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The opportunistic fungal pathogen Aspergillus fumigatus can cause life-threatening
infections, particularly in immunocompromised patients. Most pathogenic microbes
control host innate immune responses at the earliest time, already before infiltrating
host immune cells arrive at the site of infection. Here, we identify Aspf2 as the first
A. fumigatus Factor H-binding protein. Aspf2 recruits several human plasma regulators,
Factor H, factor-H-like protein 1 (FHL-1), FHR1, and plasminogen. Factor H contacts
Aspf2 via two regions located in SCRs6-7 and SCR20. FHL-1 binds via SCRs6-7,
and FHR1 via SCRs3-5. Factor H and FHL-1 attached to Aspf2-maintained cofactor
activity and assisted in C3b inactivation. A Aaspf2 knockout strain was generated
which bound Factor H with 28% and FHL-1 with 42% lower intensity. In agreement with
less immune regulator acquisition, when challenged with complement-active normal
human serum, Aaspf2 conidia had substantially more C3b (>57%) deposited on their
surface. Consequently, Aaspf2 conidia were more efficiently phagocytosed (>20%) and
kiled (44%) by human neutrophils as wild-type conidia. Furthermore, Aspf2 recruited
human plasminogen and, when activated by tissue-type plasminogen activator, newly
generated plasmin cleaved the chromogenic substrate S2251 and degraded fibrinogen.
Furthermore, plasmin attached to conidia damaged human lung epithelial cells, induced
cell retraction, and caused matrix exposure. Thus, Aspf2 is a central immune evasion
protein and plasminogen ligand of A. fumigatus. By blocking host innate immune attack
and by disrupting human lung epithelial cell layers, Aspf2 assists in early steps of fungal
infection and likely allows tissue penetration.

Keywords: complement, blocking opsonization, phagocytosis, acquisition of host regulators, immune evasion

Abbreviations: FHL-1, factor-H-like protein 1; FHR1, complement factor H-related protein 1; ELISA, enzyme-linked immu-
nosorbent assay; DPBS, Dulbecco’s phosphate-buffered saline; RT, room temperature; SCRs, short consensus repeats; tPA,
tissue-type plasminogen activator; uPA, urokinase-type plasminogen activator; eACA, e-aminocaproic acid; CEWA, combined
ELISA-based western blotting analysis.
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INTRODUCTION

Aspergillus species, as ubiquitous saprophytes, are optimally
adjusted to living in a variety of environmental niches. Aspergillus
fumigatus is an opportunistic fungal pathogen that can cause a
broad spectrum of diseases, such as hypersensitivity pneumoni-
tis, allergic asthma (1), and allergic bronchopulmonary aspergil-
losis (ABPA), particularly in immune-compromised individuals.
A. fumigatus can also cause invasive aspergillosis, which has a
high rate of morbidity and mortality (2).

Immune crosstalk between A. fumigatus and the host imme-
diately starts upon infection, when the pathogen reaches the lung
tissue. This crosstalk includes control of innate immune attack
by the host, blockade of the complement system, and damage of
epithelial cells that line up the lung tissue at sites of infection.
Aspergillus conidia and hyphae activate all three pathways of
the complement system (3), and resting conidia predominantly
activate the alternative pathway (AP) (3-5). Mannose-binding
lectin (MBL), ficolins, and pentraxin 3 are important host fac-
tors for fungal recognition and clearance (6, 7). Individuals with
polymorphisms in MBL or pentraxin 3 genes are susceptible to
chronic necrotizing pulmonary aspergillosis (8, 9). Similarly,
mice deficient in the complement protein C5 show increased
mortality when challenged with A. fumigatus (10, 11).

The complement system provides the first protective defense
line of innate immunity against invading microbes. It can be
activated by three pathways: the alternative, the classical, and
the lectin pathway (LP). The AP is initiated by binding of spon-
taneously generated C3,, , to nearby molecules or surfaces (12).
The classical pathway is activated by immune complexes and by
C-reactive protein (13), the LP by binding of MBLs to mannans
or ficolins exposed on the microbial surface (14). All three
pathways converge at the C3 convertase level, and newly formed
C3 convertases cleave the central complement protein C3 into
C3b and C3a. Activated C3b covalently attaches to microbial
surfaces and marks microbes for phagocytosis by host immune
effector cells; whereas C3a displays antifungal and chemotactic
activities (15, 16). C3 convertases can progress to the genera-
tion of C5 convertases, which cleaves C5 to generate C5a and
C5b. Cb5a induces cellular inflammation, and C5b initiates the
terminal complement complex (TCC), resulting in lysis of target
cells (12, 17-19).

Complement activation results in opsonophagocytosis,
inflammation, and/or lysis of infectious microbes. However,
as uncontrolled complement action can also damage host cells
and tissues, host cells utilize a series of regulators to control and
prevent the attack on intact self-cells. The soluble complement
regulators Factor H and Factor-H-like protein 1 (FHL-1) are the
primary fluid-phase negative regulators of the AP. Factor H is a
150-kDa protein composed of 20 short conserved repeats (SCR).
FHL-1, which is encoded by an alternative spliced transcript of
the Factor H gene, shares with Factor H SCRs1-7 and has a unique
extension of four amino acids at its C-terminus. Both Factor H and
FHL-1 have cofactor activity for factor I-mediated inactivation of
C3b and display decay acceleration activity for dissociation of the
AP C3 convertase C3bBb. Thus, both Factor H and FHL-1 block
inappropriate complement activation and inflammation (20).

Complement factor H-related protein 1 (FHRI) is a human
plasma protein and a member of the FHR protein family. FHR1
is composed of five SCRs and forms two glycosylated versions.
FHR1-p (42 kDa) has two and FHR1a (37 kDa) one carbohydrate
side chain attached (20, 21). SCR1 and SCR2 of FHR1 share 34
and 42% amino acid sequence identity with SCR6 and SCR7 of
Factor H, but the three C-terminal SCRs of the FHR1 show a high
degree of identity. SCRs3-4 are 100% identical to SCRs18-19, and
SCR5 is 98% identical to SCR 20 of Factor H (20). FHRI1 inhibits
C5 convertase activity and TCC formation but lacks cofactor as
well as decay accelerating activity (20, 21).

Following infection, A. fumigatus conidia germinate in the
human lung and are attacked by the host complement system.
However, A. fumigatus has evolved evasion strategies to control
host complement attack (22-24). The conidial pigment 1,8-dihy-
droxynaphthalene (DHN) melanin protects from C3bbindingand
the absence of melanin results in increased opsonophagocytosis
by human neutrophils (3). Also, the fungal serine protease Alpl
cleaves and degrades the human complement proteins C3, C4,
and C5, allowing the fungus to escape from complement attack
(23). Furthermore, A. fumigatus acquires soluble human plasma
regulators, including Factor H, FHL-1, C4BP (C4b-binding
protein), and plasminogen and thereby limits complement depo-
sition (22). At present no surface protein of A. fumigatus binding
to human regulators has been identified.

Besides A. fumigatus and Candida albicans, Gram-negative,
Gram-positive bacteria, Plasmodium falciparum, and viruses
have all developed strategies to control host complement attack
(25-28). Recruitment of host complement regulators by these
pathogenic microbes is a common immune evasion mechanism.
These diverse pathogens express specific surface proteins that
recruit the central human plasma regulators Factor H, FHL-1,
FHRI1, C4BP, and plasminogen to their surface (26, 29). Four
known complement regulator acquiring surface proteins of
C. albicans are identified, i.e., pH-regulated antigen 1 (Pral),
glycerol-3-phosphate dehydrogenase 2, high-affinity glucose
transporter 1, and phosphoglycerate mutase (Gpml), which
acquire Factor H, FHL-1, C4BP, FHR1, plasminogen, and vitron-
ectin from human plasma (24, 30, 31). Similarly, the M protein
of Streptococcus pyogenes and PspC of Streptococcus pneumoniae
are multifunctional immune evasion proteins that recruit several
human complement regulators and coagulation factors, such as
Factor H, FHL-1, C4BP, plasminogen, fibronectin, thrombin,
fibrinogen, IgA, IgG, and kininogen (32-35). The porin protein
1A of Neisseria gonorrhoeae (36) and CRASP1-CRASP5 proteins
from Borrelia burgdorferi recruit Factor H, FHL-1, as well as
plasminogen to their surface (37).

A wide variety of microbial pathogens express virulence
factors that acquire plasminogen and attached plasminogen can
be activated to plasmin, which degrades tissue components and
extracellular matrices (38-40). Plasminogen is synthesized in the
liver as a 92-kDa glycoprotein and circulates in plasma as a zymo-
gen at a concentration of ca. 2 uM. Plasminogen is composed
of five disulfide-bonded kringle domains, followed by a serine
protease domain. The kringle domains bind to fibrin clots or cell-
surface receptors. Plasminogen is converted to active plasmin by
host proteases, i.e., urokinase-type plasminogen activator (uPA)
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and tissue-type plasminogen activator (41) and is also activated
by microbial proteases such as staphylokinase of S. aureus
(40, 42). Plasmin regulates fibrinolysis and homeostasis. Activated
plasmin cleaves fibrin, dissolves blood clots, and degrades extra-
cellular matrix components (ECM) and basal membrane pro-
teins. Furthermore, active plasmin cleaves and inactivates human
complement proteins such as C1, C3, and C5 (43). Plasminogen
is acquired by many microbial pathogens, including A. fumigatus,
C. albicans, P. falciparum, B. burgdorferi, P. aeruginosa, S. pneu-
moniae, and S. aureus. Active plasmin is considered to contribute
to tissue invasion by degrading ECM components and by disturb-
ing ECM integrity (22, 44-46). Recently, enolase of A. fumigatus
was identified as a plasminogen-binding protein (47).

We are interested to identify A. fumigatus proteins which
acquire human plasma regulators and control host complement.
Given the high 43% sequence homology of Aspf2 with the mul-
tifunctional C. albicans immune evasion and zinc chelator Pral
C. albicans Pral, we hypothesized that A. fumigatus Aspf2 and
C. albicans Pral share immune evasion features (48). Aspf2 is a 310
amino acid-long protein expressed on the surface of A. fumigatus
conidia and is also secreted into the culture supernatants (48).
Aspf2 binds to the ECM laminin. As one major allergen of
A. fumigatus, Aspf2 binds IgE antibodies present in sera from
ABPA and cystic fibrosis-ABPA patients (48). Furthermore, Aspf2
is a zinc acquiring protein that regulates zinc homeostasis (49).

Here, we identify Aspf2 as the first Factor H, FHL-1, and
FHR1 binding protein of A. fumigatus. Human proteins bound
by Aspf2 retain their regulatory activity and inhibit opsoniza-
tion and phagocytosis by human neutrophils. Also, Aspf2 binds
plasminogen, and plasminogen bound to Aspf2 is converted by
tissue-type plasminogen activator (tPA) to active plasmin, which
cleaves fibrinogen. Furthermore, active plasmin on the surface
of A. fumigatus conidia damages human lung epithelial cells,
induces cell retraction, and matrix exposure.

MATERIALS AND METHODS

Cultivation of A. fumigatus Strains

Aspergillus  fumigatus CEA17 AakuB** (50) (wild type),
A. fumigatus CEA17 akuB*“*° Aaspf2 mutant, and the Aspf2-
complementation strain A. fumigatus CEA17 akuB* aspf2©
strains were cultivated on Aspergillus Minimal Medium (AMM)
for 5 days at 37°C in dark, as described (51). Conidia were
harvested in sterile deionized water, filtered through 40-um
cell strainers (BD Biosciences, Heidelberg, Germany), washed,
resuspended in deionized sterile water, and enumerated with a
Thoma counting chamber. Resting conidia of wild type, Aaspf2,
and aspf2© (the complementation strain) were used wherever the
conidia used in the experiments.

Serum, Proteins, and Antisera

Normal human serum (NHS) was collected from healthy individu-
als upon informed consent, pooled, and stored at —80°C until use.
Purified human Factor H, Factor I, C3b, polyclonal goat human
C3 antiserum, and polyclonal goat human Factor H antiserum
were purchased from CompTech (Complement Technology Inc.,
Tyler, TX, USA). Serum collection was approved by the Ethical

board of the Medical Faculty of the Friedrich Schiller University
Jena, Germany. Alexa fluor 488-conjugated donkey anti-goat
and Alexa fluor 647-conjugated donkey anti-mouse antibodies
were procured from Life Technologies (Darmstadt, Germany).
Plasminogen, tPA, or uPA were obtained from Technoclone
(Technoclone, GmbH, Vienna, Austria). Polyclonal goat anti-
human plasminogen IgGs were obtained from Acris antibodies
(Acris antibodies GmbH, Herford, Germany). HRP-conjugated
rabbitanti-goatand HRP-conjugated goatanti-mouse werebought
from Dako (Dako, Deutschland GmbH, Hamburg, Germany).
Monoclonal anti-Aspf2 antibody (clone, 1G12), Factor H (clone:
T13), and anti-FHRI (clone: JHD 7.10) were generated in-house.
Mouse anti-Aspf2 antiserum was generated as described previ-
ously by immunization of mice with recombinant Aspf2 (52).
Recombinant Factor H deletion mutants (SCRs1-4, SCRs1-5,
SCRs1-6, SCRs6-8, SCRs8-11, SCRsl1-15, SCRs15-18,
SCRs15-19, SCRs8-20, SCRs15-20, and SCRs19-20) and FHL-1
were expressed in the baculovirus system as previously described
(53). FHR1 and FHR1 deletion mutants SCRs1-2, SCRs3-5 were
expressed as described (54). Gelatin was purchased from Merck
(Darmstadt, Germany).

Cloning, Expression, and Purification

of Recombinant Aspf2

The gene encoding A. fumigatus Aspf2 lacking the N-terminal
19-amino acid spanning signal peptide sequence was cloned
into pPICZaB. Therefore, aspf2 was amplified from ¢cDNA of
A. fumigatus CEA17 akuB*" RNA using primers F2_Pst1_N19_
for (5'-actgctgcagecacccteectacctececcg-3') and F2_Xbal_rev
(5"-actgtctagattcgagatccg gactgtecttacc-3'), including PstI and
Xbal restriction sites (underlined). The PCR product was digested
with PstI and Xbal and ligated into plasmid pPICZaB (Invitrogen,
Karlsruhe, Germany). Proper insertion was confirmed by
sequencing and the resulting plasmid pPICZaB-AN19AspF2
was transformed into Pichia pastoris X33 (EasySelect™ Pichia
Expression Kit, Invitrogen, Karlsruhe, Germany). Aspf2 expres-
sion was induced by 1% (v/v) methanol. After 3 days of induction,
the culture supernatant was harvested, and recombinant protein
was purified after passing through HisTrap 5-ml column.

Enzyme-Linked Immunosorbent Assay
Factor H, the Factor H deletion mutants, FHL-1, FHR1, the FHR1
deletion mutants, plasminogen, or gelatin (1 pg/well in 100 pl
DPBS) were immobilized onto microtiter plate at 4°C overnight.
After blocking with 0.2% (w/v) gelatin, Aspf2 (1 pg/well) was
added and the mixture was incubated for 1 h at room temperature
(RT). Following washing, mouse anti- Aspf2 antiserum was added
followed by horseradish peroxidase-conjugated secondary IgGs.
After washing, TMB was added and the reaction was stopped
with 2 M H,SO,. Absorbance signals were measured at 450 nm
with Multiskan Ascents (Thermo Labsystems).

Combined ELISA-Based Western Blotting

Analysis (CEWA)
Aspf2 or gelatin (2 pg/well in 100 pl DPBS) were immobilized
onto microtiter plates at 4°C overnight. After blocking with 0.2%

Frontiers in Immunology | www.frontiersin.org

August 2018 | Volume 9 | Article 1635


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive

Dasari et al.

Aspf2 Binds Human Immune Regulators

(w/v) gelatin, purified Factor H, FHL-1 at the indicated concen-
trations or NHS-EDTA was added. Following incubation, bound
proteins were eluted with 1x Roti® Load 1, boiled at 95°C for
10 min, and separated by SDS-PAGE. Proteins were transferred
onto a membrane, and Factor H was identified by western blot-
ting using goat anti-human Factor H antiserum.

Biolayer Interferometry

Binding of Factor H to immobilized Aspf2 was analyzed in real
time by biolayer interferometry (Forte Bio, Menlo Park, CA,
USA). The Ni(II)-NTA biosensor was loaded with recombinant
Aspf2. Before measurement, biosensor tips were briefly washed
(30 s) to remove free Aspf2, and Factor H at concentrations from
190, 375, 750, 1,500, and 3,000 nM was added as an analyte. For
each concentration, the association of Factor H to Aspf2 was
followed and after removal of the analyte the dissociation of the
complexes was followed for 150 s. Denatured Factor H (95°C for
10 min) was used as a non-binding control.

Binding of plasminogen to Aspf2 was determined by adding
plasminogen at 687.5, 1370, 2,750, and 5,500 nM as an analyte.
For each concentration, the association and dissociation of
plasminogen to Aspf2 was followed for 200 s. The Ky values were
determined by subtracting the values from buffer control, using
the BLITZ software. The association and dissociation curves were
plotted using Graphpad5.

Cofactor Assay

To demonstrate the cofactor activity of Factor H or FHL-1 bound
to Aspf2, the human regulators were bound to immobilized Aspf2
(2 pg/100 pl). After blocking for 1 h at RT, Factor H [0.5-4 pg in
Hanks balanced salt solution (HBSS) with Ca** and Mg**] was
added for 1 h at RT. In addition NHS at the indicated concen-
trations was added to immobilized Aspf2 for 1 h at 37°C. After
washing, C3b (1 pg/well) and Factor I (1 pg/ml) were added and
following 1 h incubation at 37°C, the reaction was stopped and the
proteins were separated by SDS-PAGE. Proteins were transferred
to a membrane and C3b degradation products were visualized by
goat anti-human C3 antiserum, followed by an HRP-conjugated
rabbit anti-goat antibody.

Indirect Immunofluorescence Assay
for Factor H, FHL-1, and Aspf2

Aspergillus fumigatus conidia (5 X 10° cells/ml) were allowed to
adhere to coverslips pre-coated with poly-L-lysine for 1 h at RT.
For swollen conidia and hyphae induction, the resting conidia
were incubated for 4 and 8 h, respectively, at 37°C in RPMI 1640
with 10% (v/v) FCS. The non-adherent cells were washed off, and
the adherent cells were fixed in 4% paraformaldehyde (PFA) in
PBS for 10 min. After washing, auto-fluorescence was quenched
with ammonium chloride (150 mM) for 10 min at RT. The cells
were blocked with 3% (w/v) BSA in DPBS and Factor H (40 pg/
ml) or FHL-1 (20 pg/ml) were added for 1 h at RT. Following
washing, goat anti-human Factor H antiserum was added in com-
bination with mouse anti-Aspf2 antiserum in blocking buffer for
1 h at RT, followed by corresponding Alexa fluor fluorochrome-
conjugated secondary IgGs. After washing, the coverslips were

mounted on glass slides with Mount Fluor (Pro Tags), and images
were obtained with LSM 710 (Zeiss, Germany) using ZEN 2009
software.

Generation of A. fumigatus aspf2

Knockout and Complementation Strain
Aspergillus fumigatus CEA17 akuB*V* (50) was used as a parental
strain for the generation of an aspf2 knockout mutant using a
3-fragment-fusion-PCR-based gene disruption approach. The
upstream (left flank) and downstream (right flank) coding regions
of aspf2 were amplified from chromosomal DNA of A. fumigatus
by PCR using primers F2-LF_for (5'-tcgggcagcgacagttttacgtge-3')
and F2_LF_ptrA_rev(5'-ggcctgagtggccatcgaattcttgtgagtacattttc
tttttcaagg-3’) and F2_RF_ptrA_for (5'-gaggccatctaggccatcaage-
gagggatggaaat gactgacgttgg-3')/F2_RF_rev (5'-tctcatttcccgegtgt-
tacaagg-3’), respectively. The pyrithiamine resistance cassette was
amplified from plasmid pSK275 with the primer pair ptrA_for
(5'-gaattcgatggccactcaggecaattg-3')/ptrA_rev (5'-gcttgatggce-
ctagatgg- cctcttgeatc-3’) (55). The aspf2 deletion construct was
generated by overlap extension PCR using primers F2-LF_for
and F2_RF_rev (55). The synthesized linear 3-fragment fusion
DNA product comprising the 1.5-kb upstream and downstream
coding regions of Aspf2 (AFUA_4G09580) flanking the pyrithi-
amine resistance cassette was transformed and the transformants
were selected on AMM agar plates supplemented with 0.1 pug/ml
pyrithiamine (Sigma, Germany) as described (51).

Aspergillus fumigatus CEA17 akuB*"" Aaspf2 was used as a
parental strain for the generation of an aspf2-complementation
mutant using a 3-fragment-fusion-PCR approach. The upstream
(left flanking region) and the coding region of aspf2 were
amplified from chromosomal DNA of A. fumigatus CEA17
akuB*V®* by PCR using primers F2_LF_for (5'-tcgggcagcgacagttt-
tacgtge-3') and aspf2_rev (5'-ctaagtgcaatgaagctgtc-3'), while the
downstream (right flanking region) aspf2 was amplified using
primers F2_RF_ for (5'-gaggccatctaggccatcaagcgagggatggaaat
gactgacgttgg-3') and F2_RF_rev (5'-tctcatttcccgegtgttacaagg-3').
The A. oryzae hygromycin (hph) cassette was used as a selectable
marker and was amplified with the primer pair Ttef _Aspf2tail_for
(5'- catgaaggtggacagcttcattgcacttaggeggacattcgatttatgee-3)/hph_
RFtail_rev (5'- gcatacggtcataaaatatcgtgtcctcgectattectttgeccteg-
gac -3’). The aspf2 deletion construct was generated by overlap
extension PCR using primers F2-LF_for and F2_RF rev (55). The
synthesized linear 3-fragment fusion DNA product comprising
the 0.8-kb upstream coding region of the gene aspf2, the gene
aspf2 (AFUA_4G09580), the hygromycin resistance cassette and
the downstream 1-kb coding region of gene aspf2 was trans-
formed, and the transformants were selected on AMM agar plates
supplemented with 150 pg/ml hygromycin (Invivogen, Toulouse,
France).

Deletion and subsequent reconstitution of the aspf2 gene
were confirmed by Southern blotting. Genomic DNA was
isolated from the transformants and the wild-type strain, and
digested with BamH1. The digested DNA was separated on a 1%
(w/v) agarose gel and blotted onto a Hybond™-N* membrane
(GE Healthcare Biosciences, Freiburg, Germany) by capillary
blotting. The digoxigenin-labeled (Roche Applied Science,
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Mannheim, Germany) upstream left flank coding region of
aspf2 served as a hybridization probe. For hybridization of
the DNA and detection, the DIG Easy Hyb and the CDP-Star
ready-to-use kit (Roche Applied Science, Mannheim, Germany)
were used according to the manufacturer’s instructions. Signals
were detected using a Fusion FX-7 (Vilber Lourmat, Marne La
Vallée, France).

Testing Growth Susceptibility

Growth susceptibility assays were performed as previously
described (56). In short, freshly harvested spores from wild-type
and Aaspf2 strains were serially diluted to concentrations of 10°,
10% 10% and 107 conidia. Conidial suspensions (5 pl) were spotted
on AMM agar supplemented with various antifungal drugs and
stressors. High-glycerol osmolarity (HOG) pathway was tested
using KCI (0.6 M). Cell wall integrity was assessed by addition of
cell wall damage compounds Congo Red (20 mg/1) or Calcofluor
white (30 mg/l). Membrane integrity was tested by supplemen-
tation with SDS (0.007%, w/v). The antifungal sensitivity was
assessed using azole and the antifungal compounds Amphotericin
B (2.5 pug/ml), Caspofungin (0.1 mg/ml), Itaconazole (0.125 pg/
ml), and Terbinafine (0.5 pg/ml). Agar plates were cultivated at
normoxic conditions at 37°C for 48 h and growth was subse-
quently documented.

Flow Cytometry

To determine the binding of complement regulators to the surface
of conidia by flow cytometry, conidia from the wild-type and
Aaspf2 strain (10 X 10°/well) were first treated with BSA (3%,
w/v) for 30 min at RT. After washing, conidia were incubated with
increasing amounts of purified Factor H, FHL-1, FHRI1, plasmi-
nogen, or 400 ul NHS-EDTA (10 mM) for 1 h at RT. Following
washing, conidia-bound Factor H or FHL-1 was detected with
mAB T13 or B22/16 mAbs. FHR1 binding was assessed with
JHD 7.10 mAb, and plasminogen binding with goat anti-human
plasminogen antiserum. The fluorescence intensities of 10,000
conidia were measured by flow cytometry (BD LSR II), and
median fluorescence intensity was calculated with Flowjo.

Activation of Plasminogen and Plasmin

Cleavage Assays

Aspf2 (1 pg/well) was immobilized on the surface of a microtiter
plate. After blocking, plasminogen (1 pg/well) was added, followed
by tPA (10 ng/well) and the substrate S-2251. Plasmin-mediated
cleavage of the substrate S-2251 was determined by recording the
absorbance at 405 nm (SpektraMax 190; Molecular Devices).

Influence of e-aminocaproic acid (¢-ACA)
and Lysine Residues on Aspf2 Binding to

Plasminogen

Increasing concentrations of &-ACA, lysine, arginine, and
glutamic acid (0.3125, 0.625, 1.25, 2.5, and 5 mM) were pre-
incubated plasminogen (10 ug/ml) for 1 h at RT. After incubation,
the complex was added to immobilized Aspf2 for 1 h, and then
the bound plasminogen was determined with HRP-conjugated
anti-plasminogen antibody.

Plasmin-Mediated Fibrinogen Degradation
Plasminogen (2 pg/well) was added to immobilized Aspf2 (1 pg/
well), and then uPA (0.1 pg/well, Technoclone) and fibrinogen
(2 ug/well, Corning) were added. Following incubation at 37°C,
the reaction was stopped at different time points by addition of
Roti-Load 1. Then the proteins were separated by SDS-PAGE and
transferred to a membrane. Fibrinogen degradation was identi-
fied by Western blotting using rabbit anti-human fibrinogen
antiserum (Sigma).

C3b Deposition and Phagocytosis

Aspergillus fumigatus wild-type, Aaspf2, and aspf2° conidia
(5 % 10°) were treated with BSA (3%, w/v) for 30 min at RT and
then challenged with NHS (20%, v/v; in 20 mM HEPES, pH
7.4, 144 mM NaCl, 7 mM MgCl,, 10 mM/EGTA) for 20 min
at 37°C. After washing, surface-deposited C3b was detected
with goat anti-human C3 anti-serum, followed by Alexa-
647-conjugated donkey anti-goat IgG for 1 h at RT. Following
washing, the fluorescence intensity was analyzed on a flow
cytometer and median fluorescence intensities were calculated.
For phagocytosis and killing of conidia by polymorphonuclear
granulocytes (neutrophils), human neutrophils were isolated as
previously described (57). Neutrophils were isolated from fresh
venous blood of healthy adult volunteers withdrawn according
to a protocol approved by the Institutional Review Board of the
Jena University Hospital (approval number: 2395-10/08 and
5074-02/17) in agreement with the Declaration of Helsinki.
The FITC-conjugated wild-type, Aaspf2, and aspf2° conidia
(5 x 10°) were challenged with complement-active human
serum NHS, heat-inactivated inactive human serum NHS
(hiNHS) (20%, v/v, in 20 mM Hepes pH 7.4, 144 mM NacCl,
7 mM MgCl,, 10 mM/EGTA) or buffer (HBSS) in the presence
of freshly isolated neutrophils (1 X 10°) (5:1 ratio) for 25 min at
37°C. Then neutrophils with phagocytized conidia were identi-
fied based on granularity and FITC positivity by flow cytometry
(LSR II, BD Biosciences).

Neutrophil Killing Assay

To investigate the impact of Aspf2 expression on fungal sur-
vival, freshly isolated neutrophils (2 X 10°) were coincubated
with wild-type, Aaspf2, and aspf2¢ conidia in multiplicity of
infection PMNs: conidia = 1:2. Cells were coincubated for 5 h
at 37°C, 5% CO; in 200 pl phenol-free RPMI 1640 medium
(Gibco, Life Technologies), supplemented with 5% (v/v)
complement-active NHS on 96-well plates (Grenier Bio-One,
Austria). At the end of the coincubation time, samples were
scraped off the plates and transferred to sterile 1.5 ml tubes.
PMNs were lysed with 800 pl sterile deionized ice-cold water
for 10 min with rigorous vortexing. Samples were then diluted
sequentially to a final dilution of 1:10,000 in PBS (Lonza,
Switzerland) containing 0.5% (v/v) Tween 20 (Carl Roth,
Germany). Twenty microliters of the final dilutions were plated
on Sabouraud 2% (w/v) glucose-agar (Carl Roth, Germany)
plates (© 145 mm X 20 mm, Grenier Bio-One, Austria). Plates
were incubated for 48 h at 37°C and colony forming units were
counted.
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Cell Viability and Quantification of Cell

Retraction

Human lung epithelial cells A549 (ACC 107) were cultivated
in DMEM supplemented with fetal calf serum (FCS, 10%,
v/v) at 37°C in humidified 5% (v/v) CO, incubator. A549 cells
were seeded (5 X 10* cells/well) in a 96-well plate and grown to
confluence. To investigate how plasmin bound to conidia affects
epithelial cells, conidia (5 X 10%well) were fixed with 4% PFA
for 10 min at RT. After washing, conidia were incubated with
plasminogen (100 pg/ml) for 1 h at RT. Following washing, the
plasminogen-labeled conidia were added to A549 cells together
with tPA (50 pg/ml) in FCS-free DMEM. Cells were then pelleted
(200 x g for 1 min). After incubation at 37°C at 5% (v/v) CO; for
4 h, FCS (10 pl) was added to each well, and the cells were further
incubated at 37 C° overnight. Following removal of unbound
conidia, cell titer-blue (100 ul) (Promega GmbH, Mannheim,
Germany) was added and the cells were again incubated at 37°C
for 2 h. Generation of resorufin was measured at 570 nm using
600 nm as a reference.

To monitor epithelial cell retraction, A549 cells were plated
(5 X 10° cells/well) on coverslips in a 24-well plate and grown
to confluence. Then plasminogen-bound conidia (25 X 10%/well)
were added to the cells together with tPA (100 pg/ml) in FCS-free
DMEM, and the cells were incubated at 37°C at 5% (v/v) CO,
for 2 h. In addition, the serine protease inhibitor aprotinin was
added (100 pg/ml). After removal of unbound conidia, A549 cells
were fixed with 4% PFA, cells were stained with DAPI (10 pg/
ml) and Texas-Red conjugated Wheat-Germ-Agglutinin (10 pg/
ml, Thermo Fisher Scientific). The coverslips were mounted on
the glass slide and images were acquired with LSM 710 (Zeiss,
Germany). The acquired images were used for the quantification
of the number of extracellular gaps formed and the area of exposed
surface matrix as described previously with bioinformatics image
analysis (58).

The morphology and cell retraction was evaluated by scanning
electron microscopy (SEM). Again plasminogen-coated conidia
(25 x 10°/well) were added to A549 epithelial cells in FCS-free
DMEM. After incubation, unbound conidia were removed in
0.1 M cacodylate buffer (pH 7.2) (Sigma-Aldrich), and both
bound conidia and human epithelial cells were fixed with glutar-
aldehyde/cacodylate buffer (2.5%, v/v) (Carl Roth, GmbH) for 1 h
at RT. After washing, cells were treated with osmium tetroxide/
cacodylate (1%, v/v) and dehydrated by adding increasing
concentrations of ethanol (10-96%, v/v) for 10 min, followed by
critical point-drying in a Leica EM CPD300 Automated Critical
Point Dryer (Leica, Wetzlar, Germany). Then, the cover slips
were mounted on the aluminum sample holders (stubs) and gold
sputter coated (layer thickness 20 nm) in a BAL-TEC SCD 005
Sputter Coater (BAL-TEC, Liechtenstein). Electron images were
acquired with a Zeiss (LEO) 1530 Gemini field emission scanning
electron microscope (Zeiss, Germany) at 8 kV acceleration volt-
age and a working distance of 5-8 mm with an Inlense secondary
electron detector.

Cell retraction in electron microscopic images was quantified
by automated image analysis. An algorithm was written in the
Python programming language (version 2.7.12) combined with

the openCV (version 2.4.8) (59) and NumPy [version 1.12.0,
part of the SciPy package (60)] libraries. The algorithm uses a
Gaussian Mixture Model (GMM) trained on the local variance of
pixel intensities to distinguish between the two classes of pixels:
(i) pixels in areas containing cells and (ii) pixels in areas of the
exposed surface matrix. This approach is similar to the segmenta-
tion of immune cells in bright field images (61, 62). The algorithm
uses the textural differences between the smooth matrix surface
and the roughly textured cell layer. All images were preprocessed
by applying intensity normalization, followed by noise filtering
using a Gaussian filter with ¢ = 0.5 px and a kernel of 3 X 3 px.
Afterward, the local variance in pixel intensities was computed
for each image pixel in a neighborhood of 3 X 3 px. One image
from data set 5 (A549 cells + plasminogen-bound conidia + tPA)
was used to learn the parameters of the GMM. The trained GMM
was then applied to all images to predict the class membership of
each pixel. The results of this process are connected pixel regions
that represent either the areas of the exposed surface matrix or
of the cell layer. Regions of the exposed matrix that were smaller
than 80 px were removed to exclude minor cell damage and false
positives from further analysis. The contours of the remaining
matrix regions were smoothed using morphological closing and
opening with an elliptical kernel of 3 X 3 px. The pixel areas of all
regions that represent the exposed surface matrix were quanti-
fied to estimate the extent of the cell damage.

Statistical Analysis

Statisticalanalyses of paired t-tests were performed with Graphpad
Prism 5 (GraphPad Inc., La Jolla, CA, USA). Differences with
p < 0.05 were considered significant, and statistical significance
is shown as *p < 0.05, **p < 0.01, ***p < 0.001.

RESULTS

Recombinant Aspf2 Binds Factor H and
FHL-1

Aspergillus fumigatus recruits the human soluble complement
regulators Factor H, FHL-1, and C4BP (22). We, therefore, asked
whether Aspf2, the homolog of the C. albicans immune regulator
binding protein Pral (63) also binds Factor H and FHL-1. To this
end, Aspf2 was cloned, expressed as a His-tagged protein in P
pastoris, and purified to homogeneity (data not shown). Aspf2
bound to both immobilized Factor H and FHL-1, and binding
was dose-dependent as assayed by ELISA (Figures 1A,B).
Furthermore, the interaction was confirmed in reverse orienta-
tion by CEWA. Both Factor H and FHL-1 bound to Aspf2, and
binding was dose dependent (Figure S1A in Supplementary
Material, upper panel lanes 1-4, FHLI: lower panel lanes 1-4).
Binding of Factor H to Aspf2 was also followed in real time, and
the affinity was determined using biolayer interferometry. Aspf2
was bound to a biosensor, and Factor H was added as analyte.
The association of the complexes was monitored for 150 s. and
reached saturation after ca. 70 s. Upon removal of the analyte, the
dissociation of the complex was followed for another 150 s, and
the complex dissociated at a slow rate. Factor H bound to Aspf2
with high affinity, i.e., Ko = 76 nM (Figure 1C).
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FIGURE 1 | Recombinant Aspf2 binds to Factor H and factor-H-like protein 1 (FHL-1). (A) Aspf2 binds to Factor H dose-dependently. Aspf2 binding to Factor
H was assayed by enzyme-linked immunosorbent assay (ELISA). Factor H was immobilized onto a microtiter plate, and Aspf2 at the indicated amounts was
added. After washing, bound Aspf2 was detected with mAb Aspf2. Aspf2 did not bind to gelatin. (B) Aspf2 binds to FHL-1 dose-dependently. Aspf2 at
increasing amounts was added to immobilized FHL-1, and bound Aspf2 was detected by with mAb Aspf2. Aspf2 did not bind to gelatin. (C) Factor H binds to
Aspf2 with high affinity. The binding affinity of Factor H to Aspf2 was evaluated by biolayer interferometry. Aspf2 was coupled to the surface of NTA biosensors,
and Factor H at 190, 375, 750, 1,500, and 3,000 nM concentrations was added as analyte. For each concentration, the association of complex was assessed

experiments.

for 150 s, and the dissociation was evaluated for 150 s. Factor H binds to Aspf2 with a Kp of 76 nM. Heat-inactivated (95°C) Factor H did not bind to Aspf2
(bottom line) (D) Mapping of Aspf2-binding regions within Factor H and FHL-1. Binding of Aspf2 to the indicated Factor H/FHL-1 deletion mutants was
investigated by ELISA. Aspf2 was added to immobilized Factor H/FHL-1 deletion mutants, and bound Aspf2 was detected by mouse Aspf2 anti-serum. Aspf2
binds to Factor H via SCR6-7 and SCR20 and to FHL-1 through SCR6-7. (E) The structure of Factor H and FHL-1 are shown with their corresponding
domains short consensus repeats (SCR). Aspf2-binding domains are highlighted in brown. Panels A, B, and D represent mean + SD of three independent

Mapping of Aspf2-Binding Regions in
Factor H and FHL-1

To localize the binding regions in Factor H and FHL-1, bind-
ing of Aspf2 to Factor H/FHL-1 SCR deletion mutants, i.e.,
SCRs1-4, SCRs1-5, SCRs1-6, SCRs1-7, SCRs6-8, SCRs8-11,
SCRs11-15, SCRs15-18, SCRs15-19, SCRs8-20, SCRs15-20,
and SCRs19-20 was evaluated by ELISA. The name of the
Factor H/FHL-1 deletion mutants represents the domains they
retain (Figure 1B). Aspf2 bound to the N-terminal Factor H/
FHL-1 deletion mutants consisting of SCRs1-6, SCRs1-7,
SCRs6-8, and to the C-terminal Factor H deletion mutant
SCR20 (Figure 1D). Thus Aspf2 binds FHL-1 via SCRs6-7 and
binds Factor H via two regions, the first positioned in SCRs6-7
is shared with FHL-1, and the second binding region is located
in the C-terminus, i.e., SCR20 (Figure 1E).

Factor H and FHL-1 Bound to Aspf2 Retain

Cofactor Activity
To determine whether Factor H and FHL-1 bound to Aspf2
maintain regulatory activity, Factor H or FHLI were bound to
immobilized Aspf2, and after washing C3b and Factor I were
added. Following incubation for 1 h at 37°C, the supernatants were
subjected to SDS-PAGE, and C3b cleavage fragments were identi-
fied by western blotting. Factor H when bound to Aspf2 retained
cofactor activity, as revealed by the reduced intensity of the C3b o’
chain and the appearance of the a’68, a’43 and «’41 C3b cleavage
products (Figure 2A, lanes 3-6). Similarly, FHL-1 bound to Aspf2
assisted in C3b cleavage, as revealed by the appearance of a'68,
a’43, and a’'41 C3b bands (Figure 2B, lanes 2-5).

Also, serum-derived Factor H and FHL1 when bound to
Aspf2 retained cofactor activity for factor I-mediated cleavage
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Aspf2. After washing, C3b and factor | were added for 60 min; the reaction mixtures were subjected to SDS-PAGE, and C3b cleavage products were visualized by
western blotting using goat human C3 antiserum. Factor H bound to Aspf2 assisted in Factor I-mediated cleavage of C3b, as indicated by the appearance of C3b
cleavage products a'68, a’43, and a’41 bands (lanes 3-6). Aspf2 alone has no cofactor activity (lane 2). No C3b cleavage was detected in the presence of gelatin
(lane 7). (B) FHL-1 at the indicated concentrations was added to Aspf2. Followed by C3b and Factor | addition and incubation, the proteins were separated by
SDS-PAGE transferred to a membrane and C3 cleavage products were investigated by western blotting. FHL-1 showed cofactor activity and assisted in Factor
|-mediated cleavage of C3b, as revealed by appearance of cleavage products a’'68, a’'43, and a’41 bands (lanes 2-5). These C3b cleavage products were absent in
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of C3b (Figure S2A in Supplementary Material, lanes 2-6). In
this case with NHS (10 mM EDTA) was added to immobilized
Aspf2, an additional 115 kDa C3 band appeared (Figure S2A
in Supplementary Material, lanes 4-6). Given the sequence
similarity of Aspf2 with C. albicans Pral, which binds and
cleaves C3 (64) we asked whether also Aspf2 binds and cleaves
C3 directly. Aspf2 bound to immobilized C3 (data not shown).
In contrast to Pral from C. albicans, Aspf2 did not cleave C3
(Figure S2B in Supplementary Material, lanes 3-4). Thus, Aspf2
binds to C3 but does not cleave this central human complement
protein.

We further asked whether Factor H binding to Aspf2 is medi-
ated by C3b, and the proteins form tripartite complexes (65). To
this end, Factor H binding from NHS was investigated by CEWA.
Factor H derived from NHS (Figure S2C in Supplementary
Material, lanes 1-3) or C3 depleted serum bound with similar
intensity to Aspf2 (Figure S2C, in Supplementary Material lanes
4-6). Thus, binding of Factor H to Aspf2 was independent of C3b
(Figure S2C in Supplementary Material, lanes 4-6).

Aspf2 Binds the Human Complement
Regulator FHR1

Given the similarity of the C-terminal recognition region of
Factor H and FHRI1, binding of FHR1 was evaluated. Aspf2
bound to immobilized FHR1, and binding was dose dependent
(Figure S2D in Supplementary Material). Aspf2 bound to the
FHR1 deletion mutant containing only SCRs3-5 but did not
bind to the mutant containing only SCRs1-2 (Figures S2E,F
in Supplementary Material). The name of the FHR1 deletion
mutants, SCRs1-2 and SCRs3-5, represent the domains they
retain (Figure S2F in Supplementary Material).

Generation and Characterization of an

A. fumigatus aspf2 Knockout Mutant

To define how Aspf2 contributes to Factor H- and FHL-1
binding and A. fumigatus immune evasion, an aspf2 knockout
strain (Aaspf2) was generated by PCR-based gene disruption
(Figure 3A). Successful deletion of the ASPF2 gene was confirmed
by Southern blotting. When probed with the aspf2 probe, a spe-
cific 1.7-kbp band was detected in genomic DNA derived from
A. fumigatus CEA17 akuB*"*" wild-type strain (Figure 3B, lane
1). The Aaspf2 strain lacked this aspf2-specific band and a new
1.3 kbp band appeared (Figure 3B, lane 2), thus confirming dele-
tion of the aspf2 gene. Furthermore, an Aspf2-complementation
(aspf2°) strain was generated by transforming a linear 3-fragment
fusion DNA product comprising the 0.8-kb upstream coding
region of the gene ASPF2, the hygromycin resistance cassette, and
the downstream 1-kb coding region of gene aspf2. The integra-
tion of PCR product was confirmed by Southern blotting, and a
specific 1.7-kbp band was visible in genomic DNA derived from
aspf2¢ (Figure 3B, lane 3).

Aspf2 expression was evaluated by flow cytometry. Aspf2
was expressed by wild-type A. fumigatus conidia, and knockout
Aaspf2 conidia lacked the protein, but aspf2¢ conidia expressed
Aspf2 on the surface (Figure 3C). Phenotypical analysis of the
aspf2 mutant revealed no differences in germination and growth
when conidia were cultivated on AMM, or in rich media such
as malt-extract or peptone media (data not shown). The Aaspf2
strain did not grow on alkaline and zinc-limiting conditions
(Figure 3D, upper panel). However, growth was rescued by zinc
supplementation (Figure 3D, lower panel).

We further investigated the role of Aspf2 in response to
various antifungal drugs and stress conditions. Deletion of

Frontiers in Immunology | www.frontiersin.org

August 2018 | Volume 9 | Article 1635


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive

Dasari et al.

Aspf2 Binds Human Immune Regulators

aspf2 increased resistance to Amphotericin B (Figure 3E),
Caspofungin (Figure 3F). At low spore concentrations, the
Aaspf2 was sensitive to Itraconazole (Figure 3G) but not to
Terbinafine (Figure 3H). The Aaspf2 strain showed enhanced
tolerance to cell wall damaging agents, including Calcofluor

white (Figure 3I) and Congo Red (Figure 3]) as compared to
wild-type strain. The Aaspf2 the wild-type, and the aspf2© strains
showed a similar response to KCI (0.6 M) induced extracellular
hyper-osmolarity stress (Figure 3K) and to SDS induced stress

(Figure 3L).
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FIGURE 3 | Generation, verification, and phenotypical characterization of Aspergillus fumigatus CEA17 akuB<U%°, aspf2 knockout, and Aspf2-complementation
strains. (A) Schematic overview of the BamH1 restriction sites in the genomic loci of DNA of the wild-type, the Aaspf2, and aspfe® strains. (B) Confirmation of
ASPF2 gene deletion by Southern blotting. Genomic DNA from wild-type and the transformants of Aaspf2, and aspf2¢ was digested with BamH1 that has restriction
sites in the pyrithiamine resistance cassette (PtrA) present in the gene locus of the mutant strain. Digested DNA fragments were separated on 1% (w/v) agarose gel
and blotted onto a membrane that was hybridized with a probe directed specifically against the upstream left flanking region of the ASPF2 gene. In the Aaspr2, the
band characteristic for the wild type (1.7 kbp) disappeared. Instead, a band of 1.3-kbp characteristic for a gene replacement of the aspf2 locus was detected. As
expected, following an in-locus complementation of the knockout strain, the wild-type band at 1.7 kbp was redetected in the aspf2® strain. (C) Expression of Aspf2
on the surface of wild-type, Aaspf2, and aspf2® conidia as evaluated by flow cytometry. Aspf2 was absent on the surface of Aaspf2 conidia. (D) Phenotypical
characterization of Aaspf2 strains on Aspergillus Minimal Medium (AMM) agar in the presence of Zn?* (upper panel) or in the absence of Zn?** (lower panel). Deletion
of ASPF2 gene results in growth defects of the mutant on Zn2?*-deficient AMM agar. Phenotypic characterization of Aaspf2, wild-type, and aspf2© conidia to various
antifungal drugs and stress conditions. Spore suspensions (5 pl) diluted in series were spotted onto AMM agar plates supplemented with Amphotericin B (2.5 pg/ml)
(E), Caspofungin (0.1 mg/ml) (F), ltaconazole (0.125 pg/ml) (G), and Terbinafine (0.5 pg/ml) (H). Cell wall integrity was assessed by addition of cell wall damaging

compounds Calcofluor white (30 mg/ml) (I) or Congo Red (25 mg/ml) (J). High-glycerol osmolarity (HOG) pathway response was tested with 0.6 M KCI (K).
Membrane integrity of the conidia was tested upon medium supplementation with SDS (0.007%) (L). Panels (C-E, I-L) represent one of three separate

experiments. Panels (E-G) represent one of two separate experiments.

Factor H and Aspf2 (FHL-1 and Aspf2)
Colocalize on the Surface of Conidia and
Hyphae

Aspf2 distribution on the surface of resting or swollen conidia and
hyphae and its contribution to Factor H and FHL-1 binding were
evaluated by microscopy. Aspf2 (red fluorescence) was identified
on the surface of resting or swollen conidia and hyphae and was
evenly distributed on the surface of all three morphotypes, i.e.,
resting conidia, swollen conidia, and hyphae (Figure 4A; Figure
S3A in Supplementary Material). Factor H (green fluorescence)
was evenly distributed on the fungal surface, and Factor H and
Aspf2 colocalized on the surface of resting conidia, swollen conidia,
and on the hyphal surface (Figure 4A). Similarly, FHL-1 (green
fluorescence) and Aspf2 colocalized on the surface of the three
fungal morphotypes (Figure S3A in Supplementary Material).

Aaspf2 Conidia Bind Factor H and

FHL-1 With Lower Intensity

Having shown that Aspf2 recruits Factor H and FHL-1, we asked
how conidia surface expressed Aspf2 contributes to regulator
binding. Therefore, binding of Factor H or FHL-1 to the conidia
was evaluated by flow cytometry. Factor H bound to conidia lack-
ing aspf2 (Aaspf2), the wild-type, and Aspf2-complementation
conidia (aspf2°), and this binding was dose dependent. When
used at 20 pg/ml, Factor H bound to Aaspf2 conidia with about
28% lower intensity (MFI = 2,414 + 415; mean + SD), as com-
pared to wild-type Aspf2-expressing conidia (MFI = 3,341 + 435;
mean + SD; 100%), and Aspf2 expression on the surface of the
aspf2€ conidia restored Factor H binding and binding was similar
as to the wild-type conidia (MFI = 3,169 + 362; mean + SD)
(Figure4B). The bright intensity of Factor Hbinding to the conidia
surface also indicates that swollen conidia express additional
Factor H binding proteins (fHbp). Similarly, FHL-1 bound to the
Aaspf2 strain with 42% lower intensity as compare to the wild-
type strain (MFI = 2,158 + 436 knockout vs. MFI = 3,738 + 464
wild-type; mean + SD; P < 0.0001), and binding of FHL-1 to
aspf2¢ strain was similar to wild-type strain (MFI = 3,312 + 333;
mean + SD; P < 0.0012) (Figure 4C). Also NHS derived Factor
H bound to Aaspf2 with 31% lower intensity (MFI = 2,223 + 457
Aaspf2 vs. MFI = 3,217 + 534 wild-type; mean + SD; P < 0.0004)
(Figure S3B in Supplementary Material). Aspf2 also contributes

to FHR1 binding. FHR1 bound to conidia of the Aaspf2 with 33%
lower intensity (MFI = 1,967 + 283) as compared to the wild-
type Aspf2-expressing conidia (MFI = 2,954 + 146; mean =+ SD;
P < 0.0041) and to the aspf2° conidia (MFI = 2,722 + 223;
mean + SD; P < 0.0129) (Figure S3C in Supplementary Material).
Thus, Aspf2 expressed on the surface on conidia contributes to
the recruitment of Factor H, FHL-1, and FHRI1.

Aaspf2 Conidia Are Efficiently Opsonized
and Phagocytosed and Killed by Human

Neutrophils

As Factor H and FHL-1 bound to Aspf2 retain cofactor activity, we
asked how much Aspf2 protects A. fumigatus against C3b opsoniza-
tion. Upon challenge with complement-active NHS, Aaspf2 conidia
had more C3b deposited on their surface (MFI = 1,909 + 234;
157%),as compared towild-type conidia(MFI=1,214+238;100%)
and Aaspf2¢ conidia (MFI = 1,398 + 121; 115%) (Figures 5A,B).
Higher C3b surface levels correlated with enhanced phagocytoses
of FITC-labeled conidia (Figure 5C, lower panel). Aaspf2 conidia
were more efficiently phagocytosed (FITC positive neutrophils,
47%) as compared to Aspf2-expressin wild-type conidia (26%)
and aspf2¢ conidia (31%) (Figure 5C). When the data of three
independent separate experiment show a similar pattern. Wild-
type conidia are more efficiently phagocytosed when incubated in
complement-active human serum (bottom panels) as compared to
conidia incubate in complement inactive heat-inactivated serum
(middle panels) or in buffer (upper panels). Again the aspf2 ko is
more efficiently phagocytosed as the wild type and the comple-
mentation strain (Figure 5D). Furthermore, Aspf2 contribution
to fungal survival was investigated by neutrophil killing. Aaspf2
conidia were efficiently killed by human neutrophils, and survival
was decreased to 56% compared to wild-type (100%) and aspf2©
conidia (89%) (Figure 5E). Thus Aspf2 contributes to fungal
survival.

Aspf2 Binds to Human Plasminogen

Pral, the C. albicans homolog of Aspf2, binds plasminogen
(30). Therefore, plasminogen binding to Aspf2 was analyzed.
Plasminogen bound to Aspf2, and binding was dose dependent
(Figure 6A). When evaluated in real time, plasminogen binding
was saturated already after less than 25 s. Plasminogen bound to
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added to resting conidia, swollen conidia, and hyphae. After washing, the cells were incubated with anti-human Factor H antiserum and mAb Aspf2, followed by
corresponding secondary antibodies. Aspf2 and Factor H were colocalized on the surface of resting (upper panel), swollen conidia (middle panel), and hyphae (lower
panel). Scale bars 5, 5, and 20 pm in upper, middle and lower panels, respectively. (B) Aaspf2 conidia bind less Factor H. Aaspf2, wild-type, and aspf2® conidia
were incubated with Factor H at the indicated concentrations, and bound Factor H was investigated by flow cytometry. When Factor H was used at 20 pug/ml, the
Aaspf2 conidia bound 28% less Factor H as compared to the wild-type and aspf2° conidia. (C) The Aaspf2 strain binds factor-H-like protein 1 (FHL-1) with lower
intensity. Purified FHL-1 was bound to Aaspf2, wild-type, or aspf2° conidia and bound FHL-1 was analyzed by flow cytometry. When FHL-1 was used at 10 ug/ml,
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Aspf2 with a Kp of 846 nM (Figure 6B). Many microbial proteins
attach to human plasminogen via C-terminal lysine residues. We,
therefore, analyzed if the lysine analog e- ACA influences binding.
€-ACA inhibited plasminogen binding to Aspf2 and the effect was
dose dependent. e-ACA, used at 1.25 mM, abolished plasminogen
binding completely. Also, lysine blocked plasminogen binding,
again in a dose-dependent manner. By contrast, neither arginine,
nor glutamic acid influenced the plasminogen Aspf2 interaction
(Figure 6C). Thus, lysine residues are relevant for plasminogen
binding to Aspf2.

Aspf2-Bound Plasminogen Is Converted to

the Active Protease Plasmin
To investigate whether Aspf2-bound plasminogen can be con-
verted to plasmin, plasminogen bound to Aspf2 was treated with

uPA, and plasmin activity was assayed. When converted, plasmin
cleaved the chromogenic substrate S-2251 and cleavage was time-
dependent (Figure 6D). Proteolytic activity was inhibited by the
serine protease inhibitor aprotinin and also by e-ACA. Aspf2-
bound plasmin furthermore cleaved the physiological substrate
fibrinogen, and this cleavage was time-dependent (Figure 6E,
lanes 3-6). Thus, Aspf2-bound plasminogen is converted to the
active protease.

Aaspf2 Conidia Bind Less Plasminogen

To define the contribution of Aspf2 for plasminogen binding,
binding of plasminogen to wild-type, Aaspf2, and aspf2© conidia
was evaluated. Plasminogen bound to all three strains tested, and
binding was dose dependent. Plasminogen (20 pg/ml) binding
to Aaspf2 conidia was reduced by 31% (MFI 2,563 + 540) as
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FIGURE 5 | Aaspf2 conidia are more efficiently opsonized and phagocytized and killed by human neutrophils. (A) Aaspf2, wild-type, and aspf2® conidia were
challenged with complement-active normal human serum (NHS) (20%, v/v) for 20 min. After washing, surface-deposited C3b was analyzed by flow cytometry. (B)
Aaspf2 conidia had more C3b on their surface (157 %) as compared to wild-type conidia (100%) and aspf2® (115%). (C) FITC-labeled wild-type, Aaspf2, and aspfo®
conidia were incubated with human neutrophils at 5:1 in the Hanks balanced salt solution (HBSS) (upper panels), or complement inactive hiNHS (middle panels) or in
complement-active NHS (20%, v/v) (lower panels) for 25 min. Human neutrophils having conidia phagocytized were identified based on granularity and FITC
positivity by flow cytometry (panels | and Il, quadrant Q2); neutrophils without conidia were identified as FITC negative cells (panels | and Il, quadrant Q1). A
representative experiment out of three independent assays is shown. (D) In the presence of complement-active human serum (NHS) Aaspf2, conidia were more
efficiently phagocytosed (51%) compared to wild-type (31%) and aspf2® (33%). However, in HBSS (upper panel) or in the absence of complement inactive serum
(middle panel), phagocytosis was low and all strains were phagocytosed by the same intensity. Data from (E) Aaspf2 conidia were efficiently killed by human
neutrophils. Aaspf2, wild-type, and Aaspf2¢ conidia were coincubated with human neutrophils for 5 h RPMI 1640 supplemented with 5% (v/v). After incubation,
PMNs were lysed with sterile deionized ice-cold water. Samples were then diluted sequentially to a final dilution of 1:10,000 in PBS containing 0.5% (v/v) Tween 20
and plated (20 pl) on Sabouraud 2% (w/v) glucose-agar; colony forming units were counted. The survival of Aaspf2 conidia was decreased to 56% compared to
wild-type (100%) and aspf2° conidia (89%). Panels (B,D,E) represent mean + SD of three independent experiments.

compared to wild-type conidia (MFI 3,720 + 761; mean + SD; . . e
P < 0.0005). Plasminogen bound to aspf2¢ conidia with similar Plasmin Bound to Conidia Damages

intensity as to wild-type conidia (MFI 3,428 + 597) (Figure 6F). Human Epithelial Cells, induces cell

This remaining plasminogen binding to the knockout mutant ~ retraction, and matrix exposure

is most likely due to the presence of additional plasminogen-  Plasmin recruited to the surface of pathogenic microbes cleaves
binding proteins on the conidial surface. extracellular matrix proteins and damages epithelial cells (58).
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FIGURE 6 | Plasminogen bound to Aspf2 is converted to active plasmin and bound to Aaspf2 conidia with less intensity (A) Aspf2 binding to plasminogen was
assayed by enzyme-linked immunosorbent assay (ELISA). Aspf2 at increasing amounts (0.125-4 ug) was added to immobilized plasminogen, and bound Aspf2 was
detected with mouse mAb Aspf2. Aspf2 bound to plasminogen, and binding was dose dependent. Aspf2 did not bind to gelatin. (B) Plasminogen binds to Aspf2
with high affinity. The binding affinity of plasminogen to Aspf2 was evaluated by biolayer interferometry. Plasminogen at increasing concentration (687.5, 1370,
2,750, and 5,500 nM) was added to Aspf2 immobilized on Ni-NTA biosensors. For each concentration, the association was evaluated for 200 s. Following removal
of the analyte, the complex dissociation was assessed for 200 s. Plasminogen bound to Aspf2 with a Kp of 846 nM. Heat-inactivated (95°C) plasminogen did not
bind to Aspf2 (bottom line). (C) The effect of lysine analog and free amino acids on plasminogen binding to Aspf2 was analyzed by ELISA. e-aminocaproic acid
(e-ACA), lysine, arginine, or glutamic acid, at the indicated concentrations, was added to plasminogen, and the mixture was added to immobilized Aspf2. Bound
plasminogen was detected with HRP-conjugated anti-plasminogen antibody. e-ACA and lysine blocked plasminogen binding to Aspf2. Positively charged arginine
and negatively charged glutamine did not affect plasminogen binding to Aspf2. (D) Plasminogen bound to Aspf2 is converted into functionally active plasmin.
Plasminogen was added to Aspf2 immobilized on microtiter plate, followed by urokinase-type plasminogen activator (UPA) and the substrate S-2251. The
absorbance was recorded every 30 min over 24 h. Plasminogen when bound to Aspf2 was activated to plasmin which cleaved the chromogenic substrate S-2251
time-dependently. Aprotinin and e-ACA inhibited cleavage of S-2251. When plasminogen, uPA, and S-2251 were added to immobilized gelatin, S-2251 remained
intact and was not cleaved. (E) The fibrinolytic activity of Aspf2-bound plasminogen was investigated. Plasminogen was bound to immobilized Aspf2, and after
washing, tissue-type plasminogen activator and fibrinogen were added. The reaction was stopped, and the proteins were separated by SDS-PAGE. Degradation of
fibrinogen was assessed by Western blotting with a rabbit human fibrinogen antiserum. Plasminogen bound to Aspf2 was converted to plasmin which cleaved
fibrinogen (lanes 3-6). When Pra1, a Candida immune evasive protein, was used as a positive control, plasmin generated from plasminogen cleaved fibrinogen (lane
2). Fibrinogen (upper arrow) and Fibrinogen degradation products (lower arrow). (F) Aaspf2 conidia bind less plasminogen. Plasminogen was bound to Aaspf2, wild-
type, and aspf2¢ conidia. After washing, surface-bound plasminogen was detected by flow cytometry. When plasminogen was used at 20 pg/ml, Aaspf2 conidia
bound 24% less plasminogen as compared to wild-type and aspf2¢ conidia.
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We, therefore, analyzed whether plasmin attached to the surface
of conidia damages human lung cells which belong to the first
host cells coming in contact with inhaled A. fumigatus conidia. To
this end, human A549 lung epithelial cells were challenged with
plasminogen-coated conidia. As the first read-out for damage, the
cellular metabolic activity of the epithelial cells was quantitated.
Plasmin attached to wild-type conidia reduced the metabolic
activity of the epithelial cells by about 44% (Figure 7A, column
7). When plasmin was coated to Aaspf2 conidia, the metabolic
activity was only reduced by 24% (p < 0.0013) (Figure 7A,
column 8). However, plasmin bound to aspf2¢ conidia reduced
the metabolic activity of epithelial cells similarly as when bound
to wild-type conidia; the metabolic activity was reduced by 40%
(Figure 7A, column 9); thus, confirming that Aspf2 contributes
to epithelial cell damage. The plasmin mediated cell damage
completely blocked by the serine protease inhibitor aprotinin
(Figure 7A, columns 10, 11, and 12).

Epithelial cell damage by plasmin-coated conidia was next
followed by confocal microscopy. Plasmin attached to wild-type
conidia disrupted the cell monolayer, caused cell retraction, and
induced exposure of the underlying matrix (Figure 7B, upper
row, panel III). This plasmin damage was blocked by aprotinin
(Figure 7B, upper row, panel IV). Plasmin attached to Aaspf2
conidia caused less damage (Figure 7B, middle row, panel III)
compare to the plasmin attached to aspf2¢ conidia (Figure 7B,
lower row, panel III). Plasmin-induced total void area of each
image was quantified by bioinformatics image analysis (58).
Plasmin attached to wild-type conidia induced more void area per
image (total void area per image; 14,395 + 2,781 px) as compared
to plasmin-attached Aaspf2 conidia (total void area per image;
10,418 + 2,912 px; mean + SD; p < 0.0025; n = 19). Plasmin
bound aspf2¢ conidia induced more total void area per image
(total void area per image; 15,185 + 1,797 px) which similar to
the plasmin-attached wild-type conidia (Figure 7C).

Furthermore damage and cell retraction were also evaluated
by SEM. Plasmin, when coated to wild-type conidia, caused cell
retraction, and a larger void area are formed; the size of the void
area was larger (Figure S4A in Supplementary Material, panel
II) as when plasmin was bound to Aaspf2 conidia (Figure S4A
in Supplementary Material, panel III). Multiple SEM images (10
images) were used with a novel bioinformatics image analysis
(Figure S4B in Supplementary Material). In this case, the size
of the void area was larger with wild-type conidia (surface area
per spot: 4,172 + 11,627) as with Aaspf2 conidia (surface area
per spot: 437 + 823; mean + SD; P < 0.0001) (Figure S4C in
Supplementary Material). Thus plasminogen recruited to A.
fumigatus conidia damages human lung epithelial cells and causes
matrix exposure. Aspf2 contributes to this plasmin-mediated cell
damage as the Aaspf2 causes a smaller void area. Thus, Aspf2
contributes to fungal virulence and Aspf2-attached plasminogen
when converted to active plasmin can enhance transmission of
A. fumigatus through lung epithelium.

DISCUSSION

Fungal pathogens have evolved strategies to combat host immune
defense, to cross host tissue barriers, and to colonize at preferred

anatomical site. Similar to most microbial pathogens, A. fumiga-
tus acquires human plasminogen, which serves several roles in
immune evasion. Plasminogen, is activated to the protease plas-
min, which degrades the ECM component fibrinogen, controls
innate immune attack, and damages lung epithelial cells.

Aspergillus fumigatus conidia have been previously shown
to specifically bind Factor H and plasminogen (22). However,
it remained to be shown which surface proteins of A. fumigatus
attache these human regulators. Here, we identified Aspf2 as
a complement regulator binding protein of A. fumigatus, and
we showed that Aspf2 is surface exposed and bound several
human innate immune regulators. The allergen Aspf2 is the first
A. fumigatus Factor H and FHL-1 binding protein identified, and
Aspf2 also bound plasminogen. Binding of host complement
regulators to surfaces of pathogens has emerged as an immune
evasion mechanism found for many pathogens (26).

Aspergillus  fumigatus, the human pathogenic fungus, is
predominantly inhaled. Inside the lung, A. fumigatus faces a
hostile environment and is immediately confronted with host
defense proteins. A proteome approach of broncho alveolar lav-
age and airway surface liquids identified an arsenal of specific
host immune defense proteins, including multiple complement
components, regulators, plasminogen, recognition proteins, as
well as coagulation proteins (66, 67). A. fumigatus similar to many
other pathogenic microbes is prepared to counteract and control
this immune attack.

Here, we identified Aspf2 as a complement regulator protein
binding protein of A. fumigatus. Aspf2 binds several human
innate immune regulators. Aspf2, on the surface of conidia and
hyphae, recruited human plasma regulators like Factor H, FHL-1,
FHR1, and plasminogen. Factor H and FHL-1, when bound to
Aspf2, retained regulatory activity and assisted in the inactivation
of C3b. Similarly, plasminogen bound to Aspf2 was activated to
the active protease plasmin which degraded ECM component
fibrinogen and damaged human lung epithelial cells.

Aspf2 binds both Factor H and plasminogen with nanomolar
affinity (Ka—76 and 846 nM, respectively), which are related
to the binding affinity of other microbial proteins for Factor
H. This Factor H binding affinity is comparable to the Factor
H binding to the fHbp of N. meningitides which is 5 nM (68).
Aspf2-plasminogen binding affinity is similar to the affinity of
plasminogen binding to PspC variants of S. pneumoniae in the
range from 489 to 1,360 nM (58).

Aspf2 attaches Factor H via two domains SCR6-7 and SCRs20,
and FHL-1 SCR6-7 utilize Factor H and FHL-1 for immune pro-
tection. These attachment sites in the protein are used by other
fungal and microbial pathogens and even by human cells (69).
This conserved type of attachment and recruitment shows that
pathogenic microbes mimic host cells in exploiting Factor H and
the other inhibitors by common mechanisms. These conserved
evasion mechanism is indicative that converging evolution is
a driving force to develop common immune evasion pathways
independently for specific immune evasion (69).

Also plasminogen acquisitionisacommon evasion mechanism
which is used by many microbial pathogens. In addition to Aspf2,
A. fumigatus enolase, also termed Aspf22, has been previously
identified as a plasminogen-binding protein (47). Both Aspf2 and
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enolase, the moonlighting protein, are surface exposed. Aspf2
and Aspf22 are allergens that induce an IgE antibody response
in patients with ABPA (70). Microbial pathogens apparently use
several surface proteins, often moonlighting proteins to attach
plasminogen. For C. albicans more than 10 plasminogen-binding
protein have been identified, and many microbial plasminogen
ligands also bind Factor H (58). Thus, microbial plasminogen

ligands have the ability to attach several host regulators to the
microbial surface.

Aspf2 is relevant for immune evasion as the attached host
proteins Factor H, FHL-1, and plasmin maintain their regula-
tory activity, assisted in complement control, damaged human
lung epithelial cells, decreased their cellular metabolic activity,
induced cell retraction, and caused ECM exposure.

A 120 W Wildtype [ Aaspf2 Maspf2°
:\;100 I
> 80
T_% 60
'S 40
8 20
0
I A549 cells —————or]
} Conidia —
f————— Plasminogen =———
I tPA
FAprotinin<
8 | I | W
Wildtype

A549 cells + Conidia

Conidia

I Plasminogen !
I tPA — {
——— Aprotinin —
C
25000 @ Wildtype *
200004 A Aaspf2 ' x
3 & aspf2°® .
i 15000+ é AA "'
©
£ 10000+ ., ¢
° Aa A L4 A g
A A
R EEe s - $3E
WA
0 .l. L] L] L] i— : L] L] L] L L L] *
A549 cells |

Plasminogen —

FIGURE 7 | Continued

tPA i
— Aprotinin —

Frontiers in Immunology | www.frontiersin.org

August 2018 | Volume 9 | Article 1635


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive

Dasari et al. Aspf2 Binds Human Immune Regulators

FIGURE 7 | Plasmin bound to conidia damages human lung epithelial cells and induces cell retraction. (A) Plasminogen bound to the surface of conidia when
activated to plasmin damages human epithelial cells when activated to plasmin. Plasminogen was bound to wild-type, Aaspf2, and aspf2® conidia. After
washing, conidia were added to the cell monolayer in the presence or absence of tissue-type plasminogen activator (tPA). After 24 h unbound conidia were
washed off, Cell Titer-blue® was added, and the cellular metabolic activity was followed for 2 h. Plasminogen bound to conidia when converted to active
plasmin decreased the metabolic activity of human A549 epithelial cells (columns 7, 8, and 9). This effect was inhibited by the serine protease inhibitor
Aprotinin (columns 10, 11, and 12). tPA alone showed no effect on the metabolic activity of A549 cells (columns 13). Viability of A549 cells (columns 14).

Panel (A) shows mean + SD of two duplicate independent experiments. (B) Active plasmin attached to the surface of conidia induces cell retraction.
Plasminogen was bound to wild-type (upper panel) or Aaspf2 conidia (middle panel) or aspf2¢ conidia (lower panel). After washing, conidia were added to

the confluent monolayer of A549 cells together with tPA. After 2 h, unbound conidia were removed; the bound cells were fixed and stained with DAPI (blue)
and Texas Red-conjugated Wheat-Germ Agglutinin. Plasminogen bound to conidia when activated to plasmin-induced cell retraction resulting in exposure of
extracellular matrix component. Aprotinin blocked plasmin activity. Areas of exposed surface matrix were identified by automated image analysis and are
indicated in the images by green lines. Scale bars: 20 pm. (C) Bioinformatics quantification of A549 cell damage and cell retraction. Upon evaluating a series of
confocal images generated (19 images), the total void area of each image was quantified using bioinformatics image analysis. Active plasmin attached to the
surface of wild-type conidia induced cell damage, and the total void area per image was larger as compared to cells damage induced by plasmin attached to
the surface of Aaspf2 conidia. Plasmin attached to the surface of aaspf2¢ conidia induced similar cell damage as compared to the plasmin bound to wild-type
conidia. Aprotinin inhibited plasmin activity when attached to wild-type, Aaspf2, and aspf2® conidia of Aspergillus fumigatus. The mean values are indicated by

the horizontal red bar, and the SD is shown by the vertical red bars.

Aspf2 Knockout conidia bound less Factor H, FHLI1, and
plasminogen as compared to wild-type and aspf2¢ conidia. This
suggests that Aspergillus uses several surface proteins to bind
these human regulators. Thus, it will be worthwhile to identify
these additional Factor H and plasminogen ligands.

Here, we used a new bioinformatics image analysis which
allows quantitating cell damage and cell retraction induced by A.
fumigatus attached plasmin. This approach allows to count the
number of void spots formed by damaged and retracted epithelial
cells and to quantitate the void surface area of each individual
spot. This novel approach when applied for both confocal images
of fluorescently labeled cells and for EM images showed highly
related results. Thereby a bioinformatics image analysis extends
the information of qualitative microscopic evaluation performed
by visual inspection to a quantitative, unbiased evaluation
showing both the degree and extends of epithelial cell damage.
Thereby, we were able to quantitate epithelial cell damage and
to demonstrate that plasmin attached to wild-type conidia more
and also larger void spots were formed as when plasmin was
attached to the surface of aspf2 knockout conidia. Thus plasmin
attached to A. fumigatus surface damages human lung epithelial
cells, and Aspf2 contributes to epithelial cell damage. These
results correlate with recent genetic analyses showing that a SNP
in human Plasminogen gene (ID 5340), resulting in exchange
of Asps;» — Asn, enhanced the risk for invasive aspergillosis
among hematopoietic stem cell transplant recipients (1). Thus,
plasmin(ogen) adjusts the pathogenesis of invasive fungal
infection.

Aspf2 shares 43% amino acid identity with Pral, the immune
evasion protein C. albicans (63, 71). Both proteins bind a related
set of human plasma regulators and both are zinc chelators (63).
In addition, Aspf2 and Pral share a metalloprotease-like motif
at related positions, Aspf2: H;ssRLYH s; Pral: Hi;sRFWH;s,.
However, Aspf2 lacks proteolytic activity, but Pral of C. albicans
cleaves human C3 (Figure S1C in Supplementary Material) (64).

In summary, we identify Aspf2 of A. fumigatus as a plasmino-
gen binding and complement regulator acquiring surface protein.
Aspf2 contributes to fungal immune evasion, as the aspf2 knock-
out was more efficiently opsonized with C3b and more efficiently
phagocytosed. Aspf2 exploits host active protease plasmin which
damages human lung epithelial cells, alters the cellular metabolic

activity, and induces cell retraction resulting in exposure of the
sub-epithelial extracellular matrix which suggest that Aspf2
thereby can enhance fungal invasion into lung tissue. Thus, by
assisting in immune evasion and tissue destruction, Aspf2 con-
tributes to the pathogenesis of A. fumigatus and represents a new
target for immune intervention.
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