effect of 
LL-37 in the presence or absence of SP-D was also described. Interestingly, 
there was strong binding of LL-37 to A. fumigatus conidia regardless of 
the environment. This together with the Ca2+-independent binding of SP-D 
to A. fumigatus hints at a “sticky” property of this fungal surface. More 
studies are required to prove the hypothesis that host defense compounds 
aspecifically bind A. fumigatus conidia.
 In Chapter 4, SP-D binding to C. albicans and A. fumigatus at the 
surface of Calu-3 cells was studied. Contrary to LL-37, SP-D did not bind 
to mucus and stayed uniformly distributed throughout the apical surface 
of Calu-3 cells, with exceptions of clusters of cell debris, where it bound 
strongly. Immediately after fungal addition SP-D relocated to both the C. 
albicans and A. fumigatus fungal surface. The SP-D oligomers decreased 
both A. fumigatus and C. albicans adhesion to epithelia, whereas the neck-
CRD did not. Interestingly, SP-D binding to A. fumigatus significantly 
decreased hyphal length after 8 h of infection. This effect has not been 
described before in a system mimicking the lung environment, but 
previously a similar effect was seen for SP-D during C. albicans clearance 
by macrophages (3). Unfortunately, it was not possible to measure hyphal 
length of C. albicans due to aggregation of germinating spores and its 
fast growth. During fungal infection of Calu-3 cells, cytokine production 
was not strongly affected by either the presence of SP-D or LL-37. Only 
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IL-6 was significantly decreased for C. albicans infection when SP-D was 
present.
 The interaction between LL-37 and SP-D was investigated in Chapter 3 
and 4. Two conclusions can be drawn from these observations: One is that 
even though LL-37 and SP-D need to bind the fungal surface, they do not 
compete for this binding and they do not interfere with each other, such as 
could happen in the case of a direct interaction that blocks their function.  
The second is their localization. From the experiments with Calu-3 cells 
was observed that LL-37 localizes at the mucus layer whereas SP-D remains 
in the aqueous phase. 
 In Chapter 4 another layer of complexity was added and neutrophils 
were used to add their important role in clearance of fungal infection. In 
this experiments the activity of SP-D and LL-37 was also addressed. SP-D 
facilitated the removal of fungi from the Calu-3 cell surface, while LL-
37 did not. The observed effect could be due to several reasons. Since the 
neck-CRD was not active, aggregation of fungal cells may occur either by 
decreasing the amount of free fungi able to bind to the epithelial surface 
or by facilitating neutrophil recognition and binding. In addition, a direct 
effect of SP-D on the neutrophils may be possible. Therefore, effects of 
SP-D and LL-37 on the fungal growth were studied in the presence of 
neutrophils and in the absence of Calu-3 cells. Under these conditions, SP-D 
and LL-37 significantly affected the growth of A. fumigatus and C. albicans 
in the presence of neutrophils. Overall, the experiments under conditions 
mimicking lung epithelia show that direct interactions of LL-37 with fungi 
are less likely to occur in vivo than direct interactions of fungi with SP-D.
 Chapter 5 of this thesis deals with differences between two Aspergillus 
species: A. niger and A. fumigatus during infection of A549 cells. These 
two species, even though of the same genera, differ markedly from each 
other. Furthermore A. fumigatus is one of the most common fungal species 
found infecting the lungs of immune-suppressed patients. Until now it 
is not yet well established what makes this fungus more pathogenic than 
other aspergilli such as A. niger. The main objective of this study was to 
uncover differences between these two fungi that confer an advantage to A. 
fumigatus inside the lung and that allows it to be a more successful pathogen. 
The first efforts focused on the question if binding of SP-D to these fungi 
changed association of both of these fungal species to A549 cells. Results 
showed that this was not the case and our focus switched to study difference 
without SP-D present in the different stages of infection such as initial 
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interaction with the epithelium, internalization and germination. At early 
stages A. fumigatus showed higher internalization and a strong inhibition of 
phagosomal acidification compared to A. niger. At a later stage, germination 
of A. niger conidia was faster than the one of A. fumigatus. Additionally, 
A. niger hyphal growth was perpendicular to the plane of A549 cells while 
A. fumigatus hyphae grew predominantly parallel to the epithelial layer. 
Neutrophil antifungal activity also differed strongly. A. niger growth was 
neutralized efficiently by neutrophils while this was not the case for A. 
fumigatus. Taken together, these observations offer a new perspective on 
why AF is a more successful pathogen than A. niger.

Perspectives
The work described in this thesis shows how important it is to take the lung 
environment into consideration if host defense is studied. LL-37 showed a 
strong interaction with mucus that was not considered previously when the 
antifungal activity of this peptide was described. Our findings could change 
the focus of interest for future studies. One goal should be to understand 
LL-37 activity with respect to internal targets of fungi rather than focusing 
on permeabilization of the cell membrane, which may not be relevant at the 
lung lining. Another goal should be to study effects of LL-37 on epithelium 
and phagocytic cells during an infection. In this thesis cytokine production 
was studied but other effects such as internalization of fungal cells by the 
epithelium, changes of kind and number of receptors at the epithelial surface 
and cell activity in early stages of infection should be considered.
 The strong and selective binding of SP-D to fungal surfaces, described 
in this thesis, shows the importance of considering this type of interactions 
when fungal pathogens are studied at the lung lining. SP-D did not only 
significantly block the association between fungi and epithelium, but 
also increased antifungal activity of neutrophils. It will be interesting in 
the future to learn more about the effects of SP-D in neutrophil activation 
during fungal infections, such as the role of SP-D during netosis. It has been 
shown that SP-D binds to NETS and promotes bacterial aggregation and 
trapping by this mechanism (7). It is speculated that a similar role is exerted 
by SP-D when netosis occurs during a fungal infection. Furthermore, SP-D 
could potentially interact with other soluble innate immune molecules at the 
lung lining, which will probably alter the way fungi is recognized. 
 Finally, it is important to mention that the use of newly obtained 
experimental models, which closely mimic the lung surface, are needed in 
order to understand fungal interactions with innate immune molecules. The 
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use of cell-based systems that include several relevant immune components 
like salts, mucus and immune cells are already available. Several of 
these models are currently being optimized thanks to the availability of 
alveolar and bronchiolar epithelial cell lines (4, 8, 9). Primary cells may be 
considered as well to produce air-liquid models of lung epithelia. However, 
in view of the variation and difficulty to obtain these cells it may be better 
to use lung organoids, preferably 2D grown on microfluidic chips. One of 
the advantages of these systems is the possibility of visualization during the 
different stages of infection by different methods. This thesis is an example 
of how confocal microscopy and life imaging can be integrated with such a 
system in order to observe step by step the events occurring during infection.
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Summary
Host defense proteins and peptides are part of the innate immune system of 
the lung. They constitute the first defense against fungal pathogens during 
inhalation. Until now there are three ways in which these molecules are 
known to exert their function. They either directly kill fungi, they mark 
fungi as “foreign”, so that our body can remove these particles, or they 
modulate our response against them, even before the actual encounter 
happens. Two of these proteins and peptides are addressed throughout this 
thesis: the antimicrobial peptide LL-37 and the surfactant protein D (SP-D). 
Both are found in the inner lining of the lungs of healthy individuals and 
are secreted by the cells that form the inside of the lung. LL-37 is a very 
small component (peptide) that has proven to kill fungi by direct contact. In 
Chapter 1 of this thesis the current knowledge on the subject is assessed for 
its relevance with respect to the environment in a healthy lung. 
 In Chapter 2 the mechanisms by which LL-37 directly kills the fungi 
Candida albicans are described and compared to two other peptides: Hist5, 
another human antifungal peptide, and CATH-2, the chicken version of 
LL-37. The mechanisms were mainly observed by confocal microscopy 
and by live cell imaging, which allowed us to track the peptide’s action 
in real time. This was made possible by labeling the peptides with a 
fluorophore and monitor their localization while they were killing C. 
albicans. In the first stages LL-37 and CATH-2 localized mostly at the 
cell surface (cell wall and cell membrane). During this time C. albicans 
cells appeared to shrink, but also internalized a fluorescent dye added to 
the surrounding solution. These observations suggested that membrane 
permeabilization was the main mechanism of their action. However, it was 
also clear that small amounts of peptide were present inside the cell, even 
before permeabilization occurred. 
 SP-D is a protein with a complex structure, around 33 to more than 
300 times bigger than LL-37. It is known that SP-D can bind to fungi by 
recognizing certain sugars at their surface. This specific recognition of 
sugars requires the presence of calcium in the environment. In Chapter 
3 the mechanisms are described by which SP-D recognizes two fungi, C. 
albicans and Aspergillus fumigatus. Additionally, the effect of the addition 
of LL-37 on the interaction of SP-D with fungi was addressed. SP-D 
binding to C. albicans proved to be completely Ca2+-dependent. Contrary 
to what was expected, SP-D binding to A. fumigatus was only partially 
Ca2+-dependent. SP-D bound both fungi regardless of the presence of 
LL-37. Similarly, the interaction of LL-37 with fungi was not hindered 
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by the presence of SP-D. In fact, the direct antifungal activity of LL-37 
(discussed in Chapter 2) was even further increased by the presence of 
SP-D. 
In Chapter 4 the interactions between SP-D and LL-37, previously described 
in Chapter 2 and 3, are put to the test in an environment closely mimicking 
the lung lining. To accomplish this, Calu-3 cells (derived from human lung 
cancerous cells) were grown on top of a membrane. This allowed the cells 
to be exposed underneath to liquid-containing nutrients, while their upper 
side was exposed to air. In this setting Calu-3 cells formed a polar layer 
able to secrete certain products, similar to the ones found at the lung lining 
fluid. This cell system was used to test the antifungal properties of SP-D 
and LL-37 in a way that more closely resembles what happens in real life at 
the air-liquid interface of the lung.
 Interestingly, in this system LL-37 showed no preferential binding to C. 
albicans, but remained bound to mucus. In the few occasions where LL-
37 was associated with C. albicans its localization was predominantly 
intracellular. These observations differed strongly from what we reported 
earlier, when large amounts of LL-37 were found bound to C. albicans 
surface. Internalization of LL-37, on the other hand, seemed to occur in 
both settings suggesting that internal targets may have a more relevant role 
during LL-37 activity against C. albicans. Even though LL-37 did not bind 
C. albicans when located at the Calu-3 surface, its presence significantly 
decreased the number of the fungi that adhered to Calu-3 cells. In contrast 
to the observations regarding the interaction of LL-37 with C. albicans, this 
peptide bound A. fumigatus both in solution and at the surface of Calu-3 
cells. Curiously, this binding did neither have an effect on conidial adhesion 
to Calu-3 cells nor on the response of these cells to fungal invasion. 
 SP-D binding to C. albicans and A. fumigatus was also studied at 
the Calu-3 surface. Contrary to LL-37, SP-D did not bind to mucus 
and stayed uniformly distributed throughout the upper surface of these 
cells, with exceptions of clusters of cell debris, where it bound strongly. 
Immediately after fungal addition SP-D relocated to the fungal surface 
for both C. albicans and A. fumigatus. SP-D decreased adhesion of both 
A. fumigatus and C. albicans to Calu-3 cells. Additionally, SP-D binding 
to A. fumigatus significantly decreased its growth measured 8 hours after 
infection. This effect has not been described before in a system mimicking 
the lung environment. During fungal infection of Calu-3 cells, production 
of cytokines (molecules that allow cells to communicate with each other) 
was not strongly affected by either the presence of SP-D or LL-37. Only 
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IL-6, a molecule produced when cells are stressed, was significantly 
decreased by SP-D during a C. albicans infection.
The interaction between LL-37 and SP-D was also investigated in the Calu-
3 System. Two conclusions can be drawn from these observations. Firstly, 
even though LL-37 and SP-D need to bind the fungal surface simultaneously, 
they do not compete for this binding and they do not interfere with each 
other such that it could potentially block their individual functions. The 
second conclusion concerns their localization. From the experiments with 
Calu-3 cells it was demonstrated that LL-37 localizes at the mucus layer, 
whereas SP-D remains in the aqueous phase. 
 Finally, another layer of complexity was added and neutrophils (white 
blood cells of the innate immune system) were used to study their role in 
the clearance of fungal infection. In these experiments the activity of SP-D 
and LL-37 was also addressed. SP-D aided neutrophils with the removal of 
fungi from the Calu-3 cell surface, while LL-37 did not. This observed effect 
can have several explanations. SP-D may aggregate fungal cells and either 
decrease the amount of free fungi able to bind to the epithelial surface or 
facilitate neutrophil-fungal recognition and clearance. In addition, a direct 
effect of SP-D on neutrophils may be possible. Therefore, effects of SP-D 
and LL-37 on fungal growth were studied in the presence of neutrophils 
and in the absence of Calu-3 cells. Under these conditions SP-D and LL-
37 significantly affected the growth of A. fumigatus and C. albicans in the 
presence of neutrophils. In the presence of LL-37, neutrophils also decreased 
A. fumigatus growth more efficiently. This result could by explained by a 
delay in conidial germination due to bound LL-37, since no other direct 
effects of LL-37 on neutrophil behavior were observed. 
 Chapter 5 of this thesis deals with differences between two Aspergillus 
species, A. niger and A. fumigatus, during infection of A549 cells (a type 
of lung cancer cell line). These two species, even though of the same 
genera, differ markedly from each other. Furthermore, A. fumigatus is one 
of the most common fungal species found infecting the lungs of immune-
suppressed patients. Until now it is not yet well established what makes this 
fungus more pathogenic than other aspergilli such as A. niger. The main 
objective of this study was to uncover those differences between these two 
fungi that confer an advantage to A. fumigatus inside the lung and that allow 
it to be a more successful pathogen. The first efforts focused on determining 
whether binding of SP-D to these fungi changed association of both of these 
fungal species with A549 cells. Since our results indicated that  this was not 
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the case, our focus switched to studying their differences in the absence of 
SP-D during several stages of infection, e.g.  attachment to the epithelium, 
internalization and germination. At early stages A. fumigatus showed higher 
internalization and a strong inhibition of phagosomal acidification compared 
to A. niger. At a later stage germination of A. niger was faster than of A. 
fumigatus. Additionally, A. niger growth was perpendicular to the plane of 
A549 cells, while A. fumigatus grew predominantly parallel to the epithelial 
layer. Neutrophil antifungal activity also differed strongly. A. niger growth 
was neutralized efficiently by neutrophils, whereas this was not the case for 
A. fumigatus. Taken together, these observations offer a new perspective on 
why A. fumigatus is a more successful pathogen than A. niger. 
 Taken together, the research described in this thesis shows how important 
it is to take the lung environment into consideration if host defense is 
studied. LL-37 showed a strong interaction with mucus, which was not 
considered previously when the antifungal activity of this peptide was 
described. Our findings could change the focus of future studies. One goal 
should be to understand LL-37 activity with respect to internal targets of 
fungi rather than to focus on permeabilization of the cell membrane, which 
may not be relevant at the lung lining. The strong and selective binding 
of SP-D to fungal surfaces, described in this thesis, shows the importance 
of considering this type of interactions when fungal pathogens are studied 
at the lung lining. SP-D did not only significantly block the interaction 
between fungi and epithelium, but also increased antifungal activity of 
neutrophils. As for future studies, it will be interesting and important  to 
learn more about these interactions, especially during neutrophil activation, 
such as the role of SP-D during netosis. Netosis is a form of cell death 
characterized by the release of the cell components in structures similar 
to fish nets, which in turn help in capturing and killing pathogens. It has 
been shown that SP-D binds to neutrophil extracellular traps (NETS) and 
promotes bacterial aggregation and trapping via this mechanism. It is 
speculated that a similar role is exerted by SP-D when netosis occurs during 
a fungal infection. Furthermore, SP-D could potentially interact with other 
soluble innate immune molecules at the lung lining, which may alter the 
overall outcome of their combined antifungal activities.
 Finally, it is important to mention that the use of newly obtained 
experimental models, that closely mimic the lung surface, is needed in order 
to understand fungal interactions with innate immune molecules. The use of 
cell-based systems that include several relevant immune components such as 
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salts, mucus and immune cells, is already common. Several of these models 
are currently being optimized using different alveolar and bronchiolar 
epithelial cell lines. Primary cells can be considered as well to produce 
air-liquid models of lung epithelia. However, in view of the variation and 
the difficulty to obtain these cells it may be better to use lung organoids, 
preferably 2D grown on microfluidic chips. One of the advantages of these 
systems is the possibility of visualization during the different stages of 
infection by different methods. This thesis is an example of how confocal 
microscopy and live cell imaging can be used to investigate pulmonary 
defenses and the sequence of events that occur during an infection.
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Nederlandse samenvatting
Bepaalde eiwitten en heel kleine eiwitten (‘peptiden’) die de gastheer 
beschermen tegen infecties, zogenaamde ‘afweermoleculen’, zijn onderdeel 
van het aangeboren immuunsysteem van de longen. Ze vormen de eerste 
verdediging tegen schimmels en andere ziekteverwekkers als deze worden 
ingeademd en in de longen terechtkomen. Tot nu toe zijn er drie manieren 
bekend waarop deze afweermoleculen te werk gaan: 1) ze kunnen de 
schimmel zelf onmiddellijk doden; 2) ze markeren de schimmel zodat 
immuuncellen ze snel herkennen, opnemen en neutraliseren; of 3) ze 
beïnvloeden direct de algehele afweerreactie zonder de schimmel zelf te 
binden. Twee afweermoleculen worden in dit proefschrift onderzocht op 
hun schimmeldodende werking: het antimicrobiële peptide ‘LL-37’ en het 
surfactanteiwit D (‘SP-D’). Beide moleculen zijn te vinden op het grensvlak 
waar ingeademde lucht in contact komt met het longweefsel, en worden 
door een bepaald type dekweefselcellen (‘epitheel’) op dat grensvlak 
geproduceerd en uitgescheiden in een dun laagje vloeistof dat dit epitheel 
van de long bedekt. In hoofdstuk 1 van dit proefschrift wordt een overzicht 
gegeven van wat er tot op heden bekend is over de afweer in een gezonde 
long tegen schimmelinfecties, in het bijzonder de rol die verschillende 
afweermoleculen en immuuncellen daarin spelen. 
 In hoofdstuk 2 wordt beschreven hoe het peptide LL-37 de schimmel 
Candida albicans kan doden en de werking van LL-37 wordt vergeleken met 
die van twee andere peptiden: het peptide histatine-5 uit mens, en ‘CATH-
2’ een vergelijkbaar peptide als LL-37 maar afkomstig uit kippen. De 
schimmelwerende werking is voornamelijk met microscopische technieken 
bekeken, onder andere met ‘live cell imaging’, waarmee de lokalisatie 
van het peptide live kan worden gevolgd terwijl het de schimmel doodt. 
Hiertoe werden de peptiden eerst fluorescerend gemaakt zodat ze zichtbaar 
en dus traceerbaar waren tijdens dit proces. In de vroege fase van het 
schimmeldodende proces nestelden LL-37 en CATH-2 zich voornamelijk aan 
het oppervlakte (celwand en/of celmembraan) van de schimmel terwijl Hist-
5 direct de cel binnendrong. Deze eerste wisselwerking tussen de schimmel 
enerzijds en LL-37 en CATH-2 anderzijds, veroorzaakte een krimp van de 
Candida albicans cel, maar tegelijkertijd raakte de celwand doorlaatbaar 
(permeabel). Dit kon zichtbaar worden gemaakt door een fluorescente stof 
aan de vloeistof toe te voegen die de schimmelcel kan binnendringen. Deze 
waarnemingen suggereren dat de peptiden deze schimmel hoofdzakelijk 
doden door deze lek te maken. Er werden echter ook kleine hoeveelheden 
peptiden binnenin de schimmel aangetroffen, nog voordat de schimmel 
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permeabel werd. Dit is mogelijk een aanwijzing dat de peptiden ook op 
een andere wijze, meer van binnenuit, schade kunnen toebrengen aan de 
schimmelcel.
 Een heel ander soort afweermolecuul is SP-D, een relatief groot en 
ingewikkeld eiwit, dat grofweg 100 keer zo groot is als een peptide zoals LL-
37. Het is bekend dat SP-D kan binden aan schimmels door herkenning van 
bepaalde suikers aan het schimmeloppervlak. Deze suikerbinding door SP-D 
is alleen mogelijk in de aanwezigheid van calciumionen. In hoofdstuk 3 
wordt beschreven hoe SP-D twee schimmels, Candida albicans en Aspergillis 
fumigatus, in een simpele waterige oplossing herkent. Beide schimmels zijn 
belangrijke veroorzakers van moeilijk te bestrijden luchtweginfecties bij 
patiënten, vooral bij langdurig gebruik van antibiotica. Ook wordt in dit 
hoofdstuk het effect van LL-37 op de schimmels in aanwezigheid van SP-D 
beschreven. De binding van SP-D aan C. albicans blijkt inderdaad volkomen 
afhankelijk te zijn van calciumionen. Echter, tegen de verwachting in blijkt 
de SP-D binding aan A.fumigatus slechts gedeeltelijk afhankelijk van de 
aanwezigheid van calcium, dit, in tegenstelling tot wat in de literatuur 
eerder beschreven was. De aanwezigheid van LL-37 heeft geen invloed op 
de binding van SP-D aan beide schimmels. Andersom wordt de binding van 
LL-37 aan beide schimmels (zoals voor C. albicans beschreven in hoofdstuk 
2) evenmin gehinderd door de aanwezigheid van SP-D. In feite verbeterde 
de aanwezigheid van SP-D zelfs de schimmeldodende eigenschappen van 
LL-37.
 In hoofdstuk 4 worden de interacties van SP-D en LL-37, zoals eerder 
beschreven in hoofdstuk 2 en 3, getest in een experimenteel model dat de long 
min of meer nabootst. Om dit te realiseren werden er zogenaamde ‘Calu-3’ cellen 
gebruikt. Deze cellen zijn ontstaan uit kankercellen van menselijke longen en 
kunnen gekweekt worden in speciale voedingsrijke oplossingen (kweekmedia). 
Deze cellen bevatten veel eigenschappen van ‘echte’ epitheelcellen, die zich 
in de long op het grensvlak van het weefsel en de ingeademde lucht bevinden. 
De Calu-3 cellen werden gekweekt op een kunststof membraan waarbij 
de onderkant dreef in kweekvloeistof en de bovenkant van de cellen werd 
blootgesteld aan lucht. Deze omstandigheden zijn vergelijkbaar met die welke 
worden aangetroffen in de long, waar eveneens sprake is van een lucht-water 
grensvlak van epitheelcellen. Onder deze omstandigheden vormen de Calu-3 
cellen aan de ‘luchtzijde’ een dun slijmachtig laagje (‘mucus’) precies zoals bij 
epitheelcellen in een echte long gebeurt. Dit systeem werd vervolgens gebruikt 
om de schimmeldodende eigenschappen van SP-D en LL-37 te testen onder 
omstandigheden die vergelijkbaar zijn met die in de longen.
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 Onder deze omstandigheden was het opvallend te zien dat LL-37 vrijwel 
niet bindt aan C. albicans maar gebonden blijft aan de mucus welke door de 
epitheelcellen wordt uitgescheiden. In enkele gevallen was LL-37 zichtbaar 
maar dit bleek dan vooral binnenin de schimmel aanwezig. Deze waarneming 
verschilt sterk van wat eerder was beschreven in hoofdstuk 2 waar grote 
hoeveelheden LL-37 vooral op het C. albicans membraan werden gezien. 
Het feit dat opname van LL-37 in beide situaties plaatsvindt, suggereert 
dat inwendige doelen een belangrijkere rol zouden kunnen spelen bij de 
schimmeldodende werking van LL-37 tegen C. albicans. Eveneens was 
het interessant om te zien dat zelfs zonder de directe binding van LL-37 
aan C. albicans, de schimmel zich minder hecht aan de Calu-3 cellen in 
aanwezigheid van LL-37. Hechting van schimmels aan epitheelcellen is een 
eerste stap van een mogelijk infectie. Precies tegenovergestelde effecten 
werden gezien tussen LL-37 en de andere schimmel A. fumigatus. LL-37 
bindt ook in deze gesimuleerde longomgeving goed aan de schimmel (en 
blijft dus niet aan de mucus geplakt zitten), maar ondanks deze directe 
interactie blijkt er geen afname van aanhechting en daaropvolgende 
binnendringing in de epitheelcel door A. fumigatus.
 Langs dezelfde lijnen werd ook de binding van SP-D aan C. albicans 
en A. fumigatus bestudeerd in dit longsysteem en het effect dat SP-D heeft 
op aanhechting van de schimmels aan de epitheelcellen. SP-D blijkt niet 
sterk te binden aan mucus en verspreid zich meer gelijkmatig over het hele 
epitheelcel oppervlak, met uitzondering van hoopjes celafval waar het juist 
zeer sterk aan bond. Na toediening van schimmels bindt SP-D sterk aan het 
schimmeloppervlak van zowel C. albicans als A. fumigatus. Deze binding 
verlaagt de aanhechting aan beide schimmels aan de epitheelcellen. De 
binding van SP-D aan A. fumigatus vermindert ook in belangrijke mate de 
groei van deze schimmel, iets wat nog niet eerder beschreven is. 
 Naast het effect op de aanhechting van schimmels is ook het effect van 
SP-D en LL-37 op de immuunrespons van de Calu-3 cellen bekeken tijdens 
een schimmelinfectie. Echter, SP-D noch LL-37 blijkt enig effect te hebben 
op de productie van cytokines (moleculen die cellen in staat stellen met 
elkaar te communiceren) door Calu-3 cellen. Alleen de uitscheiding van 
IL-6, een molecuul dat geproduceerd wordt als cellen ‘gestrest’ zijn, blijkt 
duidelijk verlaagd door de aanwezigheid van SP-D tijdens een C. albicans 
infectie.
 De binding tussen de twee afweermoleculen zelf, LL-37 en SP-D, is ook 
onderzocht in het Calu-3 systeem en dit leverde twee belangrijke conclusies 
op. Ten eerste, hoewel beide moleculen aan de celwand van de schimmel 
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binden, concurreren zij niet voor binding aan precies dezelfde plek op de 
celwand. Dit zou namelijk kunnen gebeuren als ze dezelfde bindingsplaats 
herkennen, dan wel als ze onderling binden en daardoor minder goed 
kunnen binden aan de schimmel zelf (competitie). Ten tweede blijkt dat LL-
37 en SP-D in afwezigheid van schimmels, zich verschillend verdelen: LL-
37 bindt aan mucus terwijl SP-D in de waterige fase verblijft. Ook hieruit 
blijkt dat beide moleculen niet direct aan elkaar binden.
 Aan het einde van hoofdstuk 4 is beschreven hoe het Calu-3 
kweeksysteem kan worden uitgebreid door middel van het toevoegen van 
‘neutrofielen’, belangrijke cellen van ons immuunsysteem. Neutrofielen 
werden ingebracht vanwege hun belangrijke rol bij het bestrijden van 
schimmelinfecties. In deze experimenten zijn opnieuw de anti-schimmel 
eigenschappen van SP-D en LL-37 bestudeerd maar ditmaal in de 
aanwezigheid van deze neutrofielen. Het blijkt dat SP-D neutrofielen beter 
in staat stelt om schimmels van het Calu-3 celoppervlak te verwijderen, 
terwijl LL-37 dat niet doet. Een mogelijke verklaring hiervoor is dat SP-
D, in tegenstelling tot LL-37, de schimmel kan doen laten samenklonteren 
(‘aggregeren’) waardoor er minder vrije schimmels aanwezig zijn die zich 
aan het epitheel kunnen hechten. Ook is het mogelijk dat geaggregeerde 
schimmels makkelijker worden herkend en gedood door de neutrofielen. 
Daarnaast is het denkbaar dat de binding van SP-D aan de neutrofiel zelf kan 
leiden tot een soort activatie van de neutrofiel waardoor deze beter in staat 
is om schimmels te doden. Om deze laatste mogelijkheid te testen werd het 
effect van SP-D en LL-37 op schimmelgroei bestudeerd in aanwezigheid 
van neutrofielen maar dit keer juist in de afwezigheid van Calu-3 cellen. 
Onder deze omstandigheden blijken SP-D en LL-37 van grote invloed op 
de groei van A. fumigatus en C. albicans. Voor LL-37 is deze waarneming 
verrassend omdat LL-37 weinig effect bleek te hebben op fungale infecties 
in het Calu-3 modelsysteem. Aangezien er geen directe effecten van LL-37 
op de activiteit van neutrofielen kunnen worden gemeten, wordt gedacht 
dat LL-37 door directe binding aan A. fumigatus sporen, de ontkieming (en 
daarmee de groei) kan vertragen.
 Hoofdstuk 5 van deze dissertatie gaat over de verschillen tussen twee 
Aspergillus soorten, A. niger en A. fumigatus, tijdens infectie van A549 
cellen (een type longkankercel). Hoewel deze twee soorten dezelfde 
oorsprong hebben, verschillen ze duidelijk van elkaar. Bovendien is A. 
fumigatus een van de meest voorkomende schimmelsoorten die de longen 
van patiënten met een aangetast immuunsysteem infecteren. Tot op heden 
staat nog niet vast waarom deze schimmel meer ziekteverwekkend is dan 
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andere aspergillus-achtigen zoals A. niger. Het voornaamste doel van deze 
studie was om de belangrijkste verschillen tussen deze twee schimmels 
te ontrafelen die A. fumigatus een voordeel geven binnen de long en het 
daardoor een succesvollere pathogeen maakt vergeleken met A. niger. In de 
eerste set experimenten is bepaald of SP-D binding aan deze schimmels een 
effect heeft op hechting van de schimmels aan A549 cellen. Daar dit niet 
het geval bleek te zijn, verplaatste onze aandacht zich naar het bestuderen 
van de verschillen tussen beide schimmelsoorten gedurende verschillende 
stadia van infectie, zoals de eerste interactie met het epitheel, opname en 
ontkieming van de schimmel (in afwezigheid van SP-D. In de vroege stadia 
laat A. fumigatus, in vergelijking met A. niger, een grotere opname zien in 
de A549 cellen en een sterke remming van verlaging van de zuurgraad in 
het cellulaire gedeelte dat de schimmel opneemt (‘fagosoom verzuring’). 
In een later stadium blijkt ontkieming van A. niger sneller dan die van 
A. fumigatus. Ook blijkt A. niger loodrecht op het vlak van A459 cellen 
te groeien, terwijl A. fumigatus overwegend parallel aan de epitheellaag 
groeit. De antifungale activiteit van neutrofielen verschilt ook sterk voor 
beide aspergillus soorten. De groei van A. niger wordt efficiënt tegengegaan 
door de neutrofielen, terwijl dat niet het geval is bij A. fumigatus. Alles 
bij elkaar genomen werpen deze waarnemingen nieuw licht op de vraag 
waarom A. fumigatus een succesvoller pathogeen is dan A. niger.
 Het onderzoek dat in deze dissertatie beschreven is, laat zien dat de 
longomgeving van groot belang is voor de studie van afweermechanismen. 
Een goed voorbeeld hiervan is de vertoonde sterke interactie van LL-
37 met mucus, die nog nooit eerder in overweging is genomen bij de 
beschrijving van de antifungale werking van dit peptide. Onze bevindingen 
kunnen de focus van toekomstige onderzoeken veranderen. Een van de 
doelstellingen zou moeten zijn om beter te begrijpen hoe LL-37 wellicht 
aangrijpt op inwendige doelen in plaats van alleen maar te kijken naar 
permeabilisatie van het celmembraan van de schimmel. Ook de sterke, 
selectieve binding van SP-D aan schimmelmembranen zoals beschreven 
in deze dissertatie, toont aan hoe belangrijk het is op dit soort interacties 
te letten bij de studie naar schimmelinfecties in de long. SP-D blokkeert 
niet alleen in grote mate de interactie tussen schimmels en het epitheel, 
maar het vergroot ook de antischimmel activiteit van de neutrofielen. Het 
is belangrijk om hier in de toekomst meer onderzoek naar te verrichten, 
met name tijdens activering van neutrofielen, zoals de rol van SP-D bij 
‘netosis’. Netosis is een vorm van cel-afsterving van neutrofielen waarbij 
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bepaalde delen van de celinhoud worden uitgescheiden en een soort visnet 
structuur vormen. Deze ‘vangnetten’ kunnen vervolgens ziekteverwekkers 
zoals bacteriën en schimmels binden en neutraliseren of doden. Het is 
aangetoond dat SP-D bindt aan deze neutrofiele extracellulaire structuren 
(NETS) en daardoor binding en neutralisatie van bacteriën bevordert. Er 
wordt gespeculeerd dat SP-D een soortgelijke rol speelt wanneer er netosis 
optreedt bij een schimmelinfectie. Als laatste is het van belang om meer 
onderzoek te doen naar de mogelijke wisselwerking tussen onder andere 
SP-D en andere oplosbare (afweer)moleculen die op het epitheelgrensvlak 
in de long aanwezig zijn. Naast de moleculen en cellen die zijn gebruikt in 
de in dit proefschrift beschreven studies, is de situatie in de long uiteraard 
nog veel complexer en andere aanwezige moleculen en cellen, alsmede hun 
onderlinge interacties, zullen van invloed zijn op de afweer tegen schimmels 
in de long. 
 Tot slot is het belangrijk te vermelden dat naast het gebruik van recent 
verkregen experimentele modellen die nauwkeurig het longoppervlak 
nabootsen, het evenzeer van groot belang is om interacties van 
afweermoleculen met schimmels beter te begrijpen. Het gebruik van 
op cellen gebaseerde systemen die verscheidene relevante immuun-
componenten bevatten, zoals zouten, mucus en immuuncellen, is al 
gangbaar. Veel van deze modellen worden nu geoptimaliseerd dankzij de 
beschikbaarheid van verschillende cellijnen met eigenschappen van zowel 
alveolaire als bronchiale humane epitheelcellen. Ook van primaire cellen, 
cellen die uit weefsel direct in cultuur worden gebracht, kunnen dergelijke 
modellen gemaakt worden. Het is echter lastig om aan deze cellen te komen 
en de samenstelling en kwaliteit varieert nogal. Long-organoïden kunnen 
een aantrekkelijk alternatief vormen. Dit zijn celsystemen die gekweekt 
kunnen worden uit stamcellen en zich onder invloed van zorgvuldig gekozen 
kweekcondities kunnen ontwikkelen tot mini-long structuren die in vele 
opzichten vergelijkbaar zijn met die van de longen. Een van de voordelen 
van deze complexe systemen is dat ze voorzien in de mogelijkheid om de 
verschillende stadia van infectie met verschillende methoden te visualiseren. 
Uit de studies beschreven in dit proefschrift kan worden afgeleid hoe 
belangrijke technieken als confocale microscopie en ‘live cell imaging’ 
zouden kunnen worden geïntegreerd binnen een dergelijk systeem. Een 
dergelijke benadering zal kunnen bijdragen aan een gedetailleerder beeld 
en beter begrip van de afweer in de verschillende stadia van een infectie.
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