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Proteomics of Aspergillus fumigatus Conidia-
containing Phagolysosomes ldentifies
Processes Governing Immune Evasion*s
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Johannes Balkenholy], Thomas Dandekarq], Reinhard Guthke§, Olaf Kniemeyert,
Thorsten Heinekampt, and Axel A. Brakhaged|**

Invasive infections by the human pathogenic fungus As-
pergillus fumigatus start with the outgrowth of asexual,
airborne spores (conidia) into the lung tissue of immuno-
compromised patients. The resident alveolar macro-
phages phagocytose conidia, which end up in phagolyso-
somes. However, A. fumigatus conidia resist phagocytic
degradation to a certain degree. This is mainly attributa-
ble to the pigment 1,8-dihydroxynaphthalene (DHN) mel-
anin located in the cell wall of conidia, which manipulates
the phagolysosomal maturation and prevents their intra-
cellular killing. To get insight in the underlying molecular
mechanisms, we comparatively analyzed proteins of
mouse macrophage phagolysosomes containing melanized
wild-type (wt) or nonmelanized pksP mutant conidia. For
this purpose, a protocol to isolate conidia-containing
phagolysosomes was established and a reference protein
map of phagolysosomes was generated. We identified 637
host and 22 A. fumigatus proteins that were differentially
abundant in the phagolysosome. 472 of the host proteins
were overrepresented in the pksP mutant and 165 in the
wt conidia-containing phagolysosome. Eight of the fungal
proteins were produced only in pksP mutant and 14 pro-
teins in wt conidia-containing phagolysosomes. Bioinfor-
matical analysis compiled a regulatory module, which in-
dicates host processes affected by the fungus. These
processes include vATPase-driven phagolysosomal acid-
ification, Rab5 and Vamp8-dependent endocytic traffick-
ing, signaling pathways, as well as recruitment of the
Lamp1 phagolysosomal maturation marker and the lyso-
somal cysteine protease cathepsin Z. Western blotting
and immunofluorescence analyses confirmed the pro-
teome data and moreover showed differential abundance
of the major metabolic regulator mTOR. Taken together,
with the help of a protocol optimized to isolate A. fumiga-
tus conidia-containing phagolysosomes and a potent
bioinformatics algorithm, we were able to confirm A. fu-
migatus conidia-dependent modification of phagolyso-

somal processes that have been described before and
beyond that, identify pathways that have not been impli-
cated in A. fumigatus evasion strategy, yet.

Mass spectrometry proteomics data are available
via ProteomeXchange with identifiers PXD005724 and
PXD006134. Molecular & Cellular Proteomics 17:
10.1074/mcp.RA117.000069, 1084-1096, 2018.

Infections with the opportunistic pathogen Aspergillus fu-
migatus pose a major threat to human health. It is estimated
that there are worldwide more than 200,000 cases of invasive
aspergillosis per year affecting patients with a severe under-
lying immune suppression because of hematologic diseases,
genetic immune deficiencies or solid organ or hematopoietic
stem cell transplantation (1, 2). A. fumigatus produces asexual
spores (conidia) that are distributed via the air. On inhalation
conidia reach the lower airway tract of human individuals. In
immunocompromised hosts, the impaired immune cell func-
tion allows fungal colonization of the lung tissue and the
establishment of a life-threatening infection (3).

Resident alveolar macrophages belong to the first line of
immune defense (4). They are activated by fungal surface
structures such as the B-1,3-glucans of the conidial cell wall
which bind to the C-type lectin receptor Dectin-1 and there-
by inducing phagocytosis. Activated macrophages engulf
conidia in a phagosome, which gradually acquires biocidal
properties from fusion with lysosomes to generate a mature
phagolysosome with acidic luminal pH because of vacuolar
ATPase (vVATPase)' activity (4, 5). Small Rab GTPases govern
the dynamic fusion and fission processes required for gener-
ation of mature phagolysosomes and thus belong to the tar-
gets of intracellular pathogens to interfere with the maturation
process (6-8). For example, Mycobacterium tuberculosis pre-
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vents the recruitment of Rab14 to the phagolysosome and
thereby arrests its maturation (7).

The gray-green pigment of A. fumigatus conidia consists of
1,8-dihydroxynaphthalene (DHN) melanin that represents an
important virulence determinant (9). Because of melanin wt
conidia can reduce the production of and quench reactive
oxygen species (ROS) and thus lower the amounts of ROS in
the phagolysosome. Furthermore, wt conidia inhibit apopto-
sis, survive in host cells, germinate and cause damage to host
cells (10-13). A mutant strain producing white conidia was
shown to be defective in the polyketide synthase gene pksP
and, hence, unable to produce DHN melanin (12). Inside the
phagolysosome pksP conidia are faster degraded than wt
conidia by luminal acidification and activity of lytic enzymes
(14). DHN melanin is the crucial and sufficient factor to block
acidification as demonstrated in experiments with melanin
particles, i.e. “melanin ghosts” (14). However, the molecular
mechanisms of the interference of the wt conidium with the
phagosomal maturation are still not well understood. Previous
work of our group showed that A. fumigatus wt conidia-
containing phagolysosomes fused with vesicles of the endo-
cytic compartment to a certain extent, but showed reduced
acidification required to establish the fungicidal environment
for degradation of conidia (13). The activity of the vATPase is
essential to drive the acidification of conidia-containing
phagolysosomes (14).

For several pathogenic microorganisms, proteomic studies
unraveled the specific protein composition of phagolyso-

" The abbreviations used are: vVATPase, vacuolar ATPase; 1,8-DHN,
1,8-dihydroxynaphthalene; A. fumigatus, Aspergillus fumigatus; AGC,
automatic gain control; AMM, Aspergillus minimal medium; Atg, au-
tophagy-related genes; CD, cluster of differentiation; CFW, calcofluor
white; CoA, coenzyme A; CSFR, colony-stimulating factor receptor;
DMEM, Dulbecco’s modified eagle medium; EEA, early endosomal
antigen; FBS, fetal bovine serum; FcR, fragment crystallizable recep-
tor; FDR, false discovery rate; FWHM, full width of half maximum;
GAP, GTPase-activating protein; GAPDH, glyceraldehyde-3-phos-
phate dehydrogenase; GEF, guanine nucleotide exchange factor; GO,
gene ontology; HCD, higher-energy collisional dissociation; HPI,
host-pathogen interaction; HRP, horse-reddish peroxidase; Hsp, heat
shock protein; IgG, immunoglobulin G; KEGG, Kyoto encyclopedia of
genes and genomes; Lamp, lysosome-associated membrane protein;
LAP, LC3-associated phagocytosis; LC3, microtubule-associated
protein 1 light chain 3; MAPK, mitogen-activated protein kinase; MOI,
multiplicity of infection; mMRNA, messenger ribonucleic acid; mTOR,
molecular target of rapamycin; Nduf, NADH dehydrogenase; NOX,
NADPH oxidase; OXPHOS, oxidative phosphorylation; PD, Proteome
Discoverer; PE, phosphatidylethanolamine; PI3K, phosphoinositide-
3-kinase; pks, polyketide synthase; PMN, polymorphonuclear; PPI,
protein-protein interaction; PSM, peptide spectrum matches; ROS,
reactive oxygen species; Rubicon, Run domain beclin-1-interacting
and cysteine-rich domain-containing protein; SNAP, synaptosomal-
associated protein; SNARE, soluble N-ethylmaleimide-sensitive-fac-
tor attachment receptor; TCEP, tris-(2-carboxyethyl)-phosphine;
TEAB, tetraethylammonium bicarbonate; Tef, translation elongation
factor; TLR, toll-like receptor; Vamp, vesicle-associated membrane
protein; Vti, vesicle transport through interaction with t-SNAREs; wt,
wild type.

somes for a better understanding of the phagosomal matura-
tion process and its modulation by pathogens (15-23). These
studies demonstrated that the protein composition of the
phagosome is highly dynamic, specific for the ingested par-
ticle, depends on the stage of phagosomal maturation, the
type of cell line and the activation status of the phagocyte.
Therefore, we set out to analyze the phagolysosomal pro-
teome after phagocytosis of wt and pksP mutant conidia to
shed light on processes inhibited by wt conidia during the
maturation of phagosomes. In this study, a magnetic label-
based purification protocol for conidia-containing phagolyso-
somes and the application of a label-free protein quantifica-
tion method was developed. Bioinformatics was employed to
determine the regulatory modules of differentially abundant
proteins of the macrophage phagolysosome. We confirmed a
differential regulation of vATPase subunits and apoptosis in-
duction. These processes were already identified by us in
previous studies as targets of A. fumigatus for immune eva-
sion. Moreover, the combination of quantitative proteomics
and bioinformatics led to the identification of A. fumigatus-
modulated processes and of macrophage intracellular
functions. These processes include vesicle trafficking and
endocytosis, degradative and immune functions of the
phagolysosome, NADPH oxidase activity to produce ROS,
MAPK and mTOR signaling as well as metabolic reprogram-
ming of the macrophage.

EXPERIMENTAL PROCEDURES

Materials and Chemicals—Primary antibodies were purchased
from Abcam (Germany) (Ndufb9 ab200198; Vamp8 ab76021), Santa
Cruz Biotechnology (Germany) (Lamp1 sc-19992, Cathepsin D sc-
10725), Cell Signaling Technology (Germany) (mTOR #2983; Rab5
#3547) and Thermo Fisher Scientific (Germany) (Cathepsin Z PA5-
47048). Secondary antibodies for Western blotting analyses were
goat anti-rabbit IgG-HRP (sc-2030), goat anti-rat IgG-HRP (sc-2031)
from Santa Cruz Biotechnology and rabbit anti-goat IgG-HRP
(#31402) from Thermo Fisher Scientific. Secondary antibody for im-
munofluorescence was goat anti-rabbit IgG-DyLight 633 (#35562,
Thermo Fisher Scientific).

Cells and A. fumigatus Strains—Mouse RAW 264.7 macrophages
(ATCC TIB-71) were cultured in DMEM (Biozyme, Germany) with FBS
(GE Healthcare, Germany), ultraglutamine (Biozyme) and gentamycin
at 37 °C with 5% (v/v) CO,. A. fumigatus wt strain ATCC 46645 and
pksP mutant (11, 12) strain were cultured on Aspergillus minimal
medium (AMM) agar plates. After 5 days of incubation at 37 °C,
conidia were harvested in 10 ml of 0.9% (w/v) NaCl/0.01% (v/v)
Tween 80 (Roth, Germany) using a cell scraper and filtered through a
40 pum cell strainer (BD, Germany) to remove mycelia. The number of
conidia was counted using a hemocytometer.

Magnetic Labeling of Conidia and Purification of Phagolyso-
somes—The protocol for isolation of conidia-containing phagolyso-
somes by magnetic separation was adapted from Steinhauser et al.
(24). 2 X 108 wt conidia were labeled with 10 mg/ml EZ link sulfo-
NHS-LC biotin (Thermo Fisher Scientific) in 50 mm Na,CO,. Initial
experiments demonstrated that for the same amount of pksP mutant
conidia 10 ng/ml NHS-biotin linker yielded a comparable efficiency of
magnetic loading. Cells were incubated with the linker for 2 h at 4 °C
on a rotator and then washed. Fifty microliters of the streptavidin-
coupled magnetic beads (Miltenyi, Germany) in the concentration
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provided by the supplier (Thermo Fisher Scientific) were added in
labeling buffer (PBS with 2 mm EDTA) to the conidia suspension and
incubated for 15 min at 4 °C on a rotator. Coincubation was per-
formed in 4-well plates. Each well contained 4 X 10° RAW 264.7
macrophage cells.

For infection, an MOI of 5 was used, which corresponds to 2 x 107
magnetically labeled conidia. An MOI of 5 yielded the required
amount of protein needed for the analysis of the subcellular pro-
teome. Coincubation was stopped after 2 h. The cells were washed
with PBS, scratched off and collected in homogenization buffer (3 mm
imidazole, 250 mm sucrose, pH 7.4 and proteinase inhibitors
(cOmplete, Roche, Switzerland) and benzonase nuclease (Merck Mil-
lipore, Germany)). Cell lysis was achieved by pressing the cell sus-
pension 60 times through a needle (27G) and was monitored micro-
scopically. DNase (Epicenter, Germany) was added and the lysate
was incubated for 5 min at 37 °C. For sampling of the whole cell
proteome, proteins of the lysate were precipitated and processed as
described below. To purify the phagolysosomal fraction the lysate
was loaded onto a QuadroMACS separator (Miltenyi). Phagolyso-
somes with magnetically labeled conidia were retained on the stand
by magnetic force and proteins were directly eluted from the column
with 98 °C heated elution buffer (2% (w/v) SDS, 100 mm TEAB, 10%
(v/v) glycerol, 1 mm TCEP).

Processing of Proteins—The eluted protein solution was reduced
by evaporation in a SpeedVac at 60 °C to a volume of 100 nl. Proteins
were precipitated with methanol and chloroform as described else-
where (25) and protein concentrations determined using the Direct
Detect Infrared Spectrometer (Merck Millipore). One hundred micro-
grams of the precipitated protein were resuspended in 100 mm TEAB
buffer, proteins were reduced with 200 mm TCEP, alkylated with 375
mM iodoacetamide and digested with 4 g trypsin (SERVA) over night
at 37 °C. The reaction was stopped with formic acid and the sample
was resuspended in acetonitrile/TFA for LC-MS/MS analysis.

Western Blotting— Sixteen and 8 ug of protein were loaded on a
4-12% (w/v) Bis-Tris Protein Gel (NUPAGE, Thermo Fisher Scientific)
and separated by SDS-PAGE in 1X MES running buffer (Thermo
Fisher Scientific). The protein was blotted with a semi-dry blot device
(Bio-Rad, Germany) onto a low fluorescent PVDF membrane (GE
Healthcare Life Sciences) using a Tris/glycine transfer buffer (25 mm
Tris-HCI, 192 mm glycine, 20% (v/v) methanol). The blot was incu-
bated with specific primary antibodies as specified and horse reddish
peroxidase-coupled secondary antibodies were used for detection.
The reaction mix of the Smart Protein Layer Kit (NH DyeAGNOSTICS,
Germany) was added to the sample prior to the experiment for a
fluorescent labeling of the total amount of proteins, which was used
as a loading control (26). Fluorescence and chemiluminescence were
detected with the Fusion FX7 system (Vilber Lourmat, Germany) and
signal intensities and quantifications were determined with the Bio-1D
analysis software (Vilber Lourmat) as described in the manufacturer’s
instructions. Western blots were conducted for each of the three
replicates of conidia-containing phagolysosome purifications.

Experimental Design and Statistical Rational—By using a quantita-
tive label-free proteomics approach, we compared the subproteome
of enriched phagolysosomes containing melanized wt with non-
melanized pksP mutant conidia. Three biological replicates of wild-
type and pksP conidia-containing phagolysosomes were measured
each in three analytical replicates. Analytical replicates were treated
as fractions (merged together for database searches) whereas bio-
logical replicates were analyzed independently of each other. Mean
values and standard deviations for biological replicates of each com-
parison group were calculated. Differentially abundant proteins were
determined using a log, fold-change cut-off threshold of 1. By the
identification of regulatory modules an additional level of information
was provided. A regulatory module denotes a region in the organism-

specific protein-protein interaction network, which is significantly en-
riched with differentially abundant proteins. Proteins that are differ-
entially abundant but not within the module are disregarded because
they are not well connected with other differentially abundant pro-
teins. Thus, confidence in the reliability of the measured fold-change
is gained by additional topological information from the protein-pro-
tein interaction network. For evaluation of the enrichment of the
phagolysosomal fraction, we further compared the phagolysosome-
enriched subcellular proteome with the whole cell proteome of
macrophages, which had ingested either wt or pksP conidia of A.
fumigatus. The whole cell sample was generated once and analyzed
in three technical replicates.

LC-MS/MS Analysis of Protein Samples—Two different methods
were applied. For the sub-proteome analysis of the conidia-contain-
ing phagolysosomal fraction an analytical method designated as
method M#1 was used. For comparison of the phagolysosomal sub-
proteome with the whole cell proteome method M#2 was applied.

LC-MS/MS analysis was carried out on an Ultimate 3000 RSLC
nano system coupled to a QExactive Plus mass spectrometer (both
Thermo Fisher Scientific). Peptides were enriched on a nano-trap
column (Acclaim PepMap 100, length 20 mm, diameter 75 um, par-
ticle size 3 um) at a flow rate of 5 ul/min. Trapped peptides were
separated after a valve switch on Acclaim PepMap RSLC nano col-
umns with 150 mm (M#1) or 500 mm (M#2) length (Thermo Fisher
Scientific). The mobile phase consisted of eluent (A) 0.1% (v/v) formic
acid in H,O and eluent (B) 0.1% (v/v) formic acid in 90/10 ACN/H,0.
We applied either 135 min (M#1) or 360 min (M#2) gradient elution
using the following gradients:

M#1:0-5min at4% B, 10 min at 6.5% B, 15 min at 7.5% B, 20 min
at 8% B, 25 min at 8.6% B, 30 min at 9.2% B, 35 min at 9.9% B, 40
min at 10.6% B, 45 min at 11.3% B, 50 min at 12.2% B, 55 min at
13.4% B, 60 min at 14.9% B, 65 min at 17% B, 70 min at 19.1% B,
75 min at 22.4% B, 80 min at 26% B, 88 min at 32% B, 94 min at 40%
B, 100 min at 52% B, 103 min at 68% B, 106-114 min at 96% B,
115-135 min at 4% B.

M#2: 0—4 min at 4% B, 90 min at 9% B, 130 min at 12.5% B, 180
min at 17% B, 200 min at 20% B, 220 min at 24% B, 250 min at 35%
B, 260 min at 44% B, 265 min at 50% B, 270 min at 55% B, 275 min
at 70% B, 280-290 min at 96% B, 291-360 min at 4% B.

Positively charged ions were generated with a stainless-steel emit-
ter at 2.2 kV spray voltage using a Nanospray Flex lon Source
(Thermo Fisher Scientific). The MS instrument was operated in Full
MS/dd MS? (TopN) mode. Precursor ions were measured in full scan
mode within a mass range of either m/z 300-1600 (M#1) or m/z
300-1500 (M#2) at a resolution of 70k/140k FWHM (M#1/M#2) using
a maximum injection time of 120 ms and an AGC (automatic gain
control) target of 10°. Up to 10 of the most abundant precursor ions
per scan cycle with an assigned charge state of z = 2-6 were
selected for data-dependent acquisition using an isolation width of
m/z 2.0. HCD fragmentation was conducted at a normalized collision
energy of 30 V using N,. Dynamic exclusion of precursor ions was
35 s (M#1) or 40 s (M#2). Fragment ions were monitored at a resolu-
tion of 17.5k (FWHM) using a maximum injection time of 120 ms and
an AGC target of 2 X 10°. The fixed first mass was set to m/z 120. The
LC-MS/MS instrument was operated by means of the Thermo/Dionex
Chromeleon Xpress 6.8 software and the Thermo QExactive Plus
Tune/Xcalibur 3.0.63 software.

Protein Database Search and Label-free Quantitation—Thermo raw
files were processed by the Proteome Discoverer (PD) software v1.4
(M#1) and v2.1 (M#2) (Thermo Fisher Scientific). Tandem mass spec-
tra were searched against databases (download date 21/09/2016) of
Mus musculus (UniProt) and A. fumigatus (Aspergillus Genome Data-
base, AspGD). It was searched against 66,868 database entries (pro-
tein sequences) using the algorithms of Mascot v2.4.1 (Matrix Sci-
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ence, UK), Sequest HT (as integral part of the Thermo software suite
Proteome Discoverer 1.4.0.288 (M#1) and 2.1.0.81 (M#2)) and MS
Amanda (release version 1.0.0.4756). Two missed cleavages were
allowed for tryptic peptides. The precursor mass tolerance was 10
ppm and the fragment mass tolerance was 0.02 Da. Dynamic modi-
fication was oxidation of methionine. Static modification was cysteine
carbamidomethylation. Percolator node and a reverse decoy data-
base was used for g-value validation of the peptide spectral matches
(PSMs) using a strict target false discovery (FDR) rate of < 1%. At
least 2 peptides per protein were required for positive protein hits.
Label-free quantification was performed with the precursor ions
area - Top3 method included in PD. It compares the 3 most abun-
dant peptides of each protein by using the peak area of the respec-
tive precursor ion (27). The mass tolerance was set to 2 ppm and
the signal-to-noise ratio should be > 3. The abundance values were
normalized based on the total peptide amount. Only unique pep-
tides were considered for quantification. The significance threshold
for differential protein regulation was set to factor = 2.0 (up- or
down-regulation). The mass spectrometry proteomics data were
deposited at the ProteomeXchange Consortium via the PRIDE
(28) partner repository.

Identification of the Regulatory Module from LC-MS/MS Data—
Identification of the murine regulatory module was performed using
ModuleDiscoverer (29) like the approach described in (30). In brief,
differentially abundant proteins were mapped onto the murine pro-
tein-protein interaction network obtained from the STRING database.
Identification of the regulatory module was then performed by the
extraction of network regions that are significantly enriched with
differentially abundant proteins. These sub-networks were analyzed
regarding their biological function using the GOstats package for R
(81). Mapping of different protein identifiers was achieved by applying
the org.Mm.eg.db annotation package for R (32) as well as the En-
sembl BioMarts resource (33) using the biomaRt package for R (34).
A detailed description is provided in the supplement.

Prediction of Host-Pathogen Interactions—To predict the protein
interactions of the M. musculus macrophages and A. fumigatus
conidia within the phagolysosome, the regulatory module and the
detected fungal proteins were mapped to an existing database of
predicted host-pathogen interactions (HPI). The data set HPI was
calculated by using experimental verified interactions from model
organisms. These sources for interactions deliver the backbone to
predict interfacial interaction of host and pathogen (35). By using
traits that characterize the source interacting proteins, such as amino
acid sequence, GO annotation, pathway membership, expression
level, or domain information, pairs of interacting proteins of host and
pathogen could be set up, filtered and refined. The establishment of
protein pairs, as well as the filtering was exhibited like Remmele et al.
(35), whereas the refinement steps involved a scoring system based
on experimental exchange of orthologs and analog prediction meth-
ods. Details about the prediction and scoring method are given in the
supplementary information.

Immunofluorescence—Conidia were stained with 0.1 mg/ml calco-
fluor white (CFW, Fluorescence Brightener 26, Sigma Aldrich, Ger-
many) for 25 min at room temperature or with 0.1 mg/ml fluorescein
isothiocyanate (FITC, Sigma-Aldrich) in 100 mm Na,CO; for 30 min at
37 °C. Cells were infected with conidia at an MOI of 2 and coincu-
bated for 2 h at 37 °C with 5% (v/v) CO,. After coincubation, cells
were fixed with 3.7% (v/v) formaldehyde for 10 min at room temper-
ature. For immunofluorescence detection, cells were treated with
0.25% (v/v) Triton X-100 (VWR, Germany), blocked with 3% (w/v)
bovine serum albumin (Sigma-Aldrich) and 3% (v/v) goat serum
(Santa Cruz Biotechnology) and then incubated overnight at 4 °C with
the primary antibody. Secondary antibody was added for 1 h at room
temperature. All images were acquired on a Zeiss LSM 780 confocal

microscope with a Zeiss Plan-appochromat 63x/1.4 oil objective.
Three technical and two biological replicates were analyzed for each
strain. Six images were taken per technical replicate, which resulted
in 36 images in total per strain. The total number of ingested conidia
per image was determined. The conidia-containing phagolysosomes
with a specific fluorescence from the target molecule, as indicated by
a circular fluorescence signal around the conidium, were considered
positive for the desired marker. With the number of positive phagoly-
sosomes and the total number of ingested conidia the ratio of target-
positive phagolysosomes was determined.

RESULTS

Development of a Protocol for Isolation of Conidia-contain-
ing Phagolysosomes—To address the question, whether the
manipulation of the phagosome maturation by wt conidia is
reflected in the phagolysosomal proteome, proteins were ex-
tracted from phagolysosomes containing melanized wt and
nonmelanized pksP mutant conidia based on a protocol for
the isolation of Mycobacteria-containing phagolysosomes
(24). Magnetic labeling of conidia enabled the isolation of the
phagolysosomal fraction after lysis of infected macrophages
(Fig. 1). The concentration of NHS-biotin linker was adjusted
to the different surface properties (11) of the two types of
conidia. Therefore, linker-binding capacities of conidia of the
two strains were monitored microscopically by the addition of
streptavidin-coupled Alexa-fluorophore (data not shown).
Magnetic beads were bound to the conidia by a streptavidin
tag. To exclude effects of labeling on phagocytosis and intra-
cellular processing of the conidia, phagocytosis ratio and the
ratio of acidified phagolysosomes of labeled and unlabeled wt
and pksP mutant conidia were determined. After 2 h of coin-
cubation of conidia with macrophages, no differences in
phagocytosis of labeled and unlabeled conidia were detected
(Fig. 2A). Furthermore, 16.8% and 20.8% of labeled and
unlabeled wt conidia-containing phagolysosomes, respec-
tively, and 68.4% and 77.1% of labeled and unlabeled pksP
mutant conidia-containing phagolysosomes, respectively,
were acidified (Fig. 2B). Thus, the label on the conidial
surface had no significant effect on the acidification of the
phagolysosome.

Wt and pksP conidia-containing phagolysosomes were iso-
lated two hours after infection of RAW 264.7 macrophages,
because at this time point acidified phagolysosomes had
been formed (36). After coincubation of conidia and macro-
phages, shearing of cells provided the best method to ensure
a thorough cell lysis without affecting the integrity of the
phagolysosomes. To determine the integrity and quality of the
isolated phagolysosomes, membranes were stained with
the lipophilic dye DiD. The localization of fluorescent mi-
crobeads (3000 MW Dextran beads, Thermo Fisher Scientific),
which are taken up by pinocytosis and transferred via lyso-
somes to the phagolysosome, was monitored microscopi-
cally. A clear fluorescence signal of DiD and dextran beads
surrounded the conidia indicating the presence of a continu-
ous and intact phagolysosomal membrane (Fig. 2C). The
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Fic. 1. Flowchart for the purification of conidia-containing phagolysosomes, proteome detection and data analysis. The procedure
starts with magnetic labeling of conidia that are then incubated with macrophages for 2 h. The cell lysate is loaded onto a magnetic column
to separate the magnetic fraction from the cell debris. The protein is extracted on-column, then precipitated and concentrated for LC-MS/MS
measurement. After label-free quantification the data was analyzed to identify regulated proteins and modules.

complete lysate was loaded onto a magnetic column and
washed extensively to remove contaminating cell debris. The
proteins of retained phagolysosomes were extracted on the
column, and the flow-through was collected, concentrated
and processed for LC-MS/MS measurements (Fig. 1).
Identification of Differentially Abundant Proteins from LC-
MS/MS Data—LC-MS/MS measurement and protein identifi-
cation resulted in a dual proteome set consisting of 2431
murine phagolysosomal and 65 A. fumigatus proteins (sup-
plemental Table S1). 95% of the proteins were detected in
both wt und pksP mutant conidia-containing phagolyso-
somes, suggesting that quantitative differences predominate.
To identify the differences, a label-free quantification was
performed using the “Top Three” method (27) and the relative
abundance of proteins in pksP mutant versus wt conidia-
containing phagolysosomes was calculated. Based on a
log, fold-change cut-off threshold of 1, we identified 637
differentially abundant proteins in the phagolysosome and
22 differentially abundant proteins from A. fumigatus. Of the

637 regulated proteins of the phagolysosome, 472 were
overrepresented in the pksP mutant conidia-containing
phagolysosome and 165 in the wt conidia-containing
phagolysosome. On the fungal side, 8 proteins were found
to be specific for pksP mutant conidia and 14 proteins for wt
conidia.

For a quality control of the purification protocol the
phagolysosomal proteome was compared with the whole cell
proteome, which was obtained by extraction of proteins di-
rectly from the lysate of macrophages infected with wt or pksP
mutant conidia. The whole cell proteome comprised 1986
murine proteins (supplemental Table S2). 53% of total
phagolysosomal proteins and 39% of differentially abundant
proteins in the phagolysosome were also detected in the
whole cell proteome. Thus, a proportion of 47% of total
phagolysosomal proteins and 61% of differentially produced
proteins was only found in the purified sample, indicating, that
the purification protocol of phagolysosomes allowed for en-
richment of these organelles. This assumption was further
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Fic. 2. Effect of magnetic labeling on characteristics of conidia. Magnetic labeling of conidia has no effect on phagocytosis and
acidification of phagolysosomes (PLs). A, The phagocytosis ratio was determined after 2 h coincubation of macrophages with magnetically
labeled or unlabeled conidia of the wt and the pksP mutant. B, The ratio of acidified phagolysosomes was determined 2 h post-infection of
macrophages with conidia. C, Integrity of the phagolysosomal membrane is not impaired by isolation of conidia-containing phagolysosomes.
Cells were loaded overnight with fluorescent dextran beads. Conidia were labeled with CFW and added to the cells for 2 h. Cell lysis was
performed by shearing the cell suspension and the lysate stained with DiD, specific for eukaryotic cell membranes. Images show a triple
staining of particles with dextran, DiD and CFW indicating an intact phagolysosomal compartment.

substantiated because proteins assigned to the gene ontol-
ogy (GO) “lysosome” (count = 69, p-value = 5.3 X 107°) and
“lysosomal membrane” (count = 63, p-value = 3.2 X 10719
showed a strong enrichment in the phagolysosomal fraction
compared with the whole cell proteome (count = 41, p-value
0.06 and count = 40, p-value = 1.8 X 10™%). Further, the
p-value for the GO-term “cytosol” is larger in the phagolyso-
somal fraction (p-value = 8.5 X 1072, count = 362) com-
pared with the p-value in the whole cell sample (p-value =
4.2 X 10~*", count = 359) indicating that the phagolysosomal
fraction contains less signal from the cytosol compared with
the whole cell samples. Based on this evaluation, the purifi-
cation protocol clearly accomplished a concentration of the
phagolysosomal fraction.

Regulatory Module Implies Interaction of Regulated Pro-
teins—To deduce regulated processes from the data set of
differentially abundant proteins, we used a bioinformatics ap-
proach that identified regulatory modules within the protein-
protein interaction (PPI) network provided by the STRING
database (37). This analysis was based on the projection of
experimentally identified differentially abundant proteins. As a
result, a host regulatory module was defined that contained
the regulated proteins but also nonregulated and nondetected
proteins depicted as knots and their connections visualized as
edges. Within the network, submodules represent groups of
proteins with a higher connectivity based on STRING that are
functionally or structurally related.

The assembled host regulatory module is composed of 302
proteins connected by 3448 edges. One hundred seventy-

eight of the 302 proteins were detected by LC-MS/MS. One
hundred nine of these 178 proteins were identified as differ-
entially abundant. Seventy-nine proteins were enriched in the
pksP mutant and 30 in the wt conidia-containing phagolyso-
some. In the host regulatory module 17 submodules were
classified. Fourteen of these submodules comprising five or
more proteins were considered for further discussion and
used in enrichment analysis of GO and KEGG pathway terms
(supplemental Table S3). The submodules representing
vATPase-dependent vacuolar acidification, signaling, endo-
cytosis and vesicle transport, immune response, generation
of ROS via NADPH oxidase and electron transport chain were
the focus for further validation experiments and discussion
(Fig. 3). In detail, these submodules include proteins with
annotated functions in MAPK signaling pathway, actin polym-
erization, SNARE-mediated membrane trafficking and Rab
GTPase-regulated vesicle fusion, hydrolytic activities and
NADPH oxidase-dependent ROS production.

To verify the data obtained by LC-MS/MS analysis, label-
free quantification and the regulatory module analysis, the
abundances of several representative proteins were quanti-
fied by Western blotting analyses or immunofluorescence
(Fig. 4). First, to exclude that magnetic labeling interferes with
recruitment of phagolysosomal proteins the localization of
cathepsin D was monitored by immunofluorescence. Both,
labeled and unlabeled wt conidia reduced recruitment of ca-
thepsin D to the phagolysosomal membrane, whereas pksP
conidia-containing phagolysosomes showed a typical pattern
of cathepsin D recruitment, independent of magnetic labeling
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(Fig. 4A). Representative proteins included proteins enriched
in pksP conidia-containing phagolysosomes: Cathepsin Z, a
lysosomal protease, which was 2-fold higher abundant;
Lamp1, a phagolysosomal marker protein represented in the
“endocytosis” module with a 3.8-fold higher abundance;
Nduf9, a component of the NADH dehydrogenase complex
represented in the module “electron transport chain” with
5.9-fold higher abundance. The higher abundance of selected
proteins in pksP conidia-containing phagolysosomes was
confirmed by Western blot analysis (Fig. 4B). Because we
found LAMTOR, a regulator of the mTOR signaling pathway,
enriched in pksP conidia-containing phagolysosomes, and,
second, the regulatory module indicated a regulation of car-
boxylic acid metabolism and cellular respiration, we analyzed

the abundance of the kinase mTOR. Both processes are
potentially controlled by mTOR. Although not detected by
LC-MS/MS, we could confirm a differential regulation of
mTOR in conidia-containing phagolysosomes by Western
blotting (Fig. 4B). The vesicle trafficking protein 8 (Vamp8),
which was assigned to the “vesicle trafficking” module and
which was 2.8-fold enriched in pksP conidia-containing
phagolysosomes, was analyzed for its localization by immu-
nofluorescence. A differential recruitment was clearly con-
firmed (Fig. 4C).

Fungal Proteins in the Phagolysosome —The host regulatory
module provided information about processes that are regu-
lated in the macrophage on phagocytosis of A. fumigatus
conidia. The dual proteome analysis allowed us to investigate
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Fic. 4. Recruitment of proteins to the phagolysosomal membrane. A, The effect of magnetic labeling on recruitment of cathepsin D to
the phagolysosomal membrane 2 h post infection was determined by immunofluorescence. Columns represent mean values of the proportion
of cathepsin D-positive phagolysosomes (PLs) = SDs. B, Western blotting analyses were performed to determine abundances of selected
proteins in the phagolysosomal fraction. 16 or 8 ug of protein extract from purified wt or pksP mutant conidia-containing phagolysosomes were
separated by SDS-PAGE. Antibodies against selected candidate proteins from the proteome data were applied. Because of the lack of suitable
house-keeping proteins the samples were mixed with the Smart Protein Layer kit that enabled a normalization of the bands to the total loaded
protein. C, wt conidia-containing phagolysosomes fail to recruit Vamp8. Images are representative of Vamp8 immunofluorescence staining of
macrophages 2 h post infection with wt or pksP mutant conidia at an MOI = 2. Scale bars refer to 10 um and arrows indicate Vamp8-positive
phagolysosomes. Columns represent the mean values of the proportion of Vamp8-positive phagolysosomes = SDs.

differentially abundant fungal proteins as potential effectors
interfering with the host endocytic pathway. It is likely that
fungal proteins in the phagolysosome are either actively se-
creted or released from the fungal cell surface. However, it
needs to be considered that the two strains face different
conditions: Although pksP mutant conidia are exposed to an
acidic environment and tackled by phagolysosomal degrad-
ing enzymes 2 h after phagocytosis, the wt conidia reside in
more favorable conditions in a phagolysosome with neutral
pH. Accordingly, the fungal proteome enriched from pksP
mutant conidia-containing phagolysosomes was composed
of proteins induced on oxidative stress or on encounter with
immune cells, e.g. a GTPase regulating vesicular transport, an
RNA helicase, alcohol dehydrogenases and a transaldolase of
the pentose phosphate pathway (supplemental Table S4).

Proteins enriched in wt conidia-containing phagolyso-
somes included a catalase, drug response and mitochondrial
unfolded protein response elements and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). Further proteins were
histone H2A1, a component of ribosome biogenesis, tran-
scription and mRNA processing, the signaling protein 14-3-3
and a high abundant conidial protein with unknown function
that was found by Asif et al. (38) to be present on conidia
(supplemental Table S5).

DISCUSSION

Here, we set out to characterize the phagolysosomal pro-
teome and to identify phagolysosomal proteins and pro-
cesses that are altered after phagocytosis of melanized A.
fumigatus conidia to allow their survival inside the macro-
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phage. The phagolysosome is the place of the direct interac-
tion between conidia and the host, hence, it can be expected
that modifications in its protein composition influence its fun-
gicidal activity. On the level of the whole cell, changes in
abundance of proteins in specific organelles like the phagoly-
sosome might be masked, e.g., by highly abundant cytosolic
proteins. Therefore, we analyzed the proteomes of both whole
macrophage cells and phagolysosomes. Because previously
we showed that DHN melanin of the conidia interferes with
the maturation of phagolysosomes (14) we compared the
phagolysosomal proteomes of macrophages, which were in-
fected either with wt or nonpigmented pksP mutant conidia of
A. fumigatus. For this purpose, we developed a method to
purify conidia-containing phagolysosomes and analyzed their
proteomes. By bioinformatical analyses of differentially regu-
lated phagolysosomal proteins we compiled a regulatory
module that represents the regulated proteins. By combining
the different methods, we deduced a model in which wt
conidia modulate endosomal trafficking and fusion pro-
cesses, intracellular signaling and metabolic pathways to
prevent acidification of the phagolysosome, delivery of deg-
radative enzymes, induction of autophagy, apoptosis and
proinflammatory immune response to survive within the
phagolysosome.

Our analysis required the isolation of conidia-containing
phagolysosomes. A common protocol to isolate phagolyso-
somes makes use of the sedimentation properties of the
ingested latex beads and was first described by Wetzel et al.
(39). However, because of the sedimentation properties of
conidia-containing phagolysosomes their separation on a su-
crose gradient is difficult. Alternatively, Steinhduser et al.
described the purification of Mycobacterium tuberculosis
bacteria-containing phagolysosomes based on magnetic
separation (24). The cell lysis was optimized such that the
cytoplasmic membrane was disrupted and at the same time
the integrity of the phagolysosomal membrane was main-
tained. A strategy of magnetic separation, protein extraction
and concentration was developed to yield the conidia-con-
taining phagolysosomal proteome that could be measured by
LC-MS/MS.

The outer phagolysosomal membrane is surrounded by a
mesh of sticky actin fibers that trap organelles in its proximity
during the isolation procedure (40). The occurrence of pro-
teins typically present in nonphagosomal cell compartments
such as the nucleus, ribosomes or mitochondria has been
reported earlier (15). Their frequency was especially high in
cells with a high autophagocytic activity. This can be ex-
plained by the dynamic interaction and exchange between
those two organelles (21, 41). Additionally, mitochondria have
been implicated in a broad number of cellular functions, in-
cluding TLR-dependent ROS production in response to intra-
cellular pathogens (42) and induction of apoptosis via intrinsic
and extrinsic pathways (43).

The comparison of the protein abundances in the wt and
pksP mutant conidia-containing phagolysosomes is a chal-
lenging endeavor, because of the complexity of the experi-
mental set-up and high variations of the biological replicates.
The results of studies on the phagolysosomal proteome vary
depending on different factors: (1) the usage of cell lines or
primary cells (23), (2) the ingested particles, e.g., latex beads,
apoptotic cells, pathogen-associated structures or pathogens
(16-18, 22), (3) the age of the phagolysosome (15, 17), (4) the
analyzed fraction, e.g., entire phagolysosome or membrane
domains (detergent-resistant or detergent-soluble mem-
branes) (15), and (5) the activation status of the cells, e.g.,
stimulation with cytokines prior to the infection (19).

With the help of a label-free quantification, around 30% of
the identified proteins were classified as significantly regu-
lated. The differential regulation of cathepsin Z, Lamp1, Rab5
and NADH dehydrogenase was verified by Western blotting
and the differential recruitment of Vamp8 was confirmed by
immunofluorescence. Interestingly, the regulation of mTOR,
which was not detected by the LC-MS/MS measurement, but
was predicted from the interaction network, was found to be
differentially regulated by Western blot analysis and thus con-
firmed the bioinformatics approach. The putative low abun-
dance of mTOR might explain why this protein was only
detected by sensitive Western blotting but not by LC-MS/MS.
The comprehensive LC-MS/MS analysis was based on a bot-
tom-up data-dependent shotgun approach, e.g., not only the
general detection sensitivity of the tryptic peptides of a certain
protein is decisive. Much more important for highly complex
peptide samples is the dynamic range of the analysis. e.g.,
relative abundance of the tryptic peptides of mTOR in relation
to all other peptides, because the 10 most abundant precur-
sor ions per data-dependent scan cycle are selected for frag-
mentation. Because murine mTOR is a large protein of about
289 kDa, which implicates numerous potentially detectable
peptides, it can be assumed that mTOR is of relative low
abundance. At least the abundance of mTOR is lower than for
all proteins identified in our study.

Taken together, the bioinformatics compilation of the dif-
ferentially abundant proteins into the regulatory module al-
lowed for an identification of processes that are modified in
the phagolysosome after ingestion of either wt or pksP
conidia.

vATPase-dependent Acidification— Acidification of the
phagolysosome is prerequisite for the degradation of phago-
cytosed material and is driven by the vATPase, the vacuolar
ATP-dependent proton pump (44). Activity of the enzyme
complex is regulated via assembly and disassembly of the
membrane bound V, and cytosolic V,; domain (45). In a pre-
vious study, we showed that activity of the vATPase mainly
drives the acidification of phagolysosomes containing pksP
conidia (14). Here, the proteomic data confirmed the in-
creased abundance of V, subunits in pksP conidia-containing
phagolysosomes.
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Lysosome-Endosomal Trafficking—The endocytic traffick-
ing and transport system is also modulated in the wt conidia-
containing phagolysosome. We detected several proteins of
the SNARE, SNAP and syntaxin family, which mediate intra-
cellular trafficking, docking and fusion processes (46). They
were mainly down-regulated in macrophages infected with wt
conidia. Also, the small GTPase Rab5 and early endosomal
antigen 1 (EEA1) were regulated. Rab5 and its effector EEA1
mediate homotypic fusion of the early phagosome with early
endosomes and are regarded as markers for an early stage of
phagolysosomal maturation (47, 48). Rab5 had a lower abun-
dance in wt conidia-containing phagolysosomes, whereas
EEA1 was more abundant. Likewise, EH domain-containing
proteins, which control endocytic fusion and colocalize with
Rab5 and EEA1 were less abundant in wt conidia-containing
phagolysosomes. This implies that wt conidia-containing pha-
gosomes are less fusogenic and arrest the maturation of the
phagolysosome at an early stage. This finding is in line with
earlier observations when we determined the fusion of A.
fumigatus conidia-containing phagosomes with lysosomes by
measuring the localization of the phagolysosomal markers
cathepsin D and Lamp1 (13). The reduced acquisitions
of those markers by wt conidia-containing phagosomes
prompted us to speculate that A. fumigatus wt conidia inter-
fere with the endocytic pathway by preventing fusions of the
phagosome with lysosomes. However, when we analyzed the
fusion rate of dextran beads-containing lysosomes with
phagosomes (14), only a slight delay in the delivery of the
beads to wt conidia-containing phagosomes was observed.
Thus, it is conceivable that A. fumigatus conidia do not
generally block endocytic fusions, but rather selectively in-
terfere with the delivery of proteins and enzymes required
for the maturation of the phagolysosome into a biocidal
compartment. An interference with endosomal trafficking
and fusions by targeting small Rab GTPases has been re-
ported for many pathogens such as Candida albicans, My-
cobacterium tuberculosis, Coxiella burnetii, Helicobacter
pylori, Salmonella enterica, Chlamydia species and others
(reviewed in (49)).

Generation of Energy— Components of the oxidative phos-
phorylation (OXPHOS) system, i.e. protein complexes of the
mitochondrial electron transport chain, are enriched in the
pksP conidia-containing phagolysosomal sample. The occur-
rence of those components, although they are of nonphagoly-
sosomal origin, might represent a specific effect of mitochon-
drial involvement in phagolysosomal processes. We found
subunits of all four complexes of the electron transport chain
as well as 3-ketoacyl-CoA thiolase and acyl-CoA dehydro-
genase of the fatty acid p-oxidation enriched in the pksP
mutant conidia-containing phagolysosome, indicating that wt
conidia influence the host cell energy metabolism. In line with
this assumption, we found mTOR, a regulator of cellular me-
tabolism (50), enriched in phagolysosomes of macrophages
that were challenged with pksP conidia. Furthermore, mito-

chondrial ROS, which are generated by the electron transport
chain, were described to contribute to the killing of intracel-
lular pathogens (42, 51).

Intracellular Signaling—The proteomic data indicate a re-
duced presence of components of the Akt-mTOR pathway in
the wt conidia-containing phagolysosomal proteome. This
signaling axis plays a major role in inducing autophagy under
starvation conditions to recycle nutrients from the phago-
some. By targeting the autophagy-activating pathways in-
gested wt conidia interfere with the generation of the biocidal
autophagosome (52). In line with this hypothesis, we found
components of the autophagy machinery such as Vamp8,
Snap29 and Vtilb of the autophagosomal SNARE complex
(58) and Rubicon (Run domain Beclin-1-interacting and cys-
teine-rich domain-containing protein) (54) in the regulated
modules confirming a role of this specific intracellular degra-
dation process in the clearance of A. fumigatus conidia. Ru-
bicon has recently been identified as the central switch from
autophagy to Microtubule-Associated Protein 1 Light Chain 3
(LC3)-associated phagocytosis (LAP), an Atg5-dependent au-
tophagy mechanism, where the LC3BI protein binds phos-
phatidylethanolamine (PE) to form the active, lipidated LC3BII
protein that binds to phagolysosomes (55, 56). Rubicon re-
cruits the NADPH oxidase (NOX) and activates its ROS pro-
ducing activity, which in turn is required for LC3B lipidation
(54). In line, Chamilos et al. (52, 57) demonstrated that DHN
melanin of A. fumigatus conidia blocks LAP activation in
macrophages.

Previous work of our lab showed that wt conidia of A.
fumigatus block apoptosis of macrophages by hijacking the
PI3K/Akt signaling pathway (58). The sustained activation of
Akt promotes cell survival and inhibits induction of the apo-
ptosis process and likely depicts a strategy of the pathogen to
hide inside the macrophage and evade further immune re-
sponses (58, 59). Among the differential abundant proteins
were elements of the apoptosis or cell survival regulation
pathways: MAPK, AKT, mTOR and Rac signaling pathway,
the ubiquitin-proteasome system, members of the 14-3-3
family proteins, prostaglandin E synthase among others.
Pro-apoptotic proteins such as Bak1 (60), Aifm2 and Praf2
were higher abundant in pksP mutant conidia-containing
phagolysosomes, whereas the anti-apoptotic regulator
Bcl2-like 13 protein was enriched in wt conidia-containing
phagolysosomes.

Degradation and Antigen Processing Capacity— Different
studies demonstrated the requirement for ROS for an efficient
fungal clearance (61, 62). ROS are generated by the NOX
complex which consists of five subunits. Our data suggest
impaired NOX assembly and, thus, reduced production of
ROS after ingestion of wt conidia, because one of the five
NOX subunits, p47P"°* (Ncf1) was less abundant in wt conid-
ia-containing phagolysosomes. Also, upstream elements of
the Rac GTP-binding protein family, which regulate NOX as-
sembly, such as guanine nucleotide exchange factors (GEFs)
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ArhGEFs and Rac GTPase activating protein (RacGAP1)
showed low levels in the wt sample. Langfelder et al. showed
a 10-fold increase in ROS production of PMNs that were
challenged with A. fumigatus pksP mutant conidia compared
with wt conidia (12). Jahn et al. demonstrated that this in-
crease can be attributed at least in part to the fact that pksP
mutant conidia lack ROS quenching by DHN melanin (63).
Besides its fungicidal activity, signaling function was also
ascribed to ROS in mediating the induction of the autophagy
machinery (64) and pro-apoptotic signaling (58, 65). Consis-
tently, Volling et al. hypothesized that DHN melanin inhibits
apoptosis by quenching ROS (58, 63).

Cathepsins, lysosomal peptidases and enzymes to degrade
glycans and glycolipids were enriched in the proteome of
pksP mutant conidia-containing phagolysosomes indicating a
reduced degradation capacity of wt conidia-containing
phagolysosomes. In line with this finding is the reduced anti-
gen processing and presentation machinery of those phagoly-
sosomes. For example, phagolysosomes containing wt
conidia had lower levels of the macrophage activation marker
CD68 or macrophage colony-stimulating factor receptor 1
(CSFR1).

The interference of A. fumigatus with the described intra-
cellular processes of macrophages is conceivably because of
an interaction of fungal proteins with host proteins. We per-
formed an initial bioinformatics analysis to predict potential
interaction candidates on the basis of already described host-
pathogen protein interactions. This analysis suggests fungal
heat shock proteins Hsp70 and 90, the translation elongation
factor Tef1 and a 14-3-3 protein ArtA to interact with a range
of host proteins involved in processes such as vATPase ac-
tivity, endocytic trafficking and signaling (supplemental Fig.
S1). Experiments evaluating the prediction of these interac-
tions, e.g., on a biochemical level or using immune cells with
a knock down of the genes of interest, are required to identify
the role of protein-protein interactions for the immune modu-
lation by A. fumigatus.

Altogether, this study provides a detailed map of proteins
and a comprehensive overview of macrophage intracellular
processes that are regulated on ingestion of A. fumigatus
conidia. It delivers a protocol to obtain conidia-containing
phagolysosomes, a bioinformatics method for integrating
quantitative LC-MS/MS data into the context of the entire
protein-protein interaction network to identify significantly
regulated processes and confirms previous findings about
the A. fumigatus immune evasion strategy, e.g., inhibition of
vATPase-dependent phagolysosomal acidification and the
prevention of apoptosis induction. Intriguingly, our data sug-
gest an interference of wt conidia with endocytic vesicle traf-
ficking, MAPK and mTOR signaling, ROS production via
NADPH oxidase, and degradative functions of the phagoly-
sosome. Further, the reprogramming of energy metabolism
and activation of macrophage immune responses, has not
been reported before. These findings lay the basis for mech-

anistic studies that will help to unravel the complexity of
immune evasion strategies of A. fumigatus.
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