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The ubiquitous mold Aspergillus fumigatus threatens im-
munosuppressed patients as inducer of lethal invasive
aspergillosis. A. fumigatus conidia are airborne and reach
the alveoli, where they encounter alveolar epithelial cells
(AEC). Previous studies reported the importance of the
surfactant-producing AEC Il during A. fumigatus infection
via in vitro experiments using cell lines. We established a
negative isolation protocol yielding untouched primary
murine AEC Il with a purity >90%, allowing ex vivo anal-
yses of the cells, which encountered the mold in vivo. By
label-free proteome analysis of AEC Il isolated from mice
24h after A. fumigatus or mock infection we quantified
2256 proteins and found 154 proteins to be significantly
differentially abundant between both groups (ANOVA p
value = 0.01, ratio of means =1.5 or =0.67, quantified with
=2 peptides). Most of these proteins were higher abun-
dant in the infected condition and reflected a comprehen-
sive activation of AEC Il on interaction with A. fumigatus.
This was especially represented by proteins related to
oxidative phosphorylation, hence energy production.
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However, the most strongly induced protein was the L-a-
mino acid oxidase (LAAO) Interleukin 4 induced 1 (IL411)
with a 42.9 fold higher abundance (ANOVA p value
2.917'9. IL411 has previously been found in B cells,
macrophages, dendritic cells and rare neurons. Increased
IL411 abundance in AEC Il was confirmed by qPCR, West-
ern blot and immunohistology. Furthermore, A. fumigatus
infected lungs showed high levels of IL4l11 metabolic prod-
ucts. Importantly, higher IL4l11 abundance was also con-
firmed in lung tissue from human aspergilloma. Because
LAAO are key enzymes for bactericidal product genera-
tion, AEC Il might actively participate in pathogen de-
fense. We provide insights into proteome changes of
primary AEC Il thereby opening new avenues to analyze
the molecular changes of this central lung cell on infec-
tious threats. Data are available via ProteomeXchange
with identifier PXD005834. Molecular & Cellular Pro-
teomics 16: 10.1074/mcp.RA117.000072, 2184-2198,
2017.

Aspergillus fumigatus is an ubiquitous saprophytic fungus
(1) that grows on decaying organic matter. Due to their small
size and high surface charge, conidia, the spores of A. fu-
migatus, are airborne and hundreds are inhaled by humans
daily together with the breathing air (2). Although healthy
individuals quickly destroy inhaled conidia via immune-related
mechanisms individuals suffering from immune suppression,
e.g. because of chemotherapy or after solid organ transplan-
tation, cannot effectively clear the pathogen and a life-threat-
ening infection termed invasive aspergillosis (IA)! establishes.

" The abbreviations used are: IA, Invasive Aspergillosis; AEC, alve-
olar epithelial cell; A. fumigatus, Aspergillus fumigatus; AM, alveolar
macrophage; CA assay, bicinchoninic acid assay; BSA, bovine serum
albumin; CCD camera, charge coupled device camera; AA Ct, AA
cycle threshold; EpCAM, epithelial cell adhesion molecule; ECL, en-
hanced chemiluminescence; FDR, False Discovery Rate; HCD, high-
er-energy collisional dissociation; HPLC, high performance liquid
chromatography; I13P, indole-3-pyruvate; IL411, Interleukin 4 in-
duced-1; LAAO, L-amino acid oxidase; LC-MS, Liquid Chromatogra-
phy Mass Spectrometry; ACS, Magnetic Activated Cell Sorting;
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Despite the existence of antifungal drugs IA is still a major
cause of infection-related deaths on clinical wards treating
immune-compromised patients (3, 4) which is because of the
poor diagnosis and often in-effective therapies (5).

The lung-resident immune system of healthy people effec-
tively controls the growth of inhaled conidia. Under healthy
conditions the lung respiratory surface is populated with al-
veolar macrophages (AM) that phagocytose conidia and serve
as sentinel cells for the recruitment of neutrophil granulocytes
(N¢) from the peripheral blood (6, 7). N¢ are extremely effec-
tive in phagocytosing conidia (8, 9), which is the reason why
especially lack or dysfunction of N¢ is associated with a
highly increased risk for IA development (10-12). Although
these phagocytotic members of the lung-associated immune
system are all well studied, it is obvious, that alveolar epithelial
cells (AEC), that make up the entire more than 100 m? large
respiratory surface of the lung (12) have a much higher likeli-
hood of physically engaging freshly inhaled conidia before any
other cell of the immune system (13). However, the effects of
this interaction are not known.

AEC are the most abundant cells of the lung epithelium.
There are two types: AEC | and Il. AEC | are very flat cells that
form the respiratory epithelium (14). AEC Il are cuboid cells
located in corners of alveoli which are essential to produce
surfactant, a protein-rich liquid covering the inner alveolar
surface (15). In addition, AEC Il have already been shown to
have immunological functions (16, 17). The fact that AEC are
pioneer cells to interact with inhaled conidia has led to many
studies investigating their interaction with the fungus (sum-
marized in (14)). Due to the lack of methods for isolation and
culture there are no reports investigating murine AEC |. But
also, most studies investigating the effect of A. fumigatus
interaction with AEC Il employed in vitro experiments using
cell lines (primarily the A549 human alveolar carcinoma line) or
primary human, rat and murine cells cultured in vitro for sev-
eral days. This has uncontrollable effects on the physiology of
the cultured cells and therefore requires careful interpretation
of the data and verification of the results in more physiological
settings (see (14) and references therein). Furthermore, only
very few studies were undertaken to obtain a comprehensive
characterization of the molecular response of AEC Il to the
fungal insult (18).

Because direct isolation of AEC Il from infected human
patients is not possible, the closest available alternative is the
isolation of primary AEC Il from a suitable animal model.
Murine models of A. fumigatus infection are well established
and closely recapitulate the human condition (10). However,
available approaches for isolating untouched primary AEC ||

mRNA, messenger Ribonucleic Acid; N¢, Neutrophil granulocyte; PD,
O-phenylenediamine; PFA, Paraformaldehyde; PhePyr, Phenylpyru-
vate; proSP-C, proSurfactant Protein-C; PVDF membrane, Polyvi-
nylidene difluoride membrane; TdTomato, Tandem Tomato fluores-
cent protein; TFA, Trifluoroacetic Acid.

from murine lung require flow-cytometry-based cell sorting,
which by itself massively influences cellular physiology
(16, 17).

Quantitative proteome analysis has been used intensively
to study models of infection and host-pathogen interaction.
Thereby unbiased analysis of activated immune cells or
pathogen-challenged cells revealed previously unknown play-
ers involved in immune defense and pathogenic mechanisms
(19, 20). In this study, we established a novel protocol for the
negative immunomagnetic isolation of untouched AEC Il from
murine lung. We then used quantitative label-free proteome
analysis to investigate proteome changes in these cells in-
duced on infection with A. fumigatus conidia. Hence, we
provide the first comprehensive characterization of proteome
changes in primary AEC Il during A. fumigatus infection.

MATERIALS AND METHODS

Ethics Statement— All animal experiments were in accordance with
German guidelines and were approved by the relevant local authori-
ties in Essen.

Animals—All animals were OlaHsd C57BL/6 female and between 8
and 12 weeks of age, purchased from ENVIGO (Horst, The Nether-
lands) or were bred at the animal facility of the University Essen,
Germany.

Aspergillus fumigatus Strains—Wild-type A. fumigatus conidia
ATCC46645 were used throughout the project (21). A transgenic
tdTomato expressing A. fumigatus strain was used for microscopy
purposes. It was generated and kindly provided by Prof. Dr. Sven
Krappmann. This strain expresses tdTomato fluorescent protein in the
cytoplasm under control of the GAPDH promoter (22).

EXPERIMENTAL PROCEDURES

Intratracheal Infection—C57BL/6 mice were anesthetized (20
mg/ml Ketamin, Inresa Arzneimittel GmbH, Freiburg im Breisgau,
Germany, 2 mg/ml Xylazin 2%, Ceva, Dusseldorf, Germany, in NaCl
0.9%, B. Braun, Melsungen, Germany) and hanged by their front
incisors vertically. The tongue was pulled aside by a laryngoscope
and a 22 G Intravenous (IV) catheter was placed into the trachea.
Subsequently, 50 ul A. fumigatus conidia with the concentration of
1 X 10%/ml were instilled into the lung.

Negative Imnmunomagnetic Isolation of Primary Murine AEC I|—The
lung tissue was digested in 2 ml (100 caseinolytic units) dispase (BD
Biosciences, Heidelberg, Germany, Cat # 354235) for 45 min at room
temperature and the bronchi were cut out by a pair of very fine
surgery scissors (Fine Science Tools, Heidelberg, Germany, Cat
#14568-09). The digestion process, single cell suspension prepara-
tion and immunomagnetic cell separation was performed as previ-
ously described by Gereke et al. (23) with modifications in the anti-
body mixture design. 5 ul (2 ng) of each of the following biotin-
coupled antibodies (all purchased from Biolegend, San Diego, CA)
were mixed in 460 ul PBS: a-CD11b (Clone: M1/70), a-CD11c (Clone:
N418), a-CD19 (Clone: 6D5), «-F4/80 (Clone: BM8), a-CD31 (Clone:
390), a-CD45 (Clone: 30-F11), «a-Sca-1 (Clone: D7), and a-Tla
(Clone: 8.1.1) (Table I). Next, the cells were resuspended in 300 wul
MACS buffer (PBS supplemented with 1% V/V FCS and 2 mm EDTA)
and 200 ul antibiotin microbeads (Miltenyi Biotec, Bergisch
Gladbach, Germany, Cat # 130-090-485). Finally, the suspension
was transferred onto an LS magnetic column (Miltenyi Biotec, Cat #
130-042-401) and the column was washed 3 times with 3 ml MACS
buffer, each. Untouched AEC Il were collected in a 15 ml PE tube and
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centrifuged at 4 °C, 250 G for 10 min (Fig. 1). The pellets were kept at
—80 °C.

Proteomics Experimental Design and Statistical Rationale—Iso-
lated primary AEC Il from A. fumigatus infected and mock (sterile tap
water) infected C57BL/6 mice were collected. In preliminary experi-
ments using 2-D DIGE we had established that the maximum change
in protein composition between AEC Il from uninfected versus in-
fected lungs occurred at 24 h after infection (data not shown). Thus,
we chose this time point for an in depth analysis of the AEC II
proteome using mass spectrometry. For each sample 9 biological
replicates were analyzed by label-free LC-MS/MS in alternating order
(Fig. 3A). Statistical analysis was performed using ANOVA imple-
mented in the Progenesis LC-MS software (ver. 4.1, Nonlinear Dy-
namics Ltd., Newcastle on Tyne, U.K.). We performed preexperi-
ments with 5 replicates available for each experimental condition.
Only 37% of proteins with an ANOVA p value below 0.05 had a power
of at least 0.8 = 1-B. For the main study, we aimed at a percentage
of at least 90% of the respective protein subset to have a power of at
least 80%. According to the calculations, 8 samples were required to
fulfill these criteria. Hence, we analyzed 9 replicates per group to
account for the possible necessity to exclude a measurement for
technical reasons.

Tryptic Digestion— According to previous optimization experiments
4.6 X 10° AEC Il were purified from each murine lung and lysed in 30
wl 50 mm ammonium bicarbonate with 0.1% RapiGest SF Surfactant
(Cat# 186001861, Waters, Eschborn, Germany). The cells were briefly
vortexed and sonicated 2 times for 1 min on ice in an ultrasonic bath.
The protein concentration was determined using the Bradford assay
(Bio-Rad, Hercules, CA). Four ug proteins in 20 ul were incubated at
95 °C for 5 min and the disulfide bonds were reduced with 5 mm DTT
at 60 °C for 30 min. Thereafter, the samples were alkylated with 15
mwm iodoacetamide in the dark at room temperature and 50 ng trypsin
(SERVA Electrophoresis, Heidelberg, Germany) were added for enzy-
matic protein digestion. The samples were incubated at 37 °C for 16 h
followed by 30 min incubation with 0.5% TFA at 37 °C for acidifica-
tion. Precipitated RapiGest was removed by centrifugation before the
samples were vacuum dried and subsequently dissolved in 0.1%
TFA. The peptide concentration was determined by quantitative
amino acid analysis as described previously (24).

LC-MS/MS Analysis—The RPLC-MS/MS analysis was performed
using an Ultimate 3000 RSLCnano system online coupled to an
Orbitrap Q-Exactive mass spectrometer (both Thermo Scientific, Bre-
men, Germany) as described earlier (19). Briefly, 350 ng peptides
were injected in a volume of 15 ul and preconcentrated with 0.1%
TFA on a trap column for 7 min (Acclaim PepMap 100, 300 um X 5
mm, C18, 5 um, 100 A; flow rate 30 wl/min). Subsequently, the
peptides were transferred to the analytical column (Acclaim PepMap
RSLC, 75 um X 50 cm, nano Viper, C18, 2 um, 100 A) and separated
by a gradient from 5% to 40% solvent B over 98 min (solvent A: 0.1%
FA, solvent B: 0.1% FA, 84% acetonitrile; flow rate 400 nL/min;
column oven temperature 60 °C). The mass spectrometer was op-
erated in data-dependent mode and full scan mass spectra were
acquired at a resolution of 70,000 at 200 m/z within a mass range
of 350-1400 m/z. The spray voltage was 1600 V (+), and the
capillary temperature was 250 °C. The ten most abundant precur-
sors (charge state + 2, + 3, + 4) were selected for MS/MS analysis,
fragmented by higher-energy collisional dissociation (HCD) at a
normalized collision energy of 27% and a fixed first mass at 130 m/z
and measured in the orbitrap mass analyzer (m/z values initiating
MS/MS were set on a dynamic exclusion list for 30 s, 35,000
resolution at 200 m/z).

Peptide Identification— Peptide identification was performed using
Proteome Discoverer Software (ver. 1.4.1.14, Thermo Fisher Scien-
tific, Rockford, IL). The mass spectra were searched against Uni-

ProtKB/Swiss-Prot database restricted to mus musculus (Uniprot/
Swissprot-Release 2013_10; 541,561 entries, 16641 after taxonomy
restriction) using the Mascot search engine (Matrix Sciences Ltd.,
London, UK, version 2.3). The mass tolerance was set to 5 ppm for
precursor ions and 20 mmu for fragment ions. One tryptic missed
cleavage was considered as well as chemical modifications of me-
thionine (oxidation, dynamic) and cysteine (carbamidomethyl, static).
The target decoy PSM validator implemented in proteome discoverer
was used to estimate the peptide confidence and peptides that
passed a false discovery rate < 1% (g-value < 0.01) were considered
for analysis.

Protein Quantification—lon intensity-based label-free quantifica-
tion was performed using Progenesis LC-MS software. To account for
retention time shifts the LC-MS runs were aligned to one run auto-
matically chosen by the software. A master list of features considering
retention time and m/z was generated in which only peptide ions with
minimum three isotopic peaks and charges states +2, +3, and +4
were considered. The peptide identifications (peptides spectrum
matches) from Proteome Discoverer were imported into the soft-
ware and matched to the respective features. The protein abun-
dances were calculated considering the normalized ion intensities
of all nonconflicting peptides of a protein. An ANOVA p value =
0.01, a ratio of means (A. fumigatus infected/Mock infected) = 1.5
or =0.67 and a minimum number of two quantified peptides per
protein were set as significance threshold. Proteins passing the
threshold were significantly differentially abundant among the ex-
perimental groups and considered for further analysis. The signifi-
cantly differentially abundant proteins were ranked according to the
Euclidian distance which accounts for both the p value and the fold
change:

Jope) = \/ (Logio(p value))? + (Logio(ratio of means))?

Confidence intervals were calculated using the normalized protein
abundances derived from the Progenesis QI software. The mass
spectrometry proteomics data have been deposited to the Pro-
teomeXchange Consortium via the PRIDE partner repository with the
data set identifier PXD005834 and 10.6019/PXD005834.

Functional Annotation and Analysis—Proteins that passed the ap-
plied significance threshold were analyzed using PANTHER version
11 (25) and STRING v10.0 (26). In PANTHER the statistical overrep-
resentation test was performed while in STRING enrichment analysis
was carried out. Annotations were based on gene ontology terms and
KEGG pathways. For STRING network analysis the minimum required
interaction score was set to 0.90 (highest confidence) and text mining
was disabled as a source of interaction.

RT-PCR—mRNA was isolated from primary AEC Il following the
protocol from the Qiagen RNeasy kit (Qiagen, Venlo, The Netherlands,
Cat # 74104). QuantiTect reverse transcription kit (Qiagen, Cat #
205310) was used for generation of cDNA from the isolated mRNA
according to the manufacturer’s protocol. RT-PCR was performed
using gene specific forward and reverse primers for IL411 (Qiagen,
Cat # QT00169505) expression relative to GAPDH (Qiagen, Cat #
QT01658692) as the housekeeping gene and SYBR Green PCR mas-
ter mix kit (Qiagen, Cat # 204074).

Immunoblot Analysis—I|solated primary AEC Il were resuspended
in 50 ul lysis buffer (PBS supplemented with 300 mm NaCl, 1% V/V
Triton X-100 and 2 mm EDTA) per 1 X 108 cells and kept on ice for 30
min. After 15 min centrifugation at 4 °C and 14,000 rpm (centrifuge
rotor FA-45-48-11, Eppendorf, Hamburg, Germany), protein concen-
tration of the samples was measured by a BCA kit (Thermo Scientific,
Cat # 23225). 20 pg of each sample was loaded per lane of a 10%
SDS gel electrophoresis. The gel was blotted onto a PVDF membrane
(Cat # 88518, Thermo Scientific) and the protein bands were detected
by 1 ug/ml of a self-developed «a-IL4I1 antibody (Rabbit monoclonal
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antibody developed by Epitomics, Inc. (Burlingame, CA). It is directed
against a 17 amino acid epitope in the central part of the protein. It
was tested and selected initially against the HEK cell line expressing
IL411 or the nonexpressing cell line as described previously (27) and
subsequently verified on human lymph node sections.) followed by an
ECL kit application according to the manufacturer’s protocol (Super-
Signal WestDura Extended Duration Substrate, Thermo Scientific, Cat
# 34075). The visualization of the bands was performed by an Im-
agequant LAS-4000 gel documentation system (GE Healthcare, Chi-
cago, IL) with cooled CCD camera (Fuijifilm, Tokyo, Japan).

Immunohistochemistry—C57BI/6 mice were infected with 5 X 10°
transgenic tdTomato conidia intratracheally as described (28) and the
mice were sacrificed by CO, asphyxiation 24 h post A. fumigatus
infection. The lungs were dissected and fixed in 4% PFA overnight at
4 °C. Tissue dehydration was performed in the spin tissue processor
(STP 120, Thermo Scientific) and the paraffin wax embedding process
was performed using the tissue embedder (EG1150, Leica, Wetzlar,
Germany). Finally, 5 um sections were cut (microtome, HM 340 E,
Thermo Scientific) and placed on Histobond slides (76 X 26 X 1 mm)
(Marienfeld superior, Lauda-Konigshofen, Germany). After the depar-
affinization, antigen retrieval was performed (PBS supplemented with
10 mm Tris and 1 mm EDTA) at 98 °C for 30 min. The sections were
blocked in 3% BSA and stained with 1 ug/ml «a-IL411 antibody fol-
lowed by biotinylated secondary antibody (1:200, Cat # BA-1000,
Vector laboratories, Burlingame, CA) and an AF488 Streptavidin con-
jugate (1:500, Cat # S11223, Thermo Scientific). For AEC Il staining 2
ng/ml a-proSP-C antibody (Cat# AB3786, Merck Millipore, MA) and
goat a-rabbit-Alexa Fluor 488 (1:500, Cat # A11008, Invitrogen, Carls-
bad, CA) were used. Samples were analyzed using a Leica DMI6000
microscope with a DFC365 FX monochrome digital camera and with
a 100 x oil objective (HCX PL APO 100x/1.40-0.70, Leica). The
tdTomato-fluorescence was detected with a 605/26 filter, AF488-
fluorescence with a 525/18 filter and DAPI with 455/25 filter.

Analysis of the Branched-chain «-Ketoacids—Fifty milligrams of
homogenized lung tissue was extracted with 300 ul cold 1 m perchlo-
ric acid. Insoluble material was removed by centrifugation for 10 min
at 25,000 X g. For derivatization with OPD (o-phenylendiamine) rea-
gent, 150 wl of the resulting supernatant was mixed with an equal
volume of 25 mm OPD solution and derivatized by incubation at 50 °C
for 30 min. After centrifugation for 10 min, the derivatized ketoacids
were separated by reversed phase chromatography on an Acquity
HSS T3 column (100 mm X 2.1 mm, 1.7 um, Waters) connected to an
Acquity H-class UPLC system. Prior separation, the column was
heated to 40 °C and equilibrated with 5 column volumes of solvent A
(0.1% formic acid in 10% acetonitrile) at a flow rate of 0.55 ml/min.
Separation of ketoacid derivatives was achieved by increasing the
concentration of solvent B (acetonitrile) in solvent A as follows: 2 min
2% B, 5 min 18% B, 5.2 min 22% B, 9 min 40% B, 9.1min 80% B and
hold for 2 min, and return to 2% B in 2 min.

Scanning Electron Microscopy — Twenty-four hours post A. fumiga-
tus infection the entire lung was dissected and fixed in 2.5% PFA
overnight at 4 °C. The left lobe was segmented into four pieces and
dehydration process with 30%, 50%, 70%, 80%, 96%, and 2 X
100% ethanol was performed, each step 15 min. Next, critical point
drying (CPD7501, Polaron/Quorum Technologies Ltf., Lewes, UK)
was carried out. The lung pieces were fixed on a sample holder (12.7
mm) and coated with a 7-nm thick layer of Platinum/Palladium with a
Sputter Coater (Cressington Scientific Instruments Ltd., Hill, UK). The
samples were visualized by the scanning electron microscope Hitachi
S4000 (Hitachi High Technologies, Chiyoda, Tokyo Prefecture,
Japan).

Confocal Microscopy—Five micron paraffin embedded infected
lung slices were analyzed by a Leica TCS SP8 confocal microscope
after IL411-specific staining. The system was installed with an Argon

lon (65 mW), HeNe (10 mW) and DPSS (20mW) lasers and a 25X
(N2.1HCX IRAPO) objective and PMTs or hybrid nondescanned de-
tectors (HyD). For visualization of IL411 the Argon laser and the PMT2
(497 nm-539 nm) detector were set. For visualization of tdTomato
conidia the DPSS laser and a HyD (572 nm-654 nm) were used.

Human Aspergilloma Lung Tissue Immunohistochemistry—Ten
cases of pulmonary aspergilloma in humans were detected by a
fulltext search from the archive of the institute of pathology. All
patients had given their informal consent to surgical resection and the
study was approved by the local ethical board under the number
14-5845-BO. Tissue was fixed by buffered formaldehyde solution
(4.5%) and cut according to the guidelines of surgical pathology.
Slides were reviewed and one paraffin block of each case was se-
lected showing aspergillus mycelium and surrounding tissue reaction.
Further, 5 cases with bronchiectasis and other 5 cases with organiz-
ing pneumonia were selected as controls. Testing of blocks for sci-
entific purposes was allowed by a decision of the ethics committee.
For immunohistochemistry slides were prepared as usual. Staining
was performed by an automatic unit (DAKO AutostainerPlus, Dako
Colorado Inc., Fort Collins, CO) using a commercial antibody diluent
and detection system (DAB Polymer, Zytomed Systems Berlin, Ger-
many). The self-developed «a-IL4I1 antibody was used in a dilution
1:500.

RESULTS

A. fumigatus conidia Interact with AEC Il—It has been
shown that AEC Il play significant roles in association with A.
fumigatus infection, albeit mostly using in vitro studies with
cell lines (29-33). To get a more accurate insight, we studied
the response of AEC Il in lungs of mice after intratracheal
infection with fungal spores. Fig. 1 A is a scanning electron
microscopy (S.E.M.) image of AEC Il 24 h post A. fumigatus
infection showing conidia as well as AEC Il (34). Immunohis-
tochemistry of infected lungs confirmed a direct interaction
between AEC Il and conidia in vivo (Fig. 1B, 1C). To determine
how many conidia interact with AEC Il, the percentage of the
AEC Il in direct contact to conidia as well as the percentage of
the conidia in direct contact to AEC Il was quantified, which
indicated that this event occurs frequently in the infected
lungs (Fig. 1D).

Primary AEC Il Imnmunomagnetic Negative Isolation—Most
existing studies on the molecular response of AEC Il toward A.
fumigatus infection were performed with the A549 cell line (35)
whereas primary AEC Il have not been studied so far. To reach
this goal, we established an isolation protocol of AEC Il from
murine lung using immuno-magnetic negative isolation rather
than the more intense single cell sorting approach (23). To
allow tagging of all existing unwanted cell types in the whole
lung with magnetically labeled antibodies, we used single cell
suspensions of lungs after dispase digestion for cellular iden-
tification (Fig. 2A). We found that a mixture initially described
by Gereke et al. (23) for cell sorting of AEC Il (black bars in Fig.
2B) was insufficient for high quality negative isolation. Only
after adding antibodies to a-Sca-1, a-T1a and «-CD31 to this
mixture (red bars in Fig. 2B) we were able to label all the
unwanted cells (Table I). The antibodies in this mixture were
then prepared as biotin conjugates and used for immunomag-
netic negative isolation together with anti-biotin magnetic mi-

Molecular & Cellular Proteomics 16.12

2187



AEC Il Proteome During Aspergillosis

Conidia

mmmm] Conidia

D
1001
e
S
b= 80
S
- 60
[&]
£
©
°\O

\N
&
v

Fic. 1. AEC Il interact with A. fumigatus conidia. A, Scanning Electron Microscopy (S.E.M.) image of an alveolus in a murine lung 24 h post
A. fumigatus infection. AEC Il (green) and A. fumigatus conidia (pink) are in juxtaposition. Scale bar 10 um. B, Immunofluorescent staining of
a murine lung 24 h post A. fumigatus infection. AEC Il (anti-Pro surfactant protein C (Alexa Fluor 488) green), transgenic conidia (tdTomato (red))
and nuclei (DAPI, blue). Direct interactions of AEC Il and A. fumigatus conidia can be seen (black arrows). Scale bars 25 um. C, Higher
magnification of a direct contact between conidia and AEC Il. Scale bar 10 um. D, 42% of all AEC Il were in direct contact to conidia and 35.8%

of all conidia were in direct contact to AEC Il. Data were from 5 independent fields of view analyzed from one infected lung.

crobeads. The data indicated that the population of AEC II
(EpCAM™, proSP-C™) constitutes 29.9% + S.E. of the whole
lung in the presort state (Fig. 2C) and could be reproducibly
enriched to >90% (Fig. 2D, 2E). The average AEC Il viability
after isolation was 81% (Fig. 2F) and the number of the AEC
Il yielded from this isolation protocol was 4.9 x 10° per murine
lung on average (Fig. 2G).

Label-free Proteome Analysis—AEC |l were purified from A.
fumigatus and mock infected animals 24 h post infection and

they were further analyzed by LC-MS (Fig. 3A). In total, 20,750
peptides were identified that correspond to 2,703 protein
groups (3,005 proteins) of which 2019 were identified with 2
unique peptides (supplemental Table S1). 2256 proteins were
quantified using the Progenesis QI software (supplemental
Table S2). 1668 proteins were quantified with minimum 2
peptides (as counted by the Progenesis software i.e. peptides
measured with modifications or various charge states are
counted multiple times). The median ratio of all quantified
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Fic. 2. Immunomagnetic negative isolation of primary AEC Il. A, The schematic image shows the major steps of primary murine AEC ||
isolation. The lungs were digested by dispase and after dissociation all unwanted cell types in the single cell suspention were labeled by the
designed biotinylated antibody mixture. The untouched AEC Il were purified through immunomagnetic separation. B, Whole lung single cell
suspension antibody staining and flow cytometry reveals the main cell types present in a murine lung after dispase digestion (black bars from
an antibody mixture described in (23), red bars from antibodies found additionally in this study). Data are mean = S.E. of three independent
analyses. C, AEC Il (EpCAM*ProSP-C™ cells) in a whole lung single cell suspension measured by flow cytometry. D, AEC Il were isolated from
murine lungs by negative immunomagnetic isolation using the antibody mixture defined in (B). Analysis of the resulting cells by flow cytometry
as described in (C). E, The purity of AEC Il before and after negative immunomagnetic isolation is highly reproducible. Each dot represents one
indepentent analyzed mouse lung. F, Reproducibly high AEC Il viability after the isolation process from the lungs in (E). G, Reproducible AEC
Il yield after the isolation process from the lungs in (E).

proteins was 1.05 with a maximum of 45.63 and a minimum of
—29.85 (Fig. 3B). 394 proteins with a higher abundance in the
A. fumigatus infected group showed a ratio greater than 1.5.
Only 34 proteins that were higher abundant in the mock
infected group passed the threshold of 1.5 thus illustrating a
striking shift toward higher protein abundance in the A. fu-
migatus infected group (Fig. 3B and 3C). 154 proteins passed
the applied significance filter criteria and were considered for

further analyses. 138 of these proteins were higher abundant
in the group of A. fumigatus infected AEC Il whereas only 16
proteins showed a higher abundance in the mock infected
group (Fig. 3D). The significantly differentially abundant pro-
teins were ranked according to the Euclidian distance (sup-
plemental Table S3). The 25 proteins with the highest Euclid-
ian distance are summarized in Table Il and highlighted in Fig.
3D. The protein showing the most remarkably increased
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TABLE |
Components of the antibody cocktail. AEC Il were purified from murine lungs via immunomagnetic negative isolation by applying the antibody
cocktail listed below

Target Clone g antibody per 107 cells
Integrin alpha-M (CD11b) M1/70 2
Integrin alpha-X (CD11c) N418 2
B-lymphocyte antigen CD19 (CD19) 6D5 2
Platelet endothelial cell adhesion molecule (CD31) 390 2
Receptor-type tyrosine-protein phosphatase C (CD45) 30-F11 2
Adhesion G protein-coupled receptor E1 (F4/80) BM8 2
Podoplanin (T1a) 8.1.1 2
Lymphocyte antigen 6A-2/6E-1 (a-Sca-1) D7 2

abundance in A. fumigatus infected AEC Il was an L-amino
acid oxidase, also known as Interleukin 4 Induced-1 (009046,
IL411, ANOVA p value 2.91E-10, ratio of means 42.94, quan-
tified with 6 unique peptides, supplemental Table S5). There-
fore, based on the proteome analysis and the conceptual
relevance of IL411 as an active player during different immune
responses (36, 37) we selected IL411 for independent verifi-
cation experiments.

Functional Characterization of Differentially Abundant Pro-
teins—Using PANTHER, we performed the statistical overrep-
resentation test based on the GO annotations for biological
process, molecular function and cellular component (Fig. 4,
supplemental Table S4). For both, the biological process and
the molecular function, the most significantly enriched GO
terms were related to oxidation and reduction processes.
Inspection of the proteins in the enriched categories revealed
an obvious relation to oxidative phosphorylation. Several en-
riched GO terms like electron transport chain (biological proc-
ess), electron carrier activity and NADH dehydrogenase ac-
tivity (molecular function) also contained proteins related to
this process. Oxidative phosphorylation was also represented
by the enrichment analysis for the cellular component, be-
cause membrane proteins, especially of the mitochondrial
membrane were strongly enriched. The enrichment analysis
carried out with STRING showed similar results (supplemental
Fig. S1). Analysis based on KEGG pathways demonstrated
the enrichment of oxidative phosphorylation (pathway ID
00190, 17 proteins in the category, false discovery rate 2.66E-
15). The STRING network analysis resulted in two main clus-
ters in which all proteins also were related to oxidation-reduc-
tion processes. One of them contained proteins involved in
oxidative phosphorylation and the electron transport chain
(Fig. 5, blue circles, supplemental Fig. S2, supplemental Table
S4). The second cluster (green circles) contained I1L411 (red)
with its direct interactors (Maoa, Q64133; Maob, Q8BW75)
connected for their common function in amino acid metab-
olism. The more distant interactions in the cluster repre-
sented common functions in either amino acid metabolism
or xenobiotic metabolism. However, none of the interactors
in the cluster showed a similarly strongly increased

abundance as IL4I1, thereby suggesting a specific role for
IL411.

Increased IL411 Abundance is Confirmed on the Protein
and Transcript Level —mRNA isolated from purified AEC Il of
both experimental groups was analyzed by RT-PCR for
the level of IL411 transcript to confirm the results of mass
spectrometry analysis. A 199 fold upregulation of IL4I1 in
AEC Il isolated from A. fumigatus infected mice compared
with AEC Il from mock treated controls was observed
(Fig. BA).

Following the confirmation of IL4I1 upregulation on the
mRNA level, we extracted the protein from purified AEC Il of
both experimental groups and studied the presence of IL4I1
protein by Western blotting using an IL411 specific antibody
and could indeed confirm the presence of the protein in the A.
fumigatus infected sample (Fig. 6B). Thereby, the double band
most likely demonstrated the existence of cleavage products
from the original transcript or partial glycosylation. It is cur-
rently unknown, whether these protein variants have different
functions.

Subsequently, the presence of IL411 was visualized in lung
slices from animals infected or not with a transgenic strain of
A. fumigatus expressing the red fluorescent protein tdTomato
in its conidia and hyphae (38). For this analysis, we performed
fluorescence microscopy employing the same anti-IL411 an-
tibody that was used for Western blotting. A signal was in-
deed, detected in the corners of the alveoli where AEC Il are
located (34) (Fig. 6C). Moreover, the IL411 signal was often
co-localized with the presence and in some cases even ger-
mination of the tdTomato-expressing A. fumigatus conidia
(Fig. 6C, black arrows). Importantly, no IL4I1 signal was de-
tected in mock-infected lung slices or isotype controls from
infected samples (Fig. 6C).

When the intracellular localization of IL411 was inspected by
3-D confocal microscopy we found the protein to be localized
in vesicles (Fig. 6D, supplemental Movie S1), which is remi-
niscent of the staining pattern of IL411 found in fibroblasts (39)
or in lymph node macrophages (36).

Having shown the high abundance of IL411 mRNA and
protein in AEC Il in vivo after A. fumigatus infection we next
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Fic. 3. Results of label-free quantitative proteome analysis of isolated primary AEC Il. A, Schematic representation of the applied
experimental set up. Primary AEC Il were isolated from A. fumigatus infected and mock infected animals (9 replicates per group) and analyzed
by label-free LC-MS/MS. B, Log, transformed ratios of mean protein abundances of all quantified proteins (n = 2256). The dashed line
indicates a log,, (ratio of means) of 0 (corresponding to a fold change of 1). The dotted lines represent the applied ratio of means cut offs
of 1.5 and 0.67, respectively. 394 proteins showed a higher abundance in the A. fumigatus infected groups whereas only 34 were higher
abundant in mock infected AEC Il. C, Histogram showing the distribution of log, transformed ratios of means for all quantified proteins.
Blue bars represent proteins passing the applied ratio of means thresholds of 1.5 and 0.67. The histogram shows a shift toward positive
ratios, corresponding to higher protein abundance in the A. fumigatus infected group. D, Volcano plot illustrating the results of the
differential study. Ratios of means are displayed log, transformed, ANOVA p values are presented -log,, transformed. Dashed lines
represent the applied significance thresholds of an ANOVA p value = 0.01 and a ratio of means =1.5 or =0.67 and proteins passing this
threshold are highlighted in red (n = 154). Proteins displayed as full gray circle did not pass the significance threshold and proteins
displayed as empty circle were quantified with only one peptide. The gene names are given for the top 25 proteins according to the
Euclidian distance.

wished to demonstrate the presence of IL4l1 enzymatic ac- fected mice relative to the mock infected controls. As a con-

tivity in the infected lungs. This was performed by measuring
the main products of IL4I1 mediated L-amino acid metabo-
lism. Previously it has been reported that IL411 prefers aro-
matic amino acids such as L-phenylalanine and L-tryptophan
(27, 39). Indeed, the key metabolites of IL4I1 namely Indole-
3-pyruvate (I3P) and Phenylpyruvate (PhePyr), the respective
breakdown products of L-tryptophan and L-phenylalanine,
were more abundant in the whole lung of A. fumigatus in-

trol Alpha Ketoglutarate, an IL4l1 non-related keto acid, was
not increased under the same circumstances (Fig. 6E). These
data are further confirming an induction of IL4I1 activity in the
lung within 24 h after A. fumigatus infection.

Collectively these data showed proteome changes in AEC Il
exposed to an infection with A. fumigatus with IL4]11 showing
the most prominent increase in abundance both, in terms of
relative abundance as well as activity.
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FiG. 4. Results of Statistical Over-
representation Test Based on Gene
Ontology Annotations. A statistical
overrepresentation test based on gene
ontologies was performed for signifi-
cantly differentially abundant proteins
(n = 154) using PANTHER. Given are the
top 10 overrepresented ontologies for
(A) the biological process, (B) the molec-
ular function, and (C) the cellular compo-
nent. Bars represent the percentage of
significantly differentially abundant pro-
teins (n = 154) annotated with the en-
riched GO term. Data points and lines
represent the corresponding Bonferroni-
corrected p value. The enrichment factor
(fold enrichment) calculated by PAN-
THER is displayed inside of the bars.

Finally, to verify the relevance of our findings for human
disease conditions we investigated the presence of IL4I1 by
immunohistology of lung tissue from human aspergilloma.
Interestingly, the AEC Il near aspergilloma lesions were clearly
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positive for IL4I1. In contrast, tissue from the same lung but
more distant from mycetoma was negative for IL4I1 signal
(Fig. 6 F). This finding was highly reproducible in all ten cases
(Table Ill). Cases with bronchiectasis and pneumonia revealed

Molecular & Cellular Proteomics 16.12

2193



AEC Il Proteome During Aspergillosis

Cox6b112.20

Coxdi1 [ 2.02

Cox5b 11.90
Cox7a212.53

Cox6c¢ 12.06

Ndufb6 1 2.66 ()

from curated databases
— experimentally determined
— gene co-occurrence
protein homology
|——] co-expression
[ gene neighborhood

Ndufa8 | 2.17

K2 A
Ndufb11 | 2.45
Naufb7 1700 SR 28
Vi
Ndufa4 t 1.75().-’;:. L7

114i1142.94

Mtnd512.25
Ndufb3 1 1.92

Ndufv2 {1.58

Ndufs1 {1.83

@

Ndufb8 {2.18

QCyp251 t2.23

.
-

Ndufa9 1.73

Maoa | 1.83
Mgst111.58

OAldh3b1 1179

Cyp2f211.78

Maob {1.58

Fic. 5. Main Protein Clusters Resulting from String Network Analysis. STRING network analysis was performed for significantly
differentially abundant proteins (n = 154) considering only highest confidence interactions (interaction score 0.9, text mining as a source of
interaction was disabled). The analysis resulted in two main protein clusters, one of them representing proteins related to oxidative
phosphorylation (blue circles). The second cluster (green circles) contained proteins related to oxidation-reduction processes, one of them the
most strikingly upregulated protein IL411 (highlighted in red). Gene names are given next to the protein symbols, ratios of means are indicated
next to the gene names, green arrows indicate higher protein abundance in the A. fumigatus infected group. Edges represent protein-protein

interactions with the color code given next to the network.

similar changes at the sites of inflammation. In both diseases
AEC Il showed positive antigen reactions. The severity corre-
lated with the intensity of inflammation. AEC Il in normal lung
tissue without inflammation was completely negative (supple-
mental Fig. S3), as already seen in aspergilloma.

DISCUSSION

A. fumigatus infection is a life-threatening condition for
immunosuppressed patients around the globe, because it can
develop into invasive aspergillosis, which eventually can lead
to death. Immunocompetent individuals, on the other hand,
fight this infection very efficiently and easily (40). During an A.
fumigatus infection different phagocytes play a decisive role in
clearing up the fungus. From an immunological perspective,
these cells can be divided into two groups: professional and
nonprofessional phagocytes (35). Classical innate immune
cells such as monocytes/macrophages, neutrophil granulo-
cytes and dendritic cells are placed in the first group of
phagocytes whereas alveolar epithelial cells (AEC) are re-
garded to belong to the second group (41). Previously, it has
been reported that isolated rat primary AEC Il could internalize
conidia 24 h after culture (29). Simultaneously, another study
demonstrated conidial uptake by the A549 cell line (33).
Knowing the importance of the AEC Il as one of the earliest
cell types that conidia physically engage after entering the
alveolus (14), proteome analysis of these cells and the pro-
teome changes on A. fumigatus infection are of great interest
and might gain new insights into the relevance of AEC Il in
lung immunity.

To be closer to the physiological condition, performing the
molecular studies on purified primary cells is preferred. The

Isolation of the murine primary AEC Il dates to 1987 (42).
Since then different studies have focused on designing pro-
tocols for purification of this cell type using different tech-
niques (23, 43-45). Although the enrichment has been im-
proved over time in yield and purity, all these protocols
including the latest, strongly stress the isolated cells (23). In
this study we concentrated on establishing an immunomag-
netic protocol for negative isolation of primary AEC Il with the
least distress and best purity for the cells. Therefore, the
antibody mixture for AEC Il isolation with a flow cytometric
approach suggested by Gereke et al. (23) was considered as
the basis. This antibody mixture could only exclude immune
cell types. Hence many different nonimmune cell types such
as endothelial cells, epithelial cells and resident cells in bron-
chi, intralobular bronchioles and the bronchoalveolar duct
junction (BADJ) (Clara cells, Basal cells, ciliated cells, neu-
roendocrine cells, Goblet cells, and epithelial progenitor cells
(46)) were not excluded. Moreover, antibodies able to bind to
specific antigens on the surfaces of these cells do not exist.
To overcome this complication, bronchi were cut out by a pair
of very fine surgery scissors after the lung digestion step and
before lung dissociation with forceps. With this morphological
approach many of the contaminating cell types efficiently got
excluded. Additionally, some of the bigger cells such as gob-
let and ciliated cells (~50 um) could be eliminated during cell
straining process. Subsequently, the biotinylated antibody
mixture for negative isolation with routinely >90% pure AEC Il
was generated (Table I). This protocol turned out to be ideal
for unbiased LC-MS/MS analysis of AEC II.

Quantitative proteome analysis of the isolated primary AEC
Il from A. fumigatus infected and mock infected mice and
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FiG. 6. Independent confirmation of IL411 upregulation in AEC Il during A. fumigatus infection. A, gPCR of IL411 mRNA in isolated AEC
Il from infected compared noninfected mice. The analysis of the data was performed by AA CT calculation against the mock infected sample
and the housekeeping gene GAPDH. Data are mean *+ S.E. from three independent experiments. B, Western blot analysis of IL4|1 abundance
in AEC Il isolated from control or A. fumigatus infected lungs. ERK was used as a loading control. C, Immunofluorescence of lungs infected
(left) or not (middle) with tdTomato-transgenic A. fumigatus were stained with green fluorescent anti-IL411 antibody. A strong IL411 signal (green)
and tdTomato conidia (red, black arrows) can be seen in the infected samples, only. An infected sample stained with isotype control only shows
the red signal of the transgenic fungus (right). D, Confocal image of an A. fumigatus infected lung section stained with a green fluorescent
anti-IL411 antibody shows a signal (green) in vesicles in AEC Il. Conidia can be seen in tdTomato (red). E, HPLC analysis of whole lung lysates
for the presence of the indicated metabolites of IL4I11 enzyme activity. Data are mean = S.E. from 5 replicates per condition. F, IL4I1
immunohistochemistry of human lung tissue suffering from aspergilloma. Please note IL4I1 positive AEC Il in an area close to the lesion (yellow
arrow). AEC |l in regions more distant from mycetoma are negative. Scale bars: 10 um (C), 5 um (D), 50 um (F).
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TaBLE Il
Informaton of the aspergilloma patients. Ten cases of pulmonary
human aspergilloma from the archive of the institute of pathology at
Essen University Hospital

Number Resection Age Sex Aspergilloma Assoqated
lung tissue
1 inferior lobe 63 female positive missing
2 upper lobe 65 female positive positive
3 wedge 42 male positive positive
4 upper lobe 68 male positive positive
5 segment 52 female positive positive
6 explant 53 female positive positive
7 upper lobe 40 male positive positive
8 wedge 58 female positive positive
9 wedge 48 male positive positive
10 wedge 59 male positive positive

further functional annotation and enrichment analysis of the
proteome data revealed a strikingly increased abundance of
the proteins related to oxidation and reduction and especially
oxidative phosphorylation, which points to extensive energy
production. This suggests an activation of AEC Il in response
to the contact with A. fumigatus conidia, which is also re-
flected by the predominant increase of protein abundance in
the A. fumigatus infected group (Fig. 3B, 3C, 3D). Inspection
of the proteins showing the highest Euclidian distance re-
vealed that Lipocalin 2 (Lcn 2, P11672) with a p value of
1.08 X 10~ '° was 8 times higher abundant in AEC Il during A.
fumigatus infection compared with the mock infected control.
This protein inhibits bacterial growth in AEC Il during Myco-
bacterial infection (47) but no pro-inflammatory role against A.
fumigatus infection has been reported for Lcn2 yet. Therefore,
it is a promising candidate for further investigation. Metallore-
ductase Steap4 (Q923B6) showed a 6.9-fold higher abun-
dance on A. fumigatus infection and a p value of 1.34 X 1078,
It is known to be an iron regulator during inflammatory re-
sponses (48). Both, Lipocalin and Steap4are able to limit the
availability of free iron, which in turn would massively impair
growth of A. fumigatus (49). Thus, AEC Il might use iron
sequestration to control fungal growth. Additionally, we found
higher abundance of ICAM-1 (P13597) with a p value of
2.06 X 1077 and a max ratio of means of 3.94. This integrin
ligand is essential for leukocyte/endothelial transmigration
(50). The increased abundance of ICAM-1 might thus enable
more effective leukocyte extravasation from underlying blood
vessels (Table ll). It is noteworthy that several protein species
of ICAM-1 have been reported in the literature (51). These
cannot be distinguished by the applied proteomics approach
and therefore require further investigations. It is noteworthy
that protein speciation may affect the functional relevance of
the described proteins and is generally neglected by the
performed bottom-up approach. Further investigations are
needed to elucidate the impact of protein speciation in AEC Il
during A. fumigatus infection.

The protein with the most remarkable elevation of abun-
dance in the A. fumigatus infected group was IL4l1 which
belongs to the family of LAAO (39). The general function of this
family of enzymes is catalysis of LAAO deamination and the
amino acid which IL411 catalyzes most is known to be Phe-
nylalanine (27). IL411 was initially reported to be abundant in
B-cells through STAT6 activation (52). In addition to B-cells,
IL411 was found highly abundant in antigen presenting cells,
such as dendritic cells and macrophages (36, 37). Here, we
show for the first time that IL411 is present in primary murine
AEC Il during A. fumigatus infection. IL4I1 transcript expres-
sion and protein abundance were illustrated on the mRNA and
protein level, respectively, in the purified AEC Il 24 h post
infection. Furthermore, this data was confirmed by demon-
strating the presence of IL411 enzymatic activity in the in-
fected lungs by measuring the main products of IL411 medi-
ated L-amino acid metabolism using a novel HPLC approach
in a pilot study (data not shown). Because AEC Il were also
reported to function as an antigen presenting cell type makes
this data compatible with the previous findings (53). IL411
abundance in monocytic phagocytes has been shown to have
a direct bactericidal activity dependent on H,O, production
amplified by basification because of the concomitant accu-
mulation of ammonia (54). Thus, increased IL4l11 abundance in
AEC Il might have a host protective role participating to A.
fumigatus infection elimination in immunocompetent individ-
uals. Further investigations will be necessary to clarify this
concept and to elucidate the impact of the two reported IL4I1
variants in A. fumigatus infection (55).

Regarding the quantification of the metabolic products of
IL411 in the infected lungs, it was not possible to test the
activity of IL411 from the isolated AEC Il in these measure-
ments because of the nature of the analysis. Instead we had
to measure entire lung lysates. It might, therefore, be possible
that IL411 from other cells than AEC Il contributed to the
observed generation of the metabolic products. However, our
immunohistological analysis implies that AEC Il were the cells
with the highest levels of IL411 in murine lung slices. Also, the
measurement of IL411 mRNA by gPCR provided the highest
values when measured from purified AEC Il and significantly
lower levels when measured from entire lung lysates (data not
shown), thus further supporting the concept that AEC Il are
the main source of this protein in the A. fumigatus infected
murine lung. It is interesting to note, that a lung infection is not
per se increasing IL411 abundance in AEC I, because we
could not detect very high levels of these data in transcrip-
tomic profiles of AEC Il after influenza infection (16).

Importantly, an increase in IL411 abundance appears to be
an evolutionarily conserved mechanism of anti-Aspergillus
responses in AEC Il. However, the human studies also sug-
gest that the increase of IL411 in AEC Il is more generally
induced on microbial infection and might also be a side effect
of generalized lung inflammation. Future work should, there-
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fore, clarify the functional significance of this molecule for
host defense.

Collectively this study suggests that the response of AEC I
on the proteome level is highly responsive to an infectious
threat and warrants further investigation into the molecular
response of this key cell type of the lung other inflammatory
conditions. The work presented here lays the technological
basis for such endeavors.
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