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INTRODUCTION

Aspergillus fumigatus is the most important airborne fungal pathogen of humans. The
interaction of the pathogen with the host's immune system represents a key process to
understand pathogenicity. For elimination of invading microorganisms, they need to be efficiently
phagocytosed and located in acidified phagolysosomes. However, as shown previously,
A. fumigatus is able to manipulate the formation of functional phagolysosomes. Here, we
demonstrate that in contrast to pigmentless pksP mutant conidia of A. fumigatus, the gray-
green wild-type conidia inhibit the acidification of phagolysosomes of alveolar macrophages,
monocyte-derived macrophages, and human neutrophil granulocytes. Therefore, this inhibition is
independent of the cell type and applies to the major immune effector cells required for defense
against A. fumigatus. Studies with melanin ghosts indicate that the inhibitory effect of wild-
type conidia is due to their dihydroxynaphthalene (DHN)-melanin covering the conidia, whereas
the hydrophobin RodA rodlet layer plays no role in this process. This is also supported by the
observation that pksP conidia still exhibit the RodA hydrophobin layer, as shown by scanning
electron microscopy. Mutants defective in different steps of the DHN-melanin biosynthesis
showed stronger inhibition than pksP mutant conidia but lower inhibition than wild-type
conidia. Moreover, A. fumigatus and A. flavus led to a stronger inhibition of phagolysosomal
acidification than A. nidulans and A. terreus. These data indicate that a certain type of DHN-
melanin that is different in the various Aspergillus species, is required for maximal inhibition of
phagolysosomal acidification. Finally, we identified the vacuolar ATPase (VATPase) as potential
target for A. fumigatus based on the finding that addition of bafilomycin which inhibits vATPase,
led to complete inhibition of the acidification whereas the fusion of phagosomes containing
wild-type conidia and lysosomes was not affected.
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immune system significantly increased in the last decades. These

Filamentous fungi of the genus Aspergillus are ubiquitously found
in nature and generally play important roles in the degradation of
organic matter (Latge, 2001). Among the more than 240 Aspergillus
species described until now, ca. 10-20% are regarded as pathogenic
or to have other adverse effects.

The most prominent species of the pathogenic aspergilli is
Aspergillus fumigatus. The main route of infections caused by A.
fumigatus is via inhalation of conidia. It is assumed that we inhale
several hundreds of A. fumigatus conidia during routine daily activ-
ities (Chazalet et al., 1998; Hospenthal et al., 1998; Latge, 2001).
In immunocompetent hosts, conidia that reach the lung alveoli,
are effectively cleared by the host immune system (Latge, 1999;
Brakhage et al., 2010). However, as a consequence of continuous
medical improvement, especially with regard to bone-marrow or
solid organ transplantation, chemotherapy, and long-term corticos-
teroid therapy, the number of patients with a severely suppressed

patients have a high risk of an often fatal infection with A. fumi-
gatus, designated as invasive aspergillosis. As a consequence of a
compromised immune system, inhaled spores are not eliminated
completely and can germinate and grow invasively within the lung
tissue. After invasion of blood vessels, hyphae can disseminate
throughout the host and infect all organs (Ruchel and Reichard,
1999), resulting in a lethality of up to 90% in case of invasive
aspergillosis. Therefore, a much more detailed understanding of the
infection process with special focus on the interaction of immune
effector cells with conidia of A. fumigatus is of great interest.
Alveolar macrophages (AMs) are involved in the defense
against an A. fumigatus infection. The phagocytosis and intrac-
ellular degradation of conidia by AMs contributes to the fungal
clearance as well as the concerted secretion of proinflammatory
cytokines and chemokines to recruit further phagocytes such as
neutrophil granulocytes, that are essential for the defense, at the
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site of infection (Ibrahim-Granet et al., 2003; Philippe et al., 2003;
Steele et al., 2005; Behnsen et al., 2007; Brakhage et al., 2010). A
number of studies have been performed to identify mechanisms
by which A. fumigatus interacts with the innate immune system.
Pattern recognition receptors (PRRs) like dectin-1, TLR-2, and
TLR-4 have been proposed to play a crucial role in sensing A. fumi-
gatus. They appear to allow the immune defense to discriminate
between different spore states like resting and swollen conidia,
different morphological forms and certain cell wall components
(Meier et al., 2003; Netea et al., 2003; Steele et al., 2005; Chai
etal., 2011).

Recent studies indicate that A. fumigatus possesses strategies
to evade these recognition processes, e.g., by hiding immuno-
genic structures of the conidial surface with an immunologically
inert proteinaceous layer consisting of the hydrophobin RodA
(Aimanianda et al., 2009). Swelling and germination of conidia,
however, unmasks this protective layer and exposes 3-1,3-glucan
on their surface. This cell wall polysaccharide is recognized by the
dectin-1 receptor on the surface of macrophages (Luther et al.,
2007). The finding that dectin-17~ and TLR27~ mice that exhibit
impaired production of cytokines and insufficient recruitment
of neutrophil granulocytes, are more susceptible toward an A.
fumigatus infection, further highlights the importance of macro-
phages in coordinating initial inflammatory reactions in response
to pathogen recognition (Balloy et al., 2005; Werner et al., 2009;
Ibrahim-Granet et al., 2010).

Nevertheless, beside the proper recognition of conidia by
macrophages or phagocytes in general, a functional intracellular
degradation of conidia when processed by the endocytic path-
way, plays a decisive role in fungal clearance. A critical step in
killing phagocytosed conidia is the fusion of lysosomes and the
conidia-containing phagosome. The resulting phagolysosome con-
tains degrading enzymes and generates an acidic pH after fusion
(Forlenza et al., 2008). Until now, only a few studies addressed
the intracellular fate of conidia, whereas exact mechanisms still
remain to be elucidated (Jahn et al., 2002; Ibrahim-Granet et al.,
2003; Kasperkovitz et al., 2010). Conidia of the A. fumigatus pksP
mutant lack 1,8-dihydroxynaphthalene (DHN)-melanin, result-
ing in white conidia with a smooth surface (Jahn et al., 1997;
Langfelder et al., 1998). Interestingly, such conidia were shown
to be found in a much higher percentage in phagolysosomes than
gray-green wild-type conidia. This finding well correlates with a
more effective killing of pksP conidia by macrophages and their
significant attenuation in virulence in a mouse infection model
(Jahn et al., 1997, 2002). However, it remained unclear which
mechanism of the phagolysosome maturation was inhibited by
wild-type conidia and which components of the conidia were
responsible for these effects.

Here, we comprehensively investigated the interaction of A.
fumigatus conidia with macrophages and neutrophil granulo-
cytes. We were able to show that conidia of the wild type but not
the pksP mutant inhibited acidification of the phagolysosome.
In the course of swelling and germination of conidia, this ability
was decreased. The effect was shown to be independent of the
presence of the conidial hydrophobin RodA. Data obtained with
melanin ghosts, A. fumigatus mutants defective in different steps
of the DHN-melanin biosynthesis as well as the investigation of

Aspergillus species containing different melanin types indicate, that
melanin is decisive for this effect. Our finding might also explain
differences in virulence of various Aspergillus species.

MATERIALS AND METHODS

FUNGAL STRAINS AND CULTURE CONDITIONS

Aspergillus strains used in this study are listed in Table 1. All strains
were cultivated for 5 days at 37°C on Aspergillus minimal medium
(AMM) agar plates as described previously (Weidner et al., 1998).
For propagation of A. nidulans, AMM was supplemented with
871 pg/ml arginine and 60 pg/ml biotin. Conidia were harvested
in sterile 0.9% (wt/vol) NaCl, 0.1% (vol/vol) Tween 20, and fil-
tered through 40-pm cell strainers (BD Biosciences, Heidelberg,
Germany). Swollen conidia were prepared by incubating conidia
in RPMI 1640 medium, supplemented with 10% (vol/vol) heat
inactivated FCS (Lonza, Verviers, Belgium). Resting spores were
fixed with PBS, 2.5% (vol/vol) p-formaldehyde at 4°C overnight,
neutralized with 0.1 M NH,Cl, and resuspended in PBS.

FITC-/CALCOFLUOR WHITE-LABELING OF CONIDIA

Prior to infection, resting, swollen or formaldehyde-fixed spores
were stained with 250 pg/ml calcofluor white (CFW; Sigma-Aldrich,
Germany) and washed three times with PBS, 0.1% (vol/vol) Tween
20. For intraphagosomal pH measurements, conidia were labeled
with FITC as previously described (Sturtevant and Latge, 1992).
Briefly, resting conidia were harvested and labeled with 0.1 mg/ml
FITC (Sigma-Aldrich, Germany) in 0.1 M Na,CO, for 30 min at 37°C
and then washed three times with PBS, 0.1% (v/v) Tween 20. Spore
concentration was determined using a Thoma counting chamber.

PREPARATION OF MELANIN GHOSTS

Melanin ghosts from A. fumigatus wild-type conidia were prepared
according to a method previously described (Youngchim et al,,
2004). 2 x 10° conidia were washed three times with PBS. Cell
walls were digested overnight with 10 mg/ml Glucanex® (Sigma-
Aldrich, Germany) in 0.1 M sodium citrate and 1 M sorbitol, pH
5.5 at 30°C. The protoplasts generated were washed three times

Table 1 | Strains used in this study.

Strain Relevant genotype Source or reference
and/ or phenotype
A. fumigatus
ATCC 46645 Wild type ATCC
pksP mutant Encodes a non- Jahn et al. (1997),
functional pksP gene Langfelder et al. (1998)
Aaygl ayg1::hph, Hyg" V. Sugareva, Jena
Aarp2 arp2::hph, Hyg? J. SchmalerRipcke, Jena
Aabr2 abr2::hph, Hyg? Sugareva et al. (2006)
ArodA rodA::hph, Hyg®, Nia=  Thau et al. (1994)
A. nidulans
WG355 biAT, bga0; argB2 Fantes and Roberts (1973),
van Gorcom et al. (1985)
WG370 biAT; WwA3, bga0 Jahn et al. (2000)
A. terreus i402 Wild type HKI strain collection
A. flavus NRL 3357  Wild type HKI strain collection
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with PBS and incubated with 4 M guanidine thiocyanate solution
(Sigma-Aldrich, Germany) overnight at room temperature. After
three washing steps with PBS, dark particles were treated with 1 mg/
ml proteinase K from Tritirachium album (Boehringer Mannheim,
Germany) in 10 mM Tris, 1 mM CaCl, and 0.1% (wt/vol) SDS over-
nightat 37°C. Particles were washed three times with PBS and boiled
in 6 M hydrochloricacid for 1.5 h. The obtained particles designated
melanin ghosts, were separated from the solution by centrifuga-
tion with Ultrafree-MC Centrifugal Filter Units with Microporous
Membrane (Millipore, Germany) and washed extensively with PBS.
After lyophilization, melanin ghosts were resuspended in PBS.

Cy5.5-LABELING OF MELANIN GHOSTS

Melanin ghosts were washed three times in panning buffer (PB;
1 mM CaCl,, 50 mM Tris, 150 mM NaCl) and blocked for 1 h with
PB, 2% (wt/vol) BSA to prevent non-specific binding. After two
washing steps with PB, melanin ghosts were labeled by incubation
with biotinylated anti-melanin camelid antibody (Schmaler-Ripcke
et al., unpublished data) in high salt PB (HS-PB) (1 mM CaCl,,
50 mM Tris, 0.5 M NaCl), 2% (wt/vol) BSA, followed by three washes
with HS-PB. Bound primary antibodies were labeled by incubation
with Cy5.5-conjugated streptavidin in HS-PB, 2% (wt/vol) BSA.
Labeled melanin ghosts were washed three times in HS-PB, 0.05%
(vol/vol) Tween 20 and suspended in PB. Melanin ghost concentra-
tion was determined using a Thoma counting chamber.

CELL LINES

Murine alveolar MH-S macrophages (ATCC: CRL-2019) and human
monocytic THP-1 cells (DSMZ: ACC16) were cultivated in RPMI 1640
supplemented with 10% (vol/vol) heat inactivated fetal calf serum
(PAA), 1% (wt/vol) ultraglutamine 1 (Lonza, Verviers, Belgium),and
27.5 pg/ml gentamicin sulfate (Lonza, Verviers, Belgium) at 37°C in
5% (vol/vol) CO,. THP-1 macrophages were prepared by stimulating
the monocytic cells with 0.4 pug/ml phorbol 12-myristate 13-acetate
(PMA; Sigma-Aldrich, Germany) for 16 h. For infection experiments,
macrophages were seeded in 24-well plates with or without glass cover
slips at a density of 4 x 10° and 2 x 10° cells per well for MH-S and
THP-1 cells, respectively, to grow adherently overnight.

ISOLATION OF HUMAN NEUTROPHILS

Human neutrophils were isolated from peripheral blood of healthy
donors according to the protocol of Wozniok et al. (2008). Briefly, neu-
trophils were collected after a gradient centrifugation of the peripheral
blood in Polymorphprep® (Axis Shield, UK) at 550 X g. Subsequent
erythrocyte lysis was carried out in ACK buffer following washing in
HBSS buffer. Neutrophils were finally resuspended in RPMI media
with 5% (vol/vol) heat inactivated FCS. For coincubation with A.
fumigatus conidia, neutrophil granulocytes were plated on glass cover
slips in 24-well plates at a density of 4 X 10° cells per well. After brief
centrifugation, cells were immediately subjected to coincubation.

FLUORESCENCE IMAGE ANALYSIS BY CONFOCAL LASER SCANNING
MICROSCOPY

Quantitation of phagolysosomal acidification

Prior to infection, macrophages, monocyte-derived macrophages
or neutrophils were preloaded with 50 nM LysoTracker Red DND-
99 (Invitrogen, Darmstadt, Germany) in RPMI medium for2or 1 h

for macrophages or neutrophil granulocytes, respectively. The cells
were washed with prewarmed RPMI medium without LysoTracker
and infected with CFW-labeled conidia at a multiplicity of infec-
tion (MOI) of 2. Synchronization of phagocytosis was performed
by incubating the cells at 4°C for 30 min. The infection was started
by washing the coincubation with prewarmed medium containing
LysoTracker to additionally remove unbound conidia and shifting
the cells to 37°C in a humidified CO, incubator. The cells were
allowed to take up conidia for 4 h. Phagocytosis was stopped by
incubating the cells with ice-cold PBS and several washing steps
with PBS. Samples were immediately subjected to microscopy
and were visualized using a Zeiss LSM 5 Live (Carl Zeiss, Jena,
Germany). Conidia surrounded by a ring-like LysoTracker-derived
fluorescence signal were considered as conidia residing in an acid-
ified compartment, designated as acidified conidia. At least 400
conidia were counted and scored for acidification or no acidifica-
tion. The values represent mean * SD of three experiments.

Quantitation of phagolysosomal fusion

To evaluate phagolysosome fusion, confluent monolayers of mac-
rophages at a density of 4 X 10° cells per well were incubated
with 10% (vol/vol) FCS/RPMI 1640 in the presence of 100 pg/ml
Oregon Green® 488- or TMR-Dextran, 70,000 MW (Invitrogen,
Darmstadt, Germany) for 18 h, then washed and loaded with
dextran for 2 h allowing accumulation of labeled dextran in lyso-
somes. Macrophages were infected with CFW-labeled live conidia
at an MOI of 2 and immediately incubated at 4°C for 30 min to
synchronize phagocytosis. Unbound conidia were removed by
washing with prewarmed RPMI medium and phagocytosis was
initiated by shifting the cells to 37°C in a humidified CO, incuba-
tor. Conidial uptake was stopped after 4 h by washing the cells with
ice-cold PBS, followed by washing with PBS. For vacuolar ATPase
(vATPase)-inhibition studies, 100 nM bafilomycin Al (Sigma-
Aldrich, Germany) was added during coincubation. Samples were
visualized using a Zeiss LSM 5 Live. The presence of a perico-
nidial ring-like structure surrounding the ingested conidium was
considered as fusion of the conidia-containing phagosome with
the dextran-labeled lysosome. At least 400 intracellular conidia
were counted and scored for phagolysosomal fusion or lack of
fusion. The values represent mean £ SD of three independent
experiments.

DETERMINATION OF INTRAPHAGOSOMAL pH

Confluent monolayers of macrophages were grown in 24 Lumox®
well plate (Sarstedt, Niimbrecht, Germany) in RPMI medium
without phenol red. They were infected with live FITC-labeled
conidia at an MOI of 5 and phagocytosis was allowed to synchro-
nize. The coincubation was shifted to 37°C and internalization
was stopped after 4 h. After removal of non-adherent conidia by
gentle washing with prewarmed medium without phenol red, the
cells were rinsed with PBS. The intracellular pH was calculated
by linear regression analysis from the fluorescence intensity ratio
at Bx,,. /Ex,  (Ohkuma and Poole, 1978) in comparison to a
standard curve using a Tecan Infinite® M200 plate reader (Tecan,
Crailsheim, Germany). This standard curve was generated by
determination of fluorescence intensity ratios of macrophages
infected by FITC-labeled conidia, permeabilized by incubation
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with PBS, 10 uM nigericin (Sigma-Aldrich, Germany) at pH val-
ues ranging from 4 to 7. The values represent mean % SD of three
independent experiments.

SCANNING ELECTRON MICROSCOPY

For preparation of scanning electron microscopy (SEM) samples,
resting conidia grown on AMM agar plates were collected on a
electrically conductive and adhesive tag (Leit-Tab, Plano GmbH,
Wetzlar, Germany). Because of the low water content of spores a
critical point drying was not performed. To avoid surface charging
the samples were coated with platinum (thickness approximately
2 nm) by high vacuum evaporation using a BAF 400 D (BALTEC,
Liechtenstein). This technique provides a much better surface qual-
ity at high magnification than the common sputter coating. Finally
the specimen were investigated with a field emission (FE) SEM
LEO-1530 Gemini (Carl Zeiss NTS GmbH, Oberkochen, Germany)
at electron energy of 8 keV using the in-lens secondary electron
detector and magnifications of 50,000x to 200,000x.

BLAST ANALYSES

BLAST analyses (www.ncbi.nlm.nih.gov/BLAST/) using the blastP
protein—protein BLAST algorithm, were performed to identify
homologs of A. fumigatus PksP in other aspergilli. Identities were
calculated in % referring to the A. fumigatus PksP sequence as 100%.

RESULTS

THE INHIBITION OF ACIDIFICATION OF PHAGOLYSOSOMES BY A.
FUMIGATUS CONIDIA OCCURS IN ALVEOLAR MACROPHAGES,
MONOCYTE-DERIVED MACROPHAGES, AND HUMAN NEUTROPHILS

In a previous study, we showed that conidia of A. fumigatus
are capable to influence the phagolysosomes of human mono-
cyte-derived macrophages thereby leading to higher survival
of conidia (Jahn et al., 2002). Here, to analyze whether this
effect is of general importance also for other cell types, we (i)
improved the detection method to measure phagolysosome
fusion and acidification and, (ii) extended the investigations to
other cell types. As shown in Figure 1, compared to pigment-
less pksP mutant conidia, the pigmented wild-type conidia led
to a strong reduction of acidified compartments in which the
conidia reside in all three cell types analyzed, i.e., the AM cell line
MH-S, human monocyte-derived macrophage cell line THP-1,
and also of human neutrophil granulocytes. These data indicate
that A. fumigatus conidia are able to inhibit the phagolysosomal
acidification of immune effector cells, irrespective whether they
derived from mouse or humans, or from primary cells or cell
lines. Interestingly, the inhibitory effect was also detected in
human neutrophils which, besides AMs, are essential for the
defense against A. fumigatus.
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FIGURE 1 | Detection of conidia in acidified compartments after
phagocytosis by MH-S and THP-1 cells, and neutrophil granulocytes. (A)
Percentages of conidia present in acidic phagolysosomes. Calcofluor white
(CFW)-labeled conidia were intracellularly colocalized with LysoTracker
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A. FUMIGATUS CONIDIA INHIBIT ACIDIFICATION OF PHAGOLYSOSOMES
BUT NOT FUSION OF PHAGOSOMES AND LYSOSOMES

Previously, we demonstrated that a high percentage of wild-type
conidia ended up in non-acidified phagosomes. We hypothesized
that conidia inhibited the phagolysosome fusion. Now, to dis-
tinguish the possibilities that A. fumigatus conidia either inhibit
phagolysosome fusion or the acidification of phagolysosomes,
we measured both processes independently of each other. Since
the maturation status of a phagosome correlates with its capac-
ity to fuse with secondary lysosomes (Pitt et al., 1992; Desjardins
et al., 1994; Desjardins, 1995), it is a common procedure to study
phagolysosomal fusion events by tracing lysosomes labeled with
dextran. Therefore, phagolysosome fusion was followed by loading

lysosomes with Oregon Green 488-dextran. Then, we monitored
whether phagosomes containing conidia fused with green-labeled
lysosomes (Figure 2). Acidification of phagolysosomes was meas-
ured using LysoTracker, a dye giving red fluorescence when present
in an acidic compartment. Thus, we analyzed whether any of the
conidia were surrounded by red fluorescence (Figure 2). Our data
clearly show that the percentage of wild-type conidia and pksP
mutant conidia ending up in phagolysosomes of both THP-1
and MH-S cells was similar (Figures 2A,B). However, when we
measured the intraphagosomal pH, a different picture emerged
(Figure 2C). pksP mutant conidia were located in phagolysosomes
with an intracellular phagolysosomal pH of 4.9, whereas wild-
type conidia displayed a pH of 6 in their surrounding. This data
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FIGURE 2 | Monitoring of phagolysosomal fusion, acidification of residing in mature phagolysosomes of MH-S cells. Data represent the
conidia-containing phagosomes, and of intraphagosomal pH. mean + SD from three experiments. (C) Determination of the intraphagosomal
(A) Lysosomes of MH-S and THP-1 cells were chased with Oregon Green (OG) pH of conidia-containing phagosomes of MH-S cells. MH-S cells were allowed
488-Dextran. Colocalization of calcofluor white (CFW)-stained conidia (blue) with  to phagocytose FITC-labeled conidia. Intracellular pH was calculated by linear
0G488 (green) showing fusion of phagosomes with lysosomes. Acidification of regression analysis based on the fluorescence intensity ratio at Ex,q, . /Ex,. - in
phagolysosomes was studied by LysoTracker (red). Images show representative comparison to a pH standard curve. Values represent the mean + SD of three
microscopic pictures. Size bar, 5 um. (B) Quantification of intracellular conidia experiments. *P<0.05.
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indicates that both types of conidia are targeted to phagolysosomes
but mainly pksP mutant conidia were located in an acidic environ-
ment which coincides with a more effective killing of these conidia
(Jahn et al., 2002). This finding suggests that wild-type conidia are
able to inhibit acidification of the phagolysosome.

DHN-MELANIN IS RESPONSIBLE FOR INHIBITION OF ACIDIFICATION OF
PHAGOLYSOSOMES

The difference observed between pksP and wild-type conidia
strongly suggests that DHN-melanin plays a decisive role in this
process. To address this question, we generated melanin ghosts,
i.e., the melanin envelope of conidia was isolated. As shown in
Figure 3, in contrast to pksP conidia, melanin ghosts exhibited the
same effect as wild-type conidia, i.e., they inhibited the phagolyso-
some acidification to the same extent as wild-type conidia. Both
wild-type conidia and melanin ghosts showed the same percentage
of particles in acidified phagolysosomes. Furthermore, exogenous
melanin particles consisting of synthetic DOPA-melanin resided
in acidified compartments (data not shown), indicating that only
DHN-melanin is responsible for this effect. As expected, latex
beads used as a control were efficiently phagocytosed and resided
to almost 100% in acidified phagolysosomes.
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FIGURE 3 | Influence of A. fumigatus wild-type-derived melanin ghosts
on phagolysosomal acidification. (A) Percentage of intracellular conidia
residing in acidified phagolysosomes after ingestion by MH-S cells. Latex
beads were used as a positive control. Values represent the mean + SD of
three experiments. (B) Representative micrographs showing colocalization of
melanin ghosts, stained prior to phagocytosis with biotinylated anti-melanin
camelid antibody and Cy5.5 conjugated streptavidin (red), with acidified
compartments visualized by LysoTracker labeling (green). Size bar, 2 pm.

ABSENCE OF CONIDIAL SURFACE HYDROPHOBIN DOES NOT ALTER
PHAGOLYSOSOMAL ACIDIFICATION

The surface of conidia is not only covered by melanin, but also by
other proteins such as the very prominent protein hydrophobin
RodA that was shown to render conidia immunologically inert
(Aimanianda et al., 2009). It was thus conceivable that also RodA
plays a role in the inhibition of the phagolysosome acidification.
Therefore, we analyzed a rodA deletion mutant. As shown in
Figure 4A, there was no difference in the acidification of phagolys-
osomes of MH-S cells irrespective whether wild-type or ArodA
conidia were phagocytosed. Furthermore, SEM revealed that the
pksP mutant still contains the conidial surface hydrophobin RodA
despite higher acidification of phagolysosomes in case of phagocy-
tosis of pksP conidia (Figure 4B). This excludes an involvement of
RodA in the inhibition of phagolysosome acidification.

RESTING CONIDIA LED TO STRONGER INHIBITION OF
PHAGOLYSOSOMAL ACIDIFICATION THAN SWOLLEN CONIDIA OF A.
FUMIGATUS

When A. fumigatus conidia are inhaled, they are regarded as resting
conidia. Upon contact with an appropriate environment like the
lung, conidia swell and subsequently germinate. In liquid medium
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FIGURE 4 | Absence of conidial surface hydrophobin RodA does not alter
phagolysosomal acidification. (A) Percentage of intracellular conidia
residing in acidified phagolysosomes after phagocytosis by MH-S cells. Values
represent the mean + SD of three experiments. (B) Scanning electron
microscopy (SEM) micrographs of resting conidia. Resting conidia exhibit
conidial surface hydrophobin layer (rodlet structure). Scale bars = 100 nm.
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in vitro, swelling takes about 2-3 h and germination occurs after
5-6 h. The proteome of the different morphotypes differs consider-
ably (Teutschbein etal.,2010). It is thus interesting to study whether
the various morphotypes display differences in their ability to
inhibit phagolysosome fusion. As shown in Figure 5, resting conidia
and conidia fixed by p-formaldehyde showed the strongest inhibi-
tion of phagolysosome acidification. By contrast, swollen conidia
showed a reduced capability to inhibit phagolysosome acidification.
This further supports our conclusion that the DHN-melanin that
isloosened in swollen conidia and subsequently degraded, plays an
important role for this process. Furthermore, the fact that also fixed
conidia have the same ability as live wild-type conidia to inhibit the
acidification suggests, that an active metabolism, de novo protein
synthesis or active secretion of proteins or small molecules are
unlikely to influence the process.

ASPERGILLUS SPECIES VARY IN THEIR CAPABILITY TO INHIBIT
PHAGOLYSOSOMAL ACIDIFICATION

Although homologs of pksP and other genes involved in DHN-
melanin biosynthesis are found in several aspergilli, the presence of
DHN-melanin was unequivocally shown only for A. fumigatus. To
get further hints on the meaning of DHN-melanin for this process,
we tested conidia of different Aspergillus species with potentially
different melanin types (Langfelder et al., 2003) for their ability to
inhibit the acidification.

In A. fumigatus, all genes necessary for the synthesis of DHN-
melanin are organized in a cluster. This cluster is not present in the
other aspergilli that were tested here, i.e., A. flavus, A. nidulans, and
A. terreus. Nevertheless, homologs of the polyketide synthase PksP
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FIGURE 5 | Swelling of conidia affects phagolysosomal acidification.
Resting conidia, swollen conidia or formaldehyde-fixed conidia of the wild type
or the pksP mutant were subjected to MH-S coincubation. The percentage of
intracellular conidia residing in acidified phagolysosomes after ingestion by
MH-S cells was estimated. Values represent the mean + SD of three
experiments.

that is essential for the first step of DHN-melanin biosynthesis, the
synthesis of naphthopyrone, can be found in several, but not all
aspergilli. A. nidulans and A. flavus harbor a PksP homolog with 68
and 73%, respectively, of identical amino acids to PksP of A. fumi-
gatus (Table 2). By contrast, A. terreus is lacking a PksP homolog.
BlastP analysis revealed that the closest relative polyketide synthase
of A. terreus only has 42% identity to A.f. PksP.

Data on the phagolysosome acidification are shown in Figure 6A.
Conidia of A. fumigatus and even more, of A. flavus were most
effective in inhibiting the acidification of phagolysosomes. Only
26 and 12% of conidia of both species, respectively, ended up
in acidified phagolysosomes. By contrast, about 48 and 66% of
conidia of A. nidulans and A. terreus, respectively, were located
in acidified phagolysosomes. Hence, there is a major difference
between conidia of Aspergillus species in their ability to inhibit
acidification of phagolysosomes. Although the conidial pigment
of A. nidulans has a much lower capacity to inhibit acidification
of phagolysosomes, the analysis of the white wA mutant whose
conidia almost completely ended up in acidified phagolysosomes,
indicate that the A. nidulans pigment has still an influence on the
acidification of the phagolysosome. It is tempting to speculate that
the virulence of A. fumigatus and also A. flavus is, at least in part,
associated with the ability of their conidia to inhibit the acidifica-
tion of phagolysosomes and thus enable them a better survival in
immune effector cells.

THE COMPLETE DHN-MELANIN BIOSYNTHESIS OF A. FUMIGATUS IS
REQUIRED FOR MAXIMAL INHIBITION OF PHAGOLYSOSOMAL
ACIDIFICATION

The polyketide synthase PksP represents the key enzyme of DHN-
melanin biosynthesis. The enzyme is responsible for catalyzing the
synthesis of the heptaketide YWA1 (naphthopyrone) from malonyl
CoA and acetyl CoA. In subsequent steps, shortening of the hep-
taketide occurs catalyzed by the Aygl protein followed by reduction
and dehydratation of the generated pentaketide catalyzed by Arp2
and Arpl, respectively. The generated product is reduced by Abrl,
the resulting product vermelone dehydrated to 1,8-DHN which is
polymerized to melanin by the laccase Abr2 (Langfelder et al., 2003).
To obtain further hints that DHN-melanin and DHN-melanin pre-
cursors contribute to inhibition of phagolysosomal acidification,
mutants of A. fumigatus with defects in different steps of the DHN-
melanin biosynthesis, i.e., aygl, arp2, and abr2 (Tsai et al., 1999;
Sugareva et al., 2006) that produce yellow, reddish-pink and brown
conidia, respectively, were analyzed. Compared with the pigmentless

Table 2 | BlastP analysis and inhibition of conidial melanin by

tricyclazole.
Organism Ref. seq. ID/ % Identity Inhibition of
GenBank ID to A.f. PksP melanin

biosynthesis
by tricyclazole

A. fumigatus Af293 XP_756095 100 +

A. flavus NRRL3357 XP_002382817 73 -

A. nidulans FGSC A4 CBF74114 68 -

A. terreus NIH2624 XP_001210231 42 -
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FIGURE 6 | Impact on phagolysosome acidification of (A) different
Aspergillus species and (B) A. fumigatus mutant strains accumulating
different DHN-melanin precursor molecules. The percentage of intracellular
conidia residing in acidified phagolysosomes after phagocytosis by MH-S cells
was calculated. Values represent the mean + SD of three experiments.

pksP conidia, all these mutants showed a lower percentage of conidia
in acidified phagolysosomes (Figure 6B). However, this percentage
was higher than that observed for the fully pigmented wild-type
conidia. Thus, the mutants showed an intermediate phenotype
further suggesting that the complete DHN-melanin biosynthesis
is required for inhibition of phagolysosome acidification and that
intermediates of DHN-melanin already affect the acidification.

ANALYSIS OF BAFILOMYCIN ON FUSION OF PHAGOSOME-CONTAINING
CONIDIA WITH LYSOSOMES

Since our data indicated that both pksP and wild-type conidia
localize in phagolysosomes but pksP conidia lost the ability to pre-
vent acidification of this compartment, we investigated whether

acidification via the vATPase is required for the acidification of pksP
mutant conidia-containing phagolysosomes. Therefore, we studied
acidification as well as fusion of phagosomes with lysosomes in the
presence of bafilomycin A1, a potent and selective vATPase inhibi-
tor (Bowman et al., 1988). As shown in Figure 7, acidification of
phagolysosomal compartments was completely abolished by the
addition of bafilomycin in the nanomolar range, independently
of ingested wild-type or pksP conidia. Nevertheless, inhibition of
the vATPase by bafilomycin had no effect on the phagolysosomal
fusion, since treated cells showed the same colocalization pattern
of conidia-containing phagosomes with dextran-labeled lysosomes
as untreated cells (Figure 7) and, furthermore, did not affect fusion
rates (data not shown). This findings suggests that the wild type is
able to prevent acidification of the phagolysosome by influencing
the activation of the vATPase.

DISCUSSION
The interaction of invading microorganisms with phagocytes is of
central importance for the innate immune defense against micro-
organisms. This complex process consists of many different stages
and can be separated into two main parts: First, the recognition
of conidia by phagocytes as non-self leading to phagocytosis, and
second, the intracellular processing of the conidia including the
formation of acidified phagolysosomes that ultimately lead to kill-
ing of phagocytosed microorganisms. In recent years, the process by
which conidia are recognized and ingested by professional phago-
cytes (Hohl et al., 2005; Luther et al., 2008; Bhatia et al., 2011) as
well as non-professional phagocytes (Paris et al., 1997; Filler and
Sheppard, 2006) has been studied extensively. Unraveling that
PRRs like dectin-1, TLR-2, and TLR-4 play an important role in
recognizing fungal structures, i.e., mainly conidial cell wall com-
ponents, e.g., B-1,3-glucan (Meier et al., 2003; Luther et al., 2007;
Chai et al., 2009). Recent studies revealed that beside mediating
fungal recognition, TLR-2 and TLR-4 are also involved in evasion
mechanisms of the fungus by which cell wall components diminish
the proinflammatory response (Chai et al., 2011). Until now, only
few studies concentrated on the intracellular fate of conidia fol-
lowing phagocytosis mainly focusing on the host (Ibrahim-Granet
et al., 2003; Kasperkovitz et al., 2010). Whereas the mechanisms
and the underlying fungal structures that mediate or interfere with
these processes remained hardly understood. Previously, we could
demonstrate that the processing of A. fumigatus by human mono-
cyte-derived macrophages was inhibited when wild-type conidia
were analyzed in comparison to pigmentless pksP mutant conidia
(Jahn et al., 2002). Here, we further specified the mechanism by
which A. fumigatus alters the endocytotic pathway, preventing full
phagolysosomal maturation by inhibiting acidification. It was previ-
ously shown that A. fumigatus wild-type conidia are taken up quickly
by macrophages and furthermore reside immediately in matured
phagolysosomes (Ibrahim-Granet et al., 2003). In contrast to the
fast processing, this study revealed that approximately only 20% of
wild-type conidia are found in acidified compartments, which was
confirmed by our results. This data implied, that the full maturation
of wild-type conidia-containing phagosomes is disturbed.

Beside the protective effect of conidial melanin-pigmentation
against reactive oxygen species (ROS; Jahn et al., 1997), melanin
is responsible for the interference of wild-type conidia with the
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FIGURE 7 | Effect of bafilomycin A1. Lysosomes were loaded with Oregon Green (OG) 488-Dextran. Colocalization of calcofluor white (CF\W)-stained conidia (blue)
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endocytosis pathway, by blocking phagolysosomal acidification. In
contrast to the wild type, the non-pigmented pksP mutant showed
a drastical increase in the number of conidia residing in acidified
compartments. Moreover, this phenotype was not restricted to a
certain cell type or organism, since we could observe wild-type
dependent inhibition of phagolysosomal acidification in murine
macrophages, human monocyte-derived macrophages and even in
human neutrophil granulocytes. This observation indicated that
the mechanism underlying this effect seems to represent a general
evasion mechanism of A. fumigatus, contributing to its virulence.
Surprisingly, this inhibition of acidification by the wild type is
not due to an arrest or modulation of the phagosomal matura-
tion as observed for several other intracellular pathogens such as
Mycobacterium tuberculosis or Listeria monocytogenes. Phagosomes
containing conidia either of the wild type or the pksP mutant fused
to the same extent with lysosomal vesicles, revealing that the matu-
ration of A. fumigatus wild-type conidia-containing phagosomes
allowed the formation of the phagolysosome but not their final
acidification. These data demonstrate that A. fumigatus as an
opportunistic pathogen evolved a different evasion mechanism to
support its intracellular survival compared with facultative intra-
cellular bacterial pathogens. For example, M. tuberculosis inhibits
phagolysosomal maturation by hydrolyzing PI(3)P to PI (Fratti
et al., 2001; van der Wel et al., 2007) and furthermore, promotes
fusion of endosomes with M. tuberculosis-containing phagosomes
by a yet unknown mechanism. By contrast, L. monocytogenes applies
a different mechanism to survive intracellularly by modifying and
subsequently escaping from phagosomes. Listeriolysin O generates
pores in the phagosomal membrane leading to perturbation of the
phagosomalion gradients, which promotes the escape of the bacteria
from the phagosome (Singh et al.,2008). By the additional secretion
of two specific membrane-active phospholipases, L. monocytogenes

enhances the breakdown of the surrounding phagosomal mem-
brane and enables the bacteria to escape and to propagate in the
cytosol (Smith et al., 1995; Birmingham et al., 2008). Comparison
with more related organisms reveals that Histoplasma capsulatum as
a pathogenic intracellular fungus exhibits a similar evasion strategy
as A. fumigatus. After phagocytosis of H. capsulatum yeast forms
by macrophages, a selective inhibition of acidification of the yeast-
containing phagolysosome was described, that resulted in an intrac-
ellular pH of above 6 (Eissenberg et al., 1993; Newman et al., 2006),
similar to that observed here for A. fumigatus. However, until now
fungal effectors of H. capsulatum causing this inhibition have not
been identified. Here, by using DHN-melanin particles, swollen
conidia, fixed conidia, and mutants with defects in various steps of
the DHN-melanin biosynthesis, we showed that the DHN-melanin
pigment of A. fumigatus is exclusively responsible for this inhibi-
tion. This conclusion is supported by the finding that exogenous
DOPA-melanin particles did not decrease the phagolysosomal
acidification. DOPA-melanin is produced via a PksP-independent
biosynthesis. Thus, we identified a major effector for the intracel-
lular survival of this fungus within phagocytes.

Since the melanin-layer of conidia is thought to be connected to
the hydrophobic rodlet layer, which renders the wild-type spores
immunologically inert (Aimanianda et al., 2009), we reasoned that
the loss of melanin affected the structures of the rodlet layer, leading
to loss of this protective layer. The fact that pksP conidia still contain
arodlet layer similar to that of the wild type and, in addition, that
we could show that the ArodA mutant exhibits the same phenotype
as the wild type in blocking acidification, this finding clearly proves
that the rodlet layer is dispensable for inhibition of acidification.
Interestingly, we observe a rather normal rodlet structure on the
pksP mutant conidia, whereas Pihet et al. (2009) suggested, based
on a study employing atomic force microscopy (AFM), that the
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rodlet structure was missing on pigmentless mutant conidia. Here,
the SEM technique was applied, since it is a direct imaging method
without mechanical interaction with the sample. The influence of
the preparation process was minimized by applying exclusively a
high vacuum platinum coating after collecting of the dry conidia.
Thus, potential effects of the wet handling steps of the AFM prepa-
ration were avoided.

Blocking of the dectin-1 receptor and masking of B-1,3-glucan
layer of A. fumigatus conidia using laminarin and antibodies,
respectively, did not influence the acidification of phagolysosomes,
making an involvement of the dectin-1 receptor unlikely (unpub-
lished data).

To further investigate the impact of DHN-melanin of A. fumi-
gatus on the phagolysosomal maturation, we tested whether
mutants defective in DHN-melanin biosynthesis were able to
affect the acidification of the phagolysosome. Molecular analyses
showed that A. fumigatus conidia contain a DHN-melanin pigment
(Jahn et al., 1997; Langfelder et al., 1998; Tsai et al., 1998). The
nature of the conidial pigment produced in the other aspergilli
tested here, has not been elucidated yet. Studies employing the
antifungal compound tricyclazole implied that neither A. terreus,
nor A. nidulans and A. flavus produce DHN-melanin but rather
a similar but not identical melanin. Tricyclazole is an inhibitor of
tetrahydroxynaphthalene (THN)-reductases, e.g., Arp2, involved
in DHN-melanin biosynthesis. Consistently, tricyclazole effectively
inhibited DHN-melanin production in A. fummigatus, that resulted
in formation of yellow-brownish spores. However, the pigment
color was not affected by tricyclazole in A. terreus, A. nidulans,
and also A. flavus, indicating that the melanin types of these fungi
might differ (Wheeler and Klich, 1995; Heinekamp, unpublished).

In general, the DHN-melanin biosynthesis gene cluster, as it
can be found in A. fumigatus, is not conserved among aspergilli.
From the Aspergillus species that were included in this study, a clear
homolog of the central polyketide synthase PksP was only identified
in the genomes of A. fumigatus, A. flavus, and A. nidulans but not
A. terreus. Furthermore, the genome of A. ferreus does not contain
any putative homologous gene to the DHN-gene cluster, whereas
A. nidulans and A. flavus both encode a homolog for Aygl, that
catalyzes the second step in DHN-melanin biosynthesis, i.e., the
conversion of naphthopyrone to 1,3,6,8-THN. Further analysis of
other genes involved in DHN-melanin biosynthesis revealed that
homologs of the THN-reductase Arp2 cannot be identified in A.
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