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Neutrophils use different mechanisms to cope with pathoges that invade the
host organism. The most intriguing of these responses is a tease of neutrophil
extracellular traps (NETs) composed of decondensed chronten and granular proteins
with antimicrobial activity. An important potential targeof NETs isCandida albicans—an

opportunistic fungal pathogen that employs morphologicaland phenotype switches
and bio Im formation during contact with neutrophils, accanpanied by changes in
epitope exposition that mask the pathogen from host recognion. These processes
differ depending on infection conditions and are thus in uaced by the surrounding

environment. In the current study, we compared the NET relese by neutrophils upon
contact with puri ed main candidal cell surface components We show here for the
rst time that in addition to the main cell wall-building pofsaccharides (mannans and
b-glucans), secreted aspartic proteases (Saps) trigger NEWwith variable intensities. The
most ef cient NET-releasing response is with Sap4 and Sap6which are known to be

secreted by fungal hyphae. This involves mixed, ROS-depemaht and ROS-independent
signaling pathways, mainly through interactions with the B11b receptor. In comparison,

upon contact with the cell wall-bound Sap9 and Sapl0, neutrphils responded via a
ROS-dependent mechanism using CD16 and CD18 receptors for pptease recognition.

In addition to the Saps tested, the actuation of selected methting kinases (Src, Syk,
PI3K, and ERK) was also investigatedh-Glucans were found to trigger a ROS-dependent
process of NET production with engagement of Dectin-1 as welas CD11b and CD18

receptors. Mannans were observed to be recognized by TLRs, B14, and Dectin-1

receptors and triggered NET release mainly via a ROS-indepdent pathway. Our results
thus strongly suggest that neutrophils activate NET produon in response to different
candidal components that are presented locally at low concetrations at the initial stages
of infection. However, NET release seemed to be blocked by @aneasing numbers of fungal
cells.

Keywords: neutrophil extracellular traps (NETS),
mannans, glucans, fungal cell wall proteins

Candida albicans , host defense, secreted aspartic proteases,
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INTRODUCTION and some speci ¢ compounds such as cytokines, antibodies,
and certain chemical substances. Netosis can also result

Candida albicanss a common opportunistic fungal pathogen from trauma @rinkmann and Zychlinsky, 2012; Branzk and
in humans that causes frequent super cial mucosal infecionpapayannopoulos, 20)LThe molecular mechanisms underlying
and, particularly in immunocompromised individuals, systemi netosis are still poorly understood but two main pathways have
infections (candidiasis) that can lead to sepsis and cor&®u peen described: (i) a classical mechanism that depends on the
death (ichtenstern et al., 2015; Lagunes and Rello, RO16production of reactive oxygen species (ROS), with NADPH
The ability of C. albicansto infect di erent host niches is a gxidase as the necessary signal mediator, and (ii) a rapid and
consequence of itsincredible adaptability to variablealmnding ROS-independent mechanis;ﬁ[@chaa etal., 20)_5|'he type of
environments through morphogenetic and phenotypic switchinthetosis pathway that is activated in di erent situations degen
from non-invasive yeaSt-like cells to a more virulent lanteas onthe triggering factor and the receptors involved. The mos
hyphal form (Calderone and Fonzi, 2001This adaptability is jnvolved in NET induction include the Toll-like receptors.¢g,
also based on the ability of. albicansto form bioIms on  TLR2, TLR4, CD14), C-lectin family (Dectin-1), complement
arti cial and natural surfaces within the host organism.aii of  receptors (CD11b/CD18; Mac-1), Fc-receptorsgiRtib), and
these processeS, albicansindergoes a continuous remodeling others (fipp et al., 2012; Mohanty et al., 2015; Aleman et al.,
of its cell wall architecture via the activation of a wide gan 201¢. Moreover, most of these molecules can also function as co-
of virulence factors. The principal compounds exposed on theeceptors fleman et al., 2006 The transduction of signals from
fungal cell surface, such as mannans dnglucans, represent receptors to the nucleus during NET induction engages many
the main epitopes through which human host immune receptorsypical mediators including the spleen tyrosine kinase (Sic)/
respond to fungal infectionsGha n et al., 1998; Collette and kinase family [lani et al., 201 protein kinase C (PKC)Neeli
Lorenz, 201)L The other important group of surface compounds and Radic, 201)3extracellular signal-regulated kinases (ERK1/2)
are proteins such as adhesins in the agglutinin-like seqeiengHakkim et al., 2011; Keshari et al., 2012; DeSouza-Vieigh et
(Als) protein family which have a broad binding speci city for 2016, phosphoinositide 3-kinase (PI3KB¢hnen et al., 2014;
many human proteinsi(iu and Filler, 2011; Karkowska-Kuleta peSouza-Vieira et al., 20),6and NADPH oxidase Nishinaka
and Kozik, 201} In addition are the so-called “moonlighting et al., 2011; Parker et al., 201During netosis, the nuclear
proteins,” which are cytosolic proteins exposed on the fungagnvelope is decomposed, the chromatin is decondensed and the
surface but whose function at this location remains unknownpnA is complexed with di erent proteins released from ruptured
(Karkowska-Kuleta and Kozik, 20)L4 granules. The cell membrane is subsequently ruptured and the

Another group of candidal virulence factors includes a éarg NETs are released from the cells. Cytoplasmic proteins are rarely
family of secreted aspartic proteases (Saps) that not onlitdéei  found in the NET structure, con rming that the protein/DNA
the availability of nutrients for fungal growttiMayer et al., 2013; complexes in NETs do not form via a random processh@n
Silva etal., 20)4ut can also inactivate complement componentset a|., 200}
(Gropp et al., 2008and host antifungal peptides such as histatin . albicansis readily recognized by neutrophils and the
or cathelicidin LL-37 Rapala-Kozik et al., 2015; Bochenska et algspartic proteases produced by this microbe are chemotactic
2019, and cause the release of proin ammatory bradykinin-agents for neutrophilsGabrielli et al., 201)6and are probably
related peptides from kininogensR@pala-Kozik et al., 2010; jnvolved in their modulation via ROS generatioii¢rnbach
Kozik etal., 201p Moreover, Saps are involved in the promotion et a|., 200p For the inactivation of fungal cells, neutrophils can
of fungal cell adhesion to epithelial cells and tissuésafiim  also utilize netosis in which calprotectin seems to be thenmai
et al., 1998 Saps also enable the escape and survival of fungalling component of NETs (rban et al., 2006 Moreover, as
cells Borg-von Zepelin et al., 19ptollowing an interaction with  the hyphal form ofC. albicansappears to be too bulky to be
phagocytes and can serve as productive chemoattractiats ( phagocytosed, it has been proposed that NET release is adtivate
etal., 201B and regulated by the size and type of morphological fornCof

At the place of infection,C. albicansis detected by albicansand is therefore the ideal mechanism to prevent invasion
di erent immune cells, particularly by neutrophils\gtea et al., py the lamentous forms of this pathogerB(anzk et al., 2014;
2019. Neutrophils can kill microbes through phagocytosis,johnson et al., 20).6Furthermore, the major components of
extracellularly through the release of antimicrobial tastvia a the C. albicanscell wall can be involved in the activation of
degranulation process, or through the excretion of neutrdphinetosis pathways-Glucans, which are recognized by the Dectin-
extracellular traps (NETs)EBfinkmann et al., 2004 NETs 1 or CR3 receptors of neutrophil&i(X. et al., 2011; Gazendam
are web-like structures that very e ectively prevent pathogemt al., 2014; Johnson et al., 2Pt&use NET release, probably via
spreading within the host and thus the further development ofa ROS-independent mechanisiBy(d et al., 2013; Nani et al.,
infections. NETs are composed of decondensed chromatirishat2015. However, the detailed roles of each typefalbicans
adorned with granular proteins such as elastase, myelopasei  surface or secreted component in NET formation are still poorly
(MPO), cathepsin G, and protease3, or with antibacterial peptideunderstood.
such as cathelicidin LL-3B(inkmann et al., 2004; Urban et al.,  In our current study, we aimed to determine the functions of
2009 that successfully combine to kill invading microbes. the main components of th€. albicanscell wall, includingb-

NET formation, known as netosis, can be induced by bacterigjlucans, mannans and adhesive proteins, and Saps, in the process
fungi, viruses, and parasites, as well as by activated patelef NET formation. We found evidence that each major class of
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compounds isolated from the fungal cell wall can activate sisto Poland), which complies with the requisite con dentiality
and revealed for the rst time that th€. albicansSaps play assurances for human participants. Whole blood (20 ml)
an important role as a NET-release trigger. We identi ed thewas collected into 50 ml tubes containing EDTA at a nal
main receptors involved for each class of compounds that wancentration of 5 mM. Samples were maintained at room
examined in the present study and identi ed that the CD11btemperature throughout the isolation procedure. The tubesawe
receptor interacts with Sap6, one of the main triggers of ristos centrifuged at 300 g for 15 min, the plasma layer was removed,
Taken together, our current ndings have enabled us to proposand the bottom layer containing leukocytes and erythrosyte
a scheme for the signaling pathways involved in the inductibn was restored to the original volume of 20 ml with phosphate-

netosis by fungal pathogens. bu ered saline (PBS) (Sigma-Aldrich, St. Louis, MO) and gentl
mixed by inverting the tube four times. The cell suspension

MATERIALS AND METHODS was carefully layered on 10 ml Pancoll (PAN-Biotech GmbH,
Aidenbach, Germany) and centrifuged at 300g for 30 min.

Yeast Strains and Culture The supernatant was removed and 20 ml of 1% polyvinyl

The main experiments were performed using. albicans alcohol (Sigma-Aldrich) was gently mixed with the suspension
strain ATCC10231 purchased from the American Type Cultureby inverting four times. The tubes were allowed to stand for 2
Collection (Manassas, VA). The role©f albicansSaps in netosis min at room temperature to enable erythrocyte sedimentation
was also examined using tie albicanstrains listed inTable 1 The supernatant containing the PMNs was then collected into a
C. albicansvas grown in YPD medium (1% yeast extract, 2%resh tube and centrifuged at 110g for 5 min. The supernatant
soybean peptone, and 2% glucose) for 16 h aC3@ an orbital was next removed and the erythrocytes in the cell pellet were
incubator to the stationary phase. For the isolation of celllw lysed by the addition of 1 ml of sterile 0 for 30 s. An
components,C. albicanshyphae were obtained by inoculation equivalent of 2x-concentrated PBS was added to stop the lysis
of the stationary-phase cells into RPMI-1640 medium (PAAreaction. The volume of cell suspension was lled to 10 ml by
Laboratories GmbH, Pasching, Austria) followed by incutrati PBS and centrifuged at 110g for 5 min. The supernatant was
for 72 h at 37C with constant shaking. To compare the NET removed, the cell pellet was resuspended in 1 ml RPMI-1640
release by two morphological forms @f. albicansthe same medium without phenol-red (PAA Laboratories). The neutrophil
number of fungal cells was used in two sets. The yeast-like fo purity was assessed routinely by forward- and side-scatier

was obtained directly from the YPD culture, after washingl an cytometric analyses and the rapid Romanowsky stain of cytospins
re-suspending the cells in the PBS bu er, whereas the secdnd sellowed by di erential count of more than 700 cells, using optical
was incubated under hypha-inducing conditions (RPMI, 3 h atmicroscopy. This neutrophil preparation method yields 85%

37 C), in which the cell number was kept nearly the same but theure population of the cells.

cell morphology changed. The initial cell count was deterxin

by OD measurement at 600 nm, performed for the diluted liquid )
culture and assuming that the Q@ovalue equal to 1 corresponds Isolation of Mannans and Glucans from the

to3 10 cells/ml. C. albicans Cell Wall
. . Mannans were isolated from th€. albicanscell wall using the
Neutrophil Isolation method previously described bgocourek and Ballou (1969)

Human polymorphonuclear cells (PMNs) were isolated frompyie y, this procedure is based on the precipitation of the
EDTA-treated whole-blood samples obtained from healthymannans released from cell walls obtained after autootgtlie
donors via the Regional Blood Donation Center (Krakow,funga| cells for 3 h at 12T in 20 mM citrate bu er, pH 7.0.
This precipitation of mannans from the supernatant was then
repeated twice with Fehling's reagent obtained just befoee th
experiment by mixing solution A (69,278 g/l of CugO 5
H20) and B (346 g/l of potassium-sodium tartrate and 100 g/l

TABLE 1 | C. albicansstrains used in this study.

Strain Genotype References of NaOH). The remaining cell pellet, after homogenization, was
used to isolate the glucans by heating the sample for 2 h in a

ATCC 10231 wild type water bath with isopropyl alcohol (w/v ratio of 1:4) under rexu

CAl-4 Prototrophic wild type Fonzi and Irwin, 1993; The excess reagent was removed by washing three times with

Murad et al., 2000

sap / 1/2/3 sapl :hisG/sapl :hisG Negri et al., 2011
sap2 :hisG/sap2 ::hisG
sap3 :hisG/sap3 :hisG

acetone. Proteinaceous contaminations which can remathen
polysaccharide preparations were removed by hydrolyzing with
250 mg of proteinase K (Sigma-Aldrich) for 4 h at 85 in 20
mM Tris-HCI bu er, pH 8.0 containing 20 mM NaCl, 2 mM

sap / 4/5/6 sap6 ::hisG/sap6 ::hisG Sanglard et al., 1997 . .
sap4 :hisGlsapd :hisG MgClp, 1 mM CaCh, 0.1 mM DTT (Liu et al., 2008 Possible
sap5 :hisG/sap5 :hisG contamination of glucan and mannan fractions with other cell
sap8 / sap8::hisG/ sap8::hisG- Puri et al., 2012 surface proteins was tested using the methoBmfiford (1976)
URA3-hisG The concentration of mannans or glucans was determined using
sap / 9/10 sapl0 :hisG/sapl0 :hisG Albrecht et al., 2006 the phenol-sulfuric acid methodD(ubois et al., 1951; Masuko

sap9 :hisG/sap9 hisG et al., 2005 modied for 96-well microtiter plates (Sarstedt,
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Numbrecht, Germany). About 200 ng of glucans and 80 ng oivall proteins (CWP) or puri ed proteins (enolase, Als3, Saps)

mannans could be obtained from 36ells. were then added in the volume of 2@ of RPMI at various
) ) ] range of concentrations. Neutrophils, treated for 3 h atGy7
Isolation of C. albicans Cell Wall Proteins 5% CQ with 25 nM PMA (Sigma-Aldrich) were used as a

Cells from the hyphal form o€. albicang0.4 g wet weight) were positive control. After incubation, SytoxGreen dye (Molexul
washed three times with 50 mM phosphate bu er, pH 6.0, twiceProbes, Eugene, OR) was added to each cell sample at a
with 10 mM Tris bu er with 0.9% NacCl, pH 7.4, and once with nal concentration of 1mM. Samples were visualized under a
50 mM Tris bu er, pH 7.5. The extracts of cell wall proteins uorescence microscope (Nikon Eclipse-Ti). NET production
were prepared from cells by treatment witht1,3-glucanase was also visualized using antibodies against myeloperssida
(Quantazyme; Qbiogene, Carlsbad, CBjowe et al., 2003 elastase (Abcam, Cambridge, UK).

Quantazyme (200 U) was added to the cell suspension in 1 ml of

50 mM Tris bu er, pH 7.5 containing 40 mM 2-mercaptoethanol Monitoring of Neutrophil Interaction with

and protease inhibitor cocktail (Roche, Penzberg, Germdmg. . glbicans Cells or Their Surface

cells were then incubated at 37 for 3 h with gentle shaking. . . .
Trypan Blue staining was used to verify that at least 95% Ogiomponents via Quanti cation of the NET

the C. albicanscells remained viable after this treatment. TheR€Sponse

treated cells were allowed to settle and after cell pellebray ~ TWelve-well microplates (Greiner Bio-One, Germany) were
the released cell surface proteins in the supernatant weresguri  coated with poly-L-lysine at £ overnight. An aliquot of 1.5
from DNA by ion Chromatography on MonoQ_Sepharose (G E].OS neutrophils in 900m RPMI-1640 medium was added to each
Healthcare/Pharmacia, Uppsala, Sweden) equilibrated in 20 migpated well and the cells were incubated at3in 5% CQ for 30
Tris-HCI bu er, pH 8.0. The protein fraction was then eluted Min to enable attachment to the surface. Whalealbicansells,
using a gradient of NaCl (0-0.4 M) to receive cell wall proteirdS well as stimuli factors including isolated glucans, masnan
mixture (CWP). The purication of Als3 and enolase wasWhole CWP mixtures or puri ed proteins (enolase, Als3, Saps)
performed according to the method described ®yweryn et al. Were added in a volume of 2@ of RPMI at a selected range of

(2015) concentrations. The cells were then further incubated aC3in

5% CQ for 3 h. Cell treatment with PMA was used as a positive
Recombinant Sap Production and Protein control. After incubation, the cells were washed three tinvéh
Fluorescent Labeling PBS. A 400m aliquot of micrococcal nuclease (MNase) at a

All 10 Sap isoenzymes used in the experiments were Obtamg&nce_ntration of 1 U/ml (Roche) was then aqded a_nd the cells
according to the method described previousl§oki et al., were incubated at 3T for an additional 20 min to digest any

2011; Rapala-Kozik et al., 2Q1%fter their overexpression in released DNA. The nu'clease activity was stopped by the ado!itio
the Pichia pastorissystem (Invitrogen, Waltham, MA). The of 5mM EDTA. The microplate was nally centrifuged for 5 min

homogeneity of the puri ed proteins was checked by sodiunft300 gat4C and the collected supernatants were once again

dodecyl sulfate-polyacrylamide gel electrophoresis (SBGH) centrifuged to remove any debris. SytoxGreen was added to the

and their proteolytic activities were assayed on the boronSlari ed solutions at a nal concentration of M and 50m of

dipyrromethene FL casein substrate (Invitrogen) in 0.1 M brs e each sample Was_tra_nsferred into a 96-\_/veI_I microplate to measur
at pH values corresponding to the highest activities of theuorescence (excitation at 495 nm, emission at 525 nm) using a

enzymesAoki et al., 201). Puri ed Sap6 was labeled using 5/6- Synergy H1 microplate reader (Biotek, Winooski, VT).
carboxy uorescein succinimidyl ester (NHS-Fluoresceirerée

Biotechnology, Rockford, IL). For the other protein sample
(200ml), prepared in labeling bu er (20 mM sodium phosphate,

150 mM sodium chloride, pH 8.0), a 20-fold molar exces X . X .

of freshly prepared solution (10 mg/ml) of NHS- uorescein neutrolph.nls (2.2. 10?) were incubated wittC. aIbpans:eIIs at

in dimethylsulfoxide (DMSO) was added. The reactions wer& Multiplicity of infection (MOI) of 0.01-10, at 3L in 5% CQ

performed for 2 h on ice. Non-reacted NHS- uorescein was'or 3 h. The cell suspensions were then washed three times with
BS and resuspended in 560 of PBS containing annexin V-

removed using a Dye Removal Column (Pierce Biotechnolog SPSTVEY k
by centrifugation for 30s at 1,000 g. The concentration of ITC and propidium iodide (PI). Samples were further incubated

labeled protein was determined with the bicinchoninic acigf©f ® Min in the dark at room temperature and analyzed by ow

(BCA) method. Protein preparations were stored at4 cytometry using a FACS BD LSR Il cytometer (BD, San Jose, CA)
with a FITC signal detector for annexin V-FITC binding and

NET Visualization phycoerythrin signal detector for Pl staining.

Microscope slides were cleaned with isopropyl alcohol and doate ) . .

with 0.01 mg/ml of poly-L-lysine at £ overnight. Then, 2.2 Analysis of Sap6 Interaction with

10P neutrophils in 80m RPMI-1640 medium were seeded Neutrophil Surface

on the slides and incubated for 30 min at &, 5% CQ for  Neutrophils (2.2 1) in 100m of RPMI-1640 medium were

cell attaching. WholeC. albicanscells or selected stimulants transferred into a 96-well high binding black microplate @Brer

including isolated glucans, mannans, isolated mixture eff ¢ Bio-One, Kremsmdinster, Austria) and left at & for 30 min

Jest of Neutrophil Viability
Neutrophil apoptosis was analyzed using an annexin V-
FITC Apoptosis Detection Kit (ab14085, Abcam). Briey, the
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to attach. The plate was then washed three times with 0.05%cubated for an additional 15 min following the addition of
bovine serum albumin (BSA) in PBS and further incubated isth 3,35, %-tetramethylbenzidine (TMB). The enzymatic reaction
solution for 30 min at 37C to coat the unoccupied well surface. was stopped by acidi cation and the optical density (OD) was
After further washing of the cells with PBS, 10Daliquots of recorded for each well at 450 nm using the Synergy H1 microplate
uorescently labeled Sap6 at various concentrations wededd reader.
to the wells. The plate was then incubated for 1 h at@7 o .
and washed three times with PBS. Fluorescence was measurattistical Analysis
(465/525 nm) in fresh PBS using the Synergy H1 microplat&Experiments were performed at least three times in duplicate
reader. using neutrophils from dierent donors on dierent days.

For microscopic analysis of neutrophil interaction with Sap6 Statistics were performed by one-way ANOVA analysis foltbwe
10° neutrophils suspended in RPMI medium were settled for 3dy Turkey's post-hoctest, using GraphPad Prism 7 software
min at 37 C on glass coverslips pre-coated with poly-L-lysine (XGraphPad Software, La Jolla, CA, USA). Di erencep ©f0.05
mg/ml). Cells were incubated with uorescein-labeled Sap6lf Were considered signi cant.
h at 37 C, washed with PBS and xed with 3.7% formaldehyde
for 10 min at room temperature. Glass slides were then wash@ESULTS
twice with PBS. Mounting medium Fluoromount-G (Southern . . .
Biotech) was added to the preparations. The confocal micysco The Main Virulence Factors of ~ C. albicans
images were collected using an TCS SP5 Il microscope (Leica)are Involved in Triggering NET Formation

Some recent studies have described the di erent involvement

Identi cation of the Neutrophil Receptors of two morphological forms of. albicansells in NET release

and Signal Mediators Involved in Netosis by neutrophils upon contact with fungi, with a stronger e ect
For investigation of the role of selected receptors or signdpund for the hyphal form (rban et al., 2006; Branzk et al.,
mediators in netosis, neutrophils were preincubated with spec  2014; Johnson et al., 2Q16Although, all C. albicanscells
antibodies or inhibitors prior to stimulation withC. albicans are equipped with principal virulence factors such as cell-
factors. Neutrophils (1 1CP) were preincubated for 30 min at Wall polysaccharides (glucans, mannans), surface proteins and
37 Cin RPMI-1640 medium with tng/ml of blocking antibodies Proteases (either surface-localized or secreted to thesnding
directed against TLR2, TLR4, Dectin-1, CD14 (Invivogenenvironments), the specic proles and proportions of these
Toulouse, France), CD11a, CD11b, CD16, CD18 (BioLegend, Skctors are di erent and are dependent on the location and ieixte
Diego, CA, USA) or isotype control antibody—IgG (Abcam). Forof infection (Naglik et al., 2008 To compare their e ciency in

the analysis of selected signaling pathways, neutrophils@®)  NET release, we used puri ed virulence factors isolated from
were preincubated for 30 min at 3 in RPMI-1640 medium the lamentous form ofC. albicansThe e ects on NET release
with 30 mM of Syk inhibitor (piceatannol; Sigma-Aldrich), 10 after 3 h of neutrophil treatment were detected by SytoxGreen
mM of Src inhibitor (PP2; Calbiochem, Darmstadt, Germany) staining and were compared with the results observed during
25 mM of PI3K inhibitor (LY29004; Calbiochem), or 1M  heutrophil contact with 25 nM phorbol myristate acetate (PMA),
of ERK inhibitor (UO126; Cell Signaling Technology, Beverlya potent inducer of NETs, and corresponding to neutrophil-
MA). To inhibit ROS-dependent netosis pathways, neutrophilgontacted whole fungal cells atan MOI 1:1. Our restHigire 1)
were preincubated for 30 min at 3¢ in RPMI-1640 medium €On rmed previous observations in the literature on the hegh
with 10mM DPI (Sigma-Aldrich), an NADPH oxidase inhibitor. NET response levels to the lamentous forms Gf albicans
Phagocytosis of neutrophils was blocked by pretreatmentef thas compared to planktonic cells. The most intense signal was
cells with 5mM of cytochalasin D (CytD, Sigma-Aldrich) for 15 detected with compounds that form the core of the fungal
min at 37 C. After removal of the blocking agent by cell washingcell wall, i.e., mannans and glucans, and produced signals
neutrophils were treated with the indicated stimulants. Usstted ~ €ven exceeding the PMA e ect (130 and 60%, respectively).

neutrophils were used as controls. Weaker responses of neutrophils were found for proteinaceous
fungal cell surface compounds, mainly mannoproteins (up to
Analysis of ERK1/2 Activation 60%) involved in the adhesion @&. albicanscells, as well as

ERK1/2 activation was analyzed using an ERK 1/2 (pT202/Y20he surface-attached protease Sap9 (48%). The e ect of Sap9
C Total) ELISA Kit (ab176660, Abcam). Neutrophils (11°) ~ was comparable to that of Sap6 (35%), which is the aspartic
were incubated in RPMI-1640 medium with selected Saps at@otease secreted to the environment by the hyphal fornCof
concentration of 1 ng/ml for 1 h at 3T in 5% CQ. The cells albicans

were then washed three times with PBS and lysed in lysis bu er . .

containing phosphatase and protease inhibitors provided by thlET Formation Is Determined by the

manufacturer. Fifty microliters of aliquots of each lysatere Progress of C. albicans Infection

transferred into the wells of antibody pre-coated strips aidd 5 The previously reported data suggesting the impact of host
ml of a solution containing antibodies coupled with peroxidaseproteins or the pathogen size on the quantity of NET release
was added. The strips were then incubated for 1 h at roonby neutrophils in contact withC. albicangBranzk et al., 2004
temperature with continuous gentle shaking. The wellswikeat and their possible in uence on microbial biolm formation
washed three times with the provided bu er and the plate wagJohnson etal., 20),orompted us to assess a possible correlation
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FIGURE 1 | NET release in response to selectedC. albicans extracellular components. Neutrophils (2.2 105) in RPMI medium were treated for 3 h with solutions of]
puri ed C. albicansextracellular components: glucans, mannans, cell wall pteins (CWP) and Saps or wholeC. albicanscells, pre-propagated for 3 h at 37 C under
different conditions (YPD or RPMI), to obtain representatis of two fungal morphological forms (yeasts and hyphae, rggectively) at an MOI of 1:1, as was described
in detail in Materials and Methods section. Neutrophils teted with 25 nM PMA were used as a positive control whereas un¢ated cells served as a negative control.
(A) Extracellular DNA from neutrophils was partially digestedith micrococcal nuclease (MNase) and quanti ed. The uoresence intensity measured after Sytox
Green treatment was used to quantify NET release relative the positive control. The results shown are derived from tlee independent experiments performed in
duplicate. Data represent the means (relative to PMA) SEM. Asterisks denote a statistically signi cant differere between the samples and negative control (¥ <
0.05, **p < 0.01, **p < 0.005, ***p < 0.001, ns—no signi cance). (B) Extracellular DNA was visualized by uorescence microscopgfter staining with SytoxGreen.
The results shown are a representative of ve independent exgriments, each performed in triplicate.

between NET release and the progress of infection. We sieuilat cells (PC) correlated with netosis at di erent MOI values. At

infection progression by increasing the MOI (multiplicity of an MOI of 1:1 and 1:5 the percentage ofCPtells reached the

infection) of the contacting cells. For more precision and tohighest level, but at the MOI of 1:10 this trend was reversed,

eliminate the e ect of bio Im formation we used planktonic i.e., the number of living cells increased and NET production

cells that started to germinate during the time of contacthwi Was not observed. This nding suggests the involvement béot

neutrophils (3 h, 37C, RPMI). At a low amount ofS. albicans mechanisms of defense against fungal cells.

cells (up to a 1:1 MOI), the alarmed neutrophils responded .

by increasing NET production, suggesting an important roleGlucans and Mannans Trigger NET Release

of netosis at the initial infection stagéigure 24). However, DYy Different Mechanisms Involving

further increases in the amount of fungal cells in contacthwi Reactive Oxygen Species

neutrophils (an MOI above 2:1) resulted in a declining NETBased on the identi ed e ects of. albicansurface components

release. on NET release, a deeper analysis was conducted to determine
To test whether this observation was the result of di erentthe receptor involvement and ROS-dependent nature of these

types of neutrophil death, we assessed neutrophil viabiltgr af responses. As the type and amount of glucans or mannans

exposure taC. albicangells by FACS analysigigure 2B). The  on the C. albicanscell surface may change during infection,

results indicated that the number of propidium iodide positive depending on host cell response, we rst assessed whether ther
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FIGURE 2 | (A) Generation of NETs byC. albicansat different MOI levels(B) Neutrophil viability upon contact withC. albicans (A) Neutrophils (2.2 10°) were
incubated with C. albicanscells at different MOI levels for 3 h to induce netosis. Aftencubation, the amount of released DNA was determined usinyiNase for partial
NET digestion followed by staining with SytoxGreen. Unstiolated neutrophils were used as a negative control; a 25 nM P solution was assumed to induce a
maximal level of NET release. Results from three independeexperiments (in triplicate) are shown. Error bars repres¢the mean SEM and are expressed as a
percentage ratio of the tested sample signal relative to theMA-induced control. Asterisks denote statistical signi ance relative to the negative control (¥ < 0.05, **p
< 0.01, *p < 0.005, **p < 0.001, ns—not signi cant). (B) After incubation withC. albicanscells, neutrophils were labeled with annexin V-FITC and pragium
iodide and analyzed by ow cytometry. The results are presergtd as a percentage ratio of the signal detected for whole ceffopulation and showing no cell death
(PI-AnV-), early apoptosis (Pl-An®), and late apoptosis (RCANVC). Cells stained only with propidium iodide (RIAnV-) represent the necrotic or NET-forming cells.
For each sample, data were collected for 100,000 neutrophsl Data are presented as mean SEM of three independent experiments. Asterisks denote stistical
signi cance relative to the negative control (F < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001, ns—not signi cant).

was any correlation between NET production and polysacclaridWe therefore attempted to identify the receptors involved in
concentration Figure 3). The amount of glucans and mannans the activation of netosis by glucanBigure 4A) and mannans
used in these experiments corresponded to the estimatg@Figure 4B). Specic antibodies were used to block a range of
amounts on the fungal cell surface at an MOI of 1:1. receptors prior to stimulation with glucans at concentration
In the analysis, the presence of glucans at a concentratiasf 200 ng/ml or mannans at concentration of 20 ng/ml. The
of up to 200 ng/ml Figure 3A) led to the release of NETs decrease in NET response would then indicate the receptor
in a dose-dependent manner. Surprisingly, further increases participation in netosis activation by neutrophils. As shown
the glucan concentration resulted in a signi cant decre@se in Figure 4A, an active role in the glucan-triggered process
the netosis yield. The most e cient NET production level, was shown for the CD369 (Dectin-1), CD11b (Mac-1), and
i.e., about 70% of total amount of DNA released after PMACD18 receptors, in which CD11b and CD18 were found to be
stimulation, was observed for the glucan concentration @ 2 cooperating receptors. Antibody blocking of these recepteds |
ng/ml that corresponds to an MOI of 1:1. Moreover, this glucan-to a 50-60% decrease in the NET response. A lowering in NET
triggered process seemed to involve a ROS-dependent pathwaypduction was also observed for a CD11a receptor block, where
in which NADPH oxidase is the key mediator of NET releaseincubation with a speci ¢ antibody decreased the extracatlul
This was evidenced by the e ect of treating neutrophils withDNA release to about 80—85% of the initial level.
the NADPH oxidase inhibitor diphenyleneiodonium chloride In the case of mannan-triggered netosis, it was found to
(DPI) prior to glucan usage. DPI exposure caused a signi canbe mediated by many di erent surface receptofEgure 4B),
reduction in the neutrophil response, below 20% of the positiverincipally the CD369 (Dectin-1), CD11b (Mac-1), and CD14
control level. This e ect was similar to that detected usingreceptors. CD14 is a co-receptor for TLR4, which, together with
neutrophils treated with PMA in the presence of DPI, suggesting LR2, also played a role in mannan recognition by neutrophils.
that this process is strongly ROS-dependent. A similar patterA slight e ect was also noted when blocking the CD18 and
of netosis activation was observed with mannaRgy(re 3B). CD11a receptors. The considerable di erences in the receptors
The maximal e ciency of NET production, about 60% of the involved in mannan-triggered netosis may explain the possibl
positive control level, was detected at a mannan concentrati mixed mechanisms, i.e., ROS-independent and ROS-dependent,
of only 20 ng/ml. Notably, a further increase in the mannanunderlying the NET response to these molecules.
concentration also caused a lower NET response. However, the ] )
netosis pathway triggered by exposure to mannans seemed - albicans Surface Proteins Are Less
di er from that induced by glucans. The inhibition of NADPH Effective in Activating Netosis
oxidase by DPI had little e ect on NET formation in the presenceAs identied in our earlier analysesC. albicans surface
of mannans, with a minor blocking impact of DPI on DNA proteins also participated in NET production by neutrophils
release. This nding suggests that mannans act predomigantlin contact with C. albicanscells. To determine the ability
but not exclusively, through an ROS-independent netosisf these surface proteins to activate NET release we puri ed
pathway. those that have been commonly detected duri@ig albicans
These two types ofC. albicanspolysaccharide cell wall host infections. These included Als3—one the main candidal
components are recognized by various neutrophil receptoraidhesins and a representative of the glycosylphosphatidylaosit
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FIGURE 3 | Generation of NETs triggered by glucans and mannans. Neutphils (2.2 105) were incubated for 3 h with isolatedC. albicansglucans (A) or mannans
(B) at the indicated concentrations to induce netosis. Cells vt active NADPH oxidase ( DPI) or with this enzyme inhibited by 5nM DPI CDPI) were used. The
amount of released DNA was determined uorometrically afteBytoxGreen staining, as described above. The negative cordl was unstimulated neutrophils, while
treatment with 25 nM PMA solution was assumed to induce a maxnal NET release. The results shown are representative of #& independent experiments
performed in duplicate. Data represent the means SEM and are shown as percentage ratio of the signal for the téed sample relative to the PMA-induced control.
Asterisks denote statistical signi cance relative to the ngative control (p < 0.05, **p < 0.01, ***p < 0.005, ***p < 0.001, ns—not signi cant).

FIGURE 4 | The role of neutrophil receptors in the activation of netosiby glucans and mannans. Neutrophils (2.2 10°) were preincubated with selected antibodies
(@b, 1 mg/ml) against the indicated surface receptors and netosis wathen induced for 3 h by incubation with glucangA) or mannans (B) at a concentration of 200
ng/ml. IgG antibody was used as the isotype control. The amounof released DNA was determined using SytoxGreen staining @nuorimetric detection, as described
above. The results shown are derived from three independerexperiments performed in duplicate. Data are representedypthe means SEM and are expressed as
percentage ratio of the detected signal for the tested samp relative to the control sample. Asterisks denote statistal signi cance relative to the negative control ¢
< 0.05, **p < 0.01, ***p < 0.005, ***p < 0.001, ns—no signi cance).

(GPI)-anchored surface mannoproteins, and enolase, thet moAspartic Proteases of C. albicans Trigger
prominent “moonlighting” protein that has well-conrmed Netosis with High Potency

adhesive functionl(iu and Filler, 2011; Karkowska-Kuleta and Sap Production Mutants Are Less Effective in

Kozik, 201 and is a widely used antigen in serological test\ctivating NETs

for candidal infection (i Wq. et al., 2011; Shibasaki et al. 1o verify the role of secreted and surface localized aspartic
2013. Both proteins were tested for their ability to stimulate proteases of Calbicansin the activation of netosis, we used
NET formation in a concentration-dependent manner. Als3 didcC albicansstrains harboring selected Sap group gene deletions
not show any signi cant in uence on NET releasBigure 5A).  (Figure 6). We used th€. albican<CAI-4 strain as the reference.

In contrast, enolase showed a positive correlation with thecAl-4 responded depending on the MOI in the same way
NET response, but only within a narrow concentration rangeas the wild-type ATCC10231 strain. We observed the highest
(Figure 5B). Enolase caused a maximal e ect at 80 ng/mle ciency of NET production at an MOI of 1:1, corresponding
releasing NETs at 30% of the positive control level. Again, & 60% of the positive control level with PMA exposure. All
further increase in the enolase concentration in contadhwi of the mutant strains ofC. albicanscould initiate netosis in
neutrophils inhibited netosis. an MOI-dependent manner but they responded with di erent
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FIGURE 5 | Response of neutrophils to stimulation with Als3 and enolas Neutrophils (2.2 105) were incubated with selected concentrations of Als3A) or enolase
(B) for 3 h to induce netosis. The amount of released DNA was detenined uorimetrically after SytoxGreen staining, as desdsed above. The results shown are
derived from three independent experiments performed in dulicate. Data are presented as the means SEM and expressed as a percentage ratio of the signal for
the tested sample relative to the positive, PMA-induced cotmol. Asterisks denote statistical signi cance relative tdhe negative control (p < 0.05, ***p < 0.005,
ns—not signi cant).

e ciencies depending on the deleted protease. The quantity oéspartic protease class inhibitor pepstatin A. No signi cant
released DNA by neutrophils in contact with mutant strainsproteolytic e ects on NET release were observed however (see
at an MOI of 1:1 was signi cantly lower than the referencebelow).

strain. In addition, the trend for the observed changes ie th  Our analysis of Sap in uence on the netosis yield indicated
mutant strains was di erent—the amount of released DNAthat NET release is dependent on the stimulant concentration
still increased with an increasing MOI. This could suggeswith the highest e ect evident at a protease concentration
that the trigger that inhibited netosis in the wild type fungal of 100 pg/ml. We observed from our analysis that Sap3
cells was not sucient in the mutant cells lacking proteasedid not detectably induce NET formation, and that Sapl
activity. C. albicanscells deprived of the aspartic proteasesand Sap7 induced netosis poorly at a concentration of 1
Sap9 and SaplG4 /1 9/10), that are GPIl-anchored in the ng/ml, only reaching 10-15% of the positive control level. A
cell wall, showed the lowest NET response, reaching onilightly higher amount of NET production (up to 40%) was
about 25% of the positive control cells (neutrophils treateddetected for Sap2, Sap5, and Sap8. However, the highest NET
with PMA) at an MOI of 1:10. The deletion of Sapl-Sap3response levels, reaching about 60% of the positive control,
(safl /1 1/2/3) and Sap4-Sap&df /1 4/5/6) resulted in NET were observed for Sap4 and Sap6 which are produced mainly
generation below 40% of the positive control levels at an MOby the hyphal form ofC. albicans The Sap4 concentration

of 1:10. However, the lack of Sap8 seemed to have no e etttat was most e cient for the activation of netosis was 1
on NET production and at an MOI of 1:10 these mutant cellsng/ml but for Sap6 this activation occurred at a 10-fold lower
showed a response similar to that of wild-type cells. Comparingrotein concentration. The next most e cient Saps for NET
these results with the ndings at an MOI of 1:1 it could be production were Sap9 and Sapl0, both of which are surface-
concluded that the tested proteases have important roles ianchored enzymes. Signi cantly high amounts of extracatlul

netosis activation. DNA were detectable at the Sap9- or Sap10 concentrations of 100
pg/ml.

Puri ed Saps Activate NET Release in a Dose To identify the pathway(s) involved in Sap-induced netosis,

Dependent Manner, Partially via a ROS-Dependent we compared NET production under protease treatment

Pathway conditions with or without NADPH oxidase inhibitor (DPI)

To verify the role of the aspartic proteases in triggeringireatment. Neutrophils were stimulated with each type of Sap
netosis, we treated neutrophils with puried Sap proteins atat a concentration of 0.1 ng/miFgure 8). In every case, the

a wide range of concentrations (0.001-10 ng/fRigure 7).  presence of the NADPH oxidase inhibitor led to a signi cant
NET release was then measured by the detection afecrease in the NET response, suggesting the involvement of a
excreted DNA using SytoxGreen, and was also conrmedROS-dependent mechanism in Sap-triggered netosis. However,
by microscopic detection of elastase or myeloproxidase tduring treatment of the neutrophils with Sap4 and Sap6 in the
exclude the eects of cell membrane disruption by fungalpresence of DPI, about 25-35% of the NET production level
proteases (data not presented). Moreover, the inuencavas preserved. This observation suggested that in case of Sap4
of proteolytic activity on NET production was also testedand Sap6 extracellular traps can be produced in part via a ROS-
for the most e cient proteases via the addition of the independent pathway.
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FIGURE 6 | Variable Sap expression regulates NET release. Neutroph{|1.5 106) were incubated with cells from the indicated strains of. albicansat different MOI
level for 3 h to induce netosis. Strains with deletions in th8AP1/2/3 (sapl /1 1/2/3) (B), SAP4/5/6 (sapl /1 4/5/6) (C), SAP8 (sap81 /1) (D), and SAP9/10

(sapl /1 9/10) (E) genes were used, as well as reference cells (CAI-4}\). The results shown are representative of three independergxperiments performed in
duplicate. Data are the means SEM and are expressed as percentage ratio of the signal for éntested sample relative to the positive PMA-induced contrio Asterisks
denote statistical signi cance relative to the positive cotrol (** < 0.005, ***p < 0.001, ns—not signi cant).

The Neutrophil CD11b Receptor Is reduction in the extracellular DNA level, to about 50 or 25% o
Responsible for the Triggering of Netosis the control levels, respectively. The CD11a receptor couldoso
by Saps involved in this process, particularly for Sap4, as a NET respons

. . reduction of more than 50% was observed during antibody
For S"’Fps with th? highest NET re!ease potency, we perform ﬁeatment for this molecule. TLR2 seemed also to play a role in
a detailed analysis of the responsible neutrophil receptore. he activation of netosis by Sap4 and Sap6, but at a lower lével o

blocked selected receptors with specic antibodies prior topotency. Additionally, CD14 may be involved in the triggegiof
neutrophil treatment with a 1 ng/ml concentration of Sap4, Sap6etosis by Sap6.

Sap9, or Sap1Figure 9). IgG served as a negative control. The  The cell wall-anchored proteases Sap9 and Sapl0 activated
Sap4 and Sap6 proteases, secreted mainly by the lamentous fofgiosis mainly via the CD16 and CD18 receptors; a block othes

of C. albicansappeared to activate netosis via the CD11b (Mac-1§yo receptors led to a 50% NET response reduction. Sap9 was
receptor, as the antibody block of CD11b led to a signi cantalso found to be recognized by the CD11a and CD11b receptors;
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FIGURE 7 | Release of NETs in response to Saps. Neutrophils (2.2 10%) were incubated for 3 h with isolated Saps (Sap1-10) withirhe 0.001-10 ng/ml
concentration range to induce netosis. The amount of relead DNA was determined uorimetrically after SytoxGreen staing, as previously described. Data are the
means SEM from two experiments and are expressed as a percentage tm, as described above.

about 25% less extracellular DNA was produced by neutrophilidenti cation of Pathways Involved in
treated with the respective antibodies against these reedto  Sap6-Activated Netosis
the case of Sap10, TLR2 and CD11b together with CD14 showegeci ¢ inhibitors of selected mediators involved in the osis
involvement in the NET response at a lower level. pathway were used to examine the participation in NET release
We performed further analysis of the neutrophil receptorquring contact with the most potent Sap activator, i.e., Sapé.
CD11b, that mainly mediates NET production under fungalThe possible toxicity of each inhibitor toward neutrophils was
protease treatment conditions, because of its interactidth W excluded using the test proposed Bghnen et al. (2014)We
Sap6, the most e cient protease in terms of netosis. Neutraphil identi ed Src and Syk as the main kinases involved in the
that had settled on the plate or were suspended in the RPMhduction of netosis during Sap treatmenFigures 11A-G.
medium were exposed to uorescein-labeled Sap6 at increasinthese mediators cooperate with selected surface receptors
protease concentrations for 1 Rigure 10. Microscopic analysis mentioned above, such as Dectin-1, CD16, and CD1Hvell,
of these interactions indicated that Sap6 was mainly loedlon  2011; Thomas and Schroder, 2013; Behnen et al., )2014
the cell surface but was also partially internalizEaygre 10A).  Inhibition of Src and Syk reduced the amount of released DNA
Blocking CD11b with a specic antibody led to a signi cant in response to exposure to di erent Saps by about 50%. The role
decrease in the number of Sap6 molecules associated with Src was found to be more important for neutrophils treated
neutrophils Figure 10B. Inhibition of the endocytic activity of with Sap9 as compared to Sap4 or Sap6. This is probably because
these cells by treatment with cytochalasin D resulted in a 45Sap4 and Sap6 trigger mixed netosis pathways. We speculated
60% lowering of the interaction with Sap6. Blocking of neptiidv  in this regard that the activation of Syk could transfer thgnsil
binding and protease internalization completely prevented anglownstream to PI3K or ERK1/2.
Sap6 interaction with neutrophils and further revealed CD11b PI3K participates in the regulation of netosis via KB-
as a critical factor in this interactionF{gure 10Q. Moreover, (DeSouza-Vieira et al., 20)L8n our current experiments, PI3K
these Sap6-neutrophil interactions were not in uenced by Sap#hibition led to a decrease in NET production in response
proteolytic activity because treatment with a protease iithib—  to each of the tested Saps. However, PI3K seemed to be most
pepstatin A Figure 10D)—did not change the results. important for the induction of netosis by Sap9. Similarly, the

Frontiers in Cellular and Infection Microbiology | www.frdiersin.org 11 September 2017 | Volume 7 | Article 414



Zawrotniak et al. Candida albicansProteases Trigger NETs

representing the main virulence factors ©f albicanghat are
either embedded in the fugal cell wall or secreted and thuspites
near the cell surface, that can stimulate neutrophils toaste
NETs. We propose that NET release (netosis) correlates with the
ability of neutrophils to recognize these particles at the neain

of infection, and involves the activation of di erent sigival
pathways within neutrophils.

Although, several hypotheses on the causes of NET
stimulation during contact with wholeC. albicans cells
have been proposed previouslyrpan et al., 2006; Branzk et al.,
2014; Johnson et al., 2Ql6ur current results suggest that
the actual number of pathogenic cells is the main regulating
factor in the triggering of netosis. As the amount and type
of C. albicanscells re ect the progress of infection, it seems
that netosis is activated at the early stage of host infectio
corresponding to an MOI of 1:1 at which stage phagocytosis

FIGURE 8 | Role of NAPDH oxidase in Sap-induced netosis. Neutrophil2(2 cannot e Clemly reduce the pathOgen spread and block the
10°) were incubated with the indicated Saps at a concentration b1 ng/ml development of infection. On the other hand, we found from
for 3 h to induce netosis. Cells with active NADPH oxidase (DPI) or with this our current experimentg that an excessive number of pathmgeni
enzyme inhibited by 5mM DPI (CDPI) treatment were used. The amount of cells can lead to a decrease in NET formation. This obsenvati
released DNA was determined after SytoxGreen staining. Utimulated . . . . . .
neutrophils served as a negative control and 25 nM PMA treatent was is consistent with a prewous nFj'”g that only large sized
assumed to induce a maximal level of NET release. Data are tireeans pathogen cells can trigger netosiBrénzk et al., 2094 We
SEM from three experiments performed in duplicate. Asteris denote conclude therefore that the size as well as the number of
statistical signi cance relative to the negative control fr< 0.05, ***p < 0.005, pathogenic cells, correlating with the stage of infectioan c
" < 0.001, ns—not signi cant). determine the choice of defense mechanism employed by the

host againstC. albicansOur observations are also consistent
with the results obtained byohnson et al. (201&yho reported
that neutrophils showed a lowered NET release in response

connected with ROS inductiom®eman et al., 200)gresulted in to the b_|o Im formed by C alb|canswhen the path.ogenlc.
surface in local contact with neutrophil cells was high. This

the reduced release of DNA. ERK1/2 activation was additignal ; 8 . .

examined using an ELISA test for phosphorylation of this kinasJeOle_a IS "?"SO supported .by Previous observations of Ipwer
during neutrophil treatment with Sapd-{gure 11D). Sap6 and eciency in ROS p_roducthn during pathqgen_contact Wlth
Sapl0 caused a three-fold higher activation of ERK1/2 compar&?mmph”s'. The c.0|ncubat|0n of neutrophils with pathogenic
to the unstimulated neutrophils. Lower responses were detect cells at_ratlo of 1:10 was repo_rted to completely block ROS
for neutrophils incubated with Sap4 and Sap9, thus correlatingeneratlon by neutrophils \ellington et al., 2009 Also,

. o . . . hnson et al. (201&8howed that neutrophil contact witic.
ththe bility of th tic prot toindudesis. 0" < .
w e ower abiily otthese aspartic proteases fo Indudesis albicansbio Im signi cantly reduced ROS production by these

phagocytes. As ROS are necessary for the main pathway of
DISCUSSION NET formation, a blockade of ROS release by a large number

of C. albicansells could be the reason why this causes netosis
Neutrophils that encounter the pathogenic forms®f albicans inhibition.
use many dierent receptors to sense compounds present As the cell wall ofC. albicansis a thick polysaccharide
at the fungal cell surface, including the main polysaccleridnetwork composed of a deep layer of chitin, a middle layer
components of the cell wall (glucans and mannans), adhesiwd b-glucans and an external cover comprising mannans, and
surface-bound proteins and Saps. During candidal infectiba, containing numerous proteins throughou€pa n et al., 1998;
structure and properties of the cell surface of this pathogeiarkowska-Kuleta and Kozik, 20),5a crucial question that
constantly change, as exemplied by recent nding that thearose was the identity of the major cell wall components that
amount and type of cell wall-forming polysaccharides can bare most important for the induction of netosis. Among the
dynamically adjusted to make the fungal cells less recaptéz aforementioned compoundb;glucans are the most recognizable
by the host immune cellsHopke et al., 2016 Accordingly, by immune cells that induce ROS production and phagocytosis
neutrophils use multiple mechanisms to cope with the pathogeFigueiredo et al., 20)1The amount of glucans exposed on the
attack, including phagocytosis, degranulation, and the tmossurface ofC. albicanscells has been proven to change during
recently described formation of extracellular web-likeustures  infection whereupon the hyphal form of the pathogen exhibits
composed of chromatin DNA and granular proteins, i.e.,a lower production of these moleculeS#{ntner et al., 2003
NETSs. Moreover, the layer of mannans that covers the deeper layer of

In our present study, we have for the rst time characterizedglucans prevents recognition of the latter molecules, asdlte

and compared the e ciency of major classes of compoundsin a decreased immune cell responBe(is et al., 2004

inhibition of ERK1/2 kinase, which is involved in NET formati
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FIGURE 9 | Participation of selected neutrophil receptors in Sap-tgigered netosis. Neutrophils (2.2 105) were preincubated with antibodiesgb, 1 mg/ml) against
the indicated neutrophil receptors and netosis was then tggered for 3 h by Sap4(A), Sap6 (B), Sap9 (C), and Sap10 (D) at an enzyme concentration of 1 ng/ml. IgG
antibody was used as an isotype control. The results shown arderived from three independent experiments, performed iduplicate. Data are the means SEM,
relative to the untreated control sample. Statistical sigrcance is denoted by asterisks (p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001, ns—not signi cant).

Although, b-glucans are a well-known stimulus of netosis,found that netosis triggered by glucans involved two groups of
the signaling pathways involved in this process are still undereceptors: Dectin-1 (a C-type lectin receptor) and CR3 receptor
discussion Byrd et al., 2013, 2016; Nani et al., 2015; JohnsaiMac-1; CD11b/CD18). Dectin-1 is known to be one of the
et al., 2015 In our present analysis, we observed that glucanmajor receptors involved im-glucan recognition Brown and
activated netosis in a dose-dependent manner, mainly via @ordon, 2001; Brown et al., 2002, 2003; Li X. et al., p@ith
ROS-dependent signaling pathway. These results are similar ROS induction and initiation of phagocytosis as the responses.
those obtained byNani et al. (2015)On the other handByrd  Mac-1 was also shown to be an important playerbiglucan
et al. (2013, 2016eported that glucan-induced netosis is ROS-recognition by neutrophils (an Bruggen et al., 20)9which
independent and requires a bronectin base. In contrast tsth is followed by phagocytosis. On the other hand, Byrd et al.
howeverNani et al. (2015)ecently proposed that bronectinis (Byrd et al., 2013, 20) éeported that ROS-independent netosis
not required at the contact surface. Although, our curretutdy ~ was activated by the CR3 receptor, but not by DectirNani
ndings indicate that NET release upon neutrophil treatmentet al. (2015)in turn suggested that NETs released via a ROS-
with glucans is dependent on the e cient activity of NADPH dependent pathway engaged the Dectin-1 receptor. They also
oxidase, the possible role also of a ROS-independent mechanisaported that inhibition of NADPH oxidase did not completely
cannot be excluded by our results. Some of the inconsistsnciinhibit NET release following contact with-glucans. Moreover,
between our present results and those of Nani et al. or Byrednother group described the activation of the Mac-1 receptor
et al. could be due to the di erent types @fglucans used in glucans as indirect and to be the result of Dectin-1 actosati
each study. An advantage of our current study was the use ¢fi X. et al., 201)L. All of these previous insights support our
b-glucans isolated fron€C. albicanscells, in contrast to soluble present conclusion that-glucans exert a wide in uence during
b-glucans puri ed fromSaccharomyces cerevisfedt were used netosis and, in combination with the action of other composnd
by other authors Byrd et al., 2013, 2016; Nani et al., 20\We  presented on the cell surface, could be a central process by
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FIGURE 10 | Binding of Sap6 to neutrophils.(A) Neutrophils (2.2 105) were incubated for 1 h with FITC-labeled Sap6 and imaged usin uorescence confocal
microscopy. Arrows indicate the localization of the protei on the surface (a) and inside the intracellular compartmés (b) of the neutrophils. The left panel represents
the uorescence visualization of Saps that were in contact vih the neutrophils. The right panel shows the same cell in tresmitted light. Imaging was performed using
an immersion lens with a magni cation factor of 100x(B) Interaction of neutrophils with uorescently labeled Sap6, ticoncentrations of 0-2.5mM, determined by

ow cytometry. The treatments were performed for native cedl (Sap6) and for cells with an endocytosis block using 5mM cytochalasin D(Sap6 C cytD) . Data were
collected for 100,000 neutrophils for each experimental pimt. The results were tted to the simplest interaction modebf one class of binding sites and the estimated
curve is presented. The results shown are representative dfiree independent experiments(C) Level of uorescently labeled Sap6 bound to neutrophils detamined
by microplate assay. Neutrophils in a native stat¢CytD , abCD11b ; control sample) , with a CD11b receptor block using 1mg/ml of antibody (CytD ,

abCD11b C), with an endocytosis block using 5mM cytochalasin D(CytDC, abCD11b ), and treated with a combination of these compounds(CytDC,

abCD11b C) were used. For tting of the interaction, the 1:1 interactionrmodel was used. The data are the means SEM of two experiments performed in duplicate
and are expressed as a percentage ratio relative to the contt sample. (D) Neutrophils (2.2  10°) were incubated for 3 h without( pepA) or with pepstatin A
(10mM) (CpepA) protease inhibitor and with Sap3, Sap6 or Sap9 at concentrabns of 1 ng/ml to induce netosis. Unstimulated neutrophils erved as a negative
control while neutrophil stimulation with 25 nM PMA was assmed to represent the maximal level of NET release. Data aregtmeans SEM from three independent
experiments, performed in duplicate and are expressed as peentage ratio of the tested sample signal relative to the PRttreated control. Asterisks denote statistical
signi cance (*p < 0.05, ***p < 0.005, ***p < 0.001, ns—not signi cance).

which neutrophils ensure an adequate host immune response Johnson et al. who reported that a reduction©f albicans
to C. albicansnfection, especially when the mechanism of ROSnannosylation during bio Im formation led to an increasecBY
production is inhibited by this pathoge\(ellington etal., 2000  formation upon contact between phagocytes and pathogenic
Mannans, which are other polysaccharides that compriseells Johnson et al., 20).6Moreover, mannan-triggered netosis
the candidal cell wall, are also recognized by neutrophilsll( seems to be independent of ROS generation or, at least, tpeutili
and Gow, 2013; Netea et al., 2D1Fhis is important for the both mechanisms. This possibility explains why many types of
host because these polysaccharides often cover the layer ofreceptors tested in our current analysis seem to be involwed i
glucans on theC. albicanscell surface, rendering it less visible the neutrophil response to mannans. The rst group of receptors
to the host immune systemBg@in et al., 2014; Davis et al., we tested included the TLR2 and TLR4 neutrophil receptors
2019. Our present results indicated that neutrophils can detectvhose connection with NET release was demonstrated preyiousl|
mannan particles and initiate a NET response to this in gTada et al., 2002; Netea et al., 2006; Figueiredo et al.).2011
dose-dependent manner. Because the mannan shield appearsTogether with the TLRs, the CD14 receptor also takes part
particular, during the transition from the unicellular to hygh in the identi cation of fungal compounds and the lamentous
form of C. albicans(Gantner et al., 2005we hypothesize form of fungi (Figueiredo et al., 20)1This receptor contributes
that the amount of mannans on the cell surface may bealso to the recognition of mannansigda et al., 2002and,
an indicator of infection progression, pointing to the needas we documented in our present experiments, is involved in
for a diverse set of mechanisms to be utilized by the hostetosis activation. We further described the roles of Dedti
response system. This interpretation was further supported bgnd CD11b in NET formation by mannans. Notably, to our
our observation that an excess concentration of mannans diowledge, there has been no information provided previously
increasing MOI of contacting fungal cells did not produce ain the literature about the role of these receptors in mannan
NET release. Our results are also consistent with the ndingrecognition.
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FIGURE 11 | Role of selected signal mediators in Sap-triggered netosifA—C) Neutrophils (2.2 10°) were preincubated with inhibitors of the indicated signalg
mediators: Syk—30mM piceatannol, Src—10mM PP2, PI3K—25mM LY29004, ERK—10mM U0126, NADPH oxidase—5mM DPI. These cells were then incubated
with Sap4 (A), Sap6 (B), or Sap9 (C) at concentrations of 1 ng/ml for 3 h to induce netosis. Neutropils not treated with inhibitors but stimulated with Saps seved as
controls. The data are presented as means SEM from three independent experiments (in duplicate) andr@a expressed as a percentage ratio relative to the
PMA-induced control. (D) Lysates were prepared for neutrophils treated with selectd Saps at concentration of 1 mg/ml. The levels of phosphoryl&d and total
ERK1/2 were then determined in these cells using an ELISA metldo Unstimulated cells were used as a negative control. Datare the ratios of the phosphorylated
kinase to total kinase. Data are presented as mean SEM of three independent experiments. Asterisks denote stestical signi cance relative to the negative control
(*p < 0.05, **p < 0.01, ***p < 0.005, ***p < 0.001, ns—not signi cant).

The C. albicanscell wall also contains proteinaceous Another important group ofC. albicansvirulence factors is
compounds, the most important group of which comprises thethe family of 10 Saps. These enzymes are expressed at various
adhesins that are capable of binding to many host proteins@nd/ combinations and at di erent places and stages of infection
become involved directly in adhesion processes. A reprebenta (Naglik et al., 2008; Pietrella et al., 2Dand have been proven
of this group evaluated in our current study was Als3, ao support the invasion ofC. albicanscells into host tissues
prominent adhesin often overexpressed and detected in cahdid(Staniszewska et al., 2Q1All of the C. albicans$aps are released
infections (iu and Filler, 201). However, we did not nd any as soluble forms into the surrounding medium except for Sap9
evidence for its involvement in netosis. In contrast, ourremt  and Sapl0 which are covalently attached to the fungal cell wall
results showed that neutrophils released NETs upon contadeutrophils can identify Saps as chemotactic agents thatdaedu
with enolase—the cytosolic enzyme involved in the gly@slysfurther in ammation (Naglik et al., 2003a; Pietrella et al., 2013;
pathway and also known to be exposed on the cell surface &fericolini etal., 2015; Gabrielli et al., 20IBhe most convincing
numerous pathogens where it can “moonlight” as an adhesiresults in our current analysis that indicated the signi canof
that is important for pathogen cell adherence to the host &ssu Saps for netosis activation came from the comparison of NET
(Karkowska-Kuleta and Kozik, 20)L4Similar NET-inducing release during the contact of neutrophils with wild and Sap-
e ects were observed previously fenolase fronStreptococcus knockout mutant strains ofC. albicans In this analysis, the
pneumoniagMori et al., 201). Nevertheless, we found th&.  elimination of dedicated proteases resulted in a changedsiet
albicanenolase seemed be a far less potent activator of netosisrasponse in correlation with an increased MOI of contactinidsce
compared to the polysaccharides mentioned above, and to on{figure 6). These observations were consistent with the results
do so within a relatively narrow concentration range. Hoeewa from experiments performed with puri ed enzymes. For all 10
role of enolase in netosis cannot be excluded, particulariing ~ Saps analyzed in our current experiments, we compared the e ect
the formation of bio Ims in which this protein has been foundt of NET release at di erent enzyme concentrations. Howexer, i
coverC. albicangells. must be noted that a knockout of one enzyme from the Sap
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TABLE 2 | Summary of netosis induction by virulence factors at the ckburface of ~ Of their ability to participate inC. albicansinfection, and

C. albicans supplements their previously known roles in cell growth, cell

Component of Induction of  Pathway Involved receptors surface integrity and adhesiofléglik et al., 2008; Nailis et al.,

C. albicans netosis 2010; Schild et al., 20),Jand bio Im formation (Dutton et al.,

2018.

b-Glucan Yes ROS-dependent  Dectin-1, Mac-1 Our attempts to determine the mechanisms involved in

Mannan Yes Mixed* Dectin-1(?), CD14, Mac-1, the activation of netosis during neutrophil contact with the
_ _ TLR2, TLR4 most e ective netosis-inducing Saps revealed some dualrectio

z‘gz‘;?;'sgg proteins Yes (poorly) -~ - The activity of NADPH oxidase and, hence, ROS production

appeared to be important for Sap-induced netosis, mainly upon

QZstm (Als3) Y’:Z R_OS-dependent N the contact of neutrophils with Sapl, Sap2, S§p8, Sap9, and
Sapl0. On the other hand, neutrophils treated with an NADPH
sap2 ves ROS-dependent oxidase inhibitor and with Sap4 and Sapé still released NETS,
Sap3 No N but the amount of DNA was signi cantly reduced. This suggest
Sapd ves Mixed® CD11a, CD11b the possibility of a selection between ROS-dependent and ROS-
Saps No (poorly) = independent mechanisms in this case. The activation of ROS-
Saps ves Mixed® CD11b, CD11a, €14, jndependent processes as an alternative pathway could be a
Sap? No (poory) TLR2 mode of host .protection against imnjung response ir_lactivation
Saps Ves ROS-dependent by ROS during fungal or bacterial mfechonW@IImgtoh _
Sapo Vs ROS-dependent  CD16, CD18, CD11a et al, 200}3_ Howeve_r, the rple o_f this _dual mechanistic
CD11b ' ' response dulrlng netosis triggering still remains uncleqrtngJ
Sap10 Ves ROS-dependent  CD16, CD18, CD14 analysis of involved receptors and concomitant activation of

the corresponding signaling pathways could shed more light on
*ROS-dependent and ROS-independent; , not analyzed. this issue. However, it is worth noting that closely intekid
signaling events cannot be assigned to the action of a single
receptor Puggan et al., 2035
family can be compensated for by the increased expression of Sap4 and Sap6, which can activate netosis by ROS-dependent
another Sap to rescue virulence de ciencigs(lik et al., 2003a, and ROS-independent mechanisms, were recognized during
2004, 2008; Albrecht et al., 200&@he strongest response wasthis process mainly by CD11b (Mac-1) and CD1la (LFA-1)
previously observed for Sap4 and Sap6, which are dominant foeceptors. Moreover, Sap6 was also found to stimulate the CD14
the lamentous form ofC. albicangHube et al., 1994; Naglik receptor. Mac-1 participates in many di erent types of neutrophil
et al., 2003awhich is more virulent than the unicellular yeast- responses, including phagocytosis, internalization and sisto
like form and induces a stronger NET response upon contact witlf\Whitlock et al., 2000; Behnen et al., 21K also causes the
neutrophils. The importance of these Sap€iralbicansnfection  downstream activation of the Src/Syk kinase familyh(tlock
is not only due to their proteolytic properties, but also to thei et al., 2000; Behnen et al., 2D1t turn, the CD14 receptor
role in fungal cell integrity and adherencilgglik et al., 2003a; can serve as a co-receptor for TLRZa(oni et al., 201)1land
Buu and Chen, 2013; Kumar et al., 215 CD16 (FgRIIIB) (Detmers et al., 1995As we have shown
The markedly lower response of neutrophils to Sapl-SapfBom our current ndings, the activation of netosis by Sap9
treatments corresponded to their predominant expression & thand Sapl10 occurs through the action of CD16¢[RtIB) and
yeast-like form ofC. albicans(Naglik, 2013 which is a less CD18 receptors. The participation of CD16 in the recognition of
active inducer of netosis. The lowest potency found for Sapimmune complexes, as well as in the induction of netosis, has
in terms of NET induction could be explained by its lowestbeen documented previouslhyleman et al., 2006 Moreover,
sequence similarity to other members of Sap family and it€D16 can cooperate with the Mac-1 receptah¢u and Brown,
di erent structural properties Qoki et al., 201p Moreover, 1999 and could be an important factor in the mixed mechanism
the SAP7gene is often not expressed during infection and itsactivation of netosis. Additionally, a weaker involvemerit o
role as a virulence factor has not been well establisheg)l(k the CD11a and CD11b receptors in Sap9 recognition and the
et al., 2003b, 2008; Naglik, 201%he response of neutrophils to CD14 receptor in Sap 10 recognition were also observed in our
contact with Sap8 and their recognition of the mutaitalbicans experiments.
strain containing a Sap8 deletion suggested possible neutrophi The participation of a number of cooperating receptors in the
activation by this Sap to form NETs but the mechanisms bydenti cation of the Saps leads to netosis activation throufye
which Sap8 may contribute to human infection in general remai same signal-transducers. We examined the role of four signa
unclear Carvalho-Pereira et al., 20115 mediators, Src, Syk, PI3K, and ERK, in this regard. The role
Sap9 and Sapl0 are closely related and are linked via a G#ISrc/Syk kinases in NET formation was con rmed previously
anchor to theCandidacell wall (Monod et al., 1998; Schild et al., (Behnen et al., 2014; Nani et al., 2015; Aleman et al.,)2016
201). These enzymes represent the second group of proteagasinting to the Src family kinases as the key signaling medsat
that strongly support netosis. This newly presented role o$¢he activated by the CD11b receptor as well as the CD16 receptor
Saps from our current analysis broadens our understandin¢iowell, 2011; Behnen et al., 2),\ith further activation of Syk
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FIGURE 12 | Involvement of neutrophil receptors and signaling pathways NET activation by the main virulence factors dfandida albicans.ERK1/2, extracellular
signal-regulated kinases; IRAK, Interleukin-1 receptor-asciated kinases; Src, Src kinase family; Syk, spleen tyrase kinase; PI3K, extracellular signal-regulated
kinases; PIR;, phosphatidylinositol (3,4,5)-trisphosphate; PKC, pratin kinase C; TLR, Toll-like receptor.

and downstream signal transduction via the activation dd#l of ERK1/2 to the NET release process. It is worth noting also
(Lowell, 201) and ERK1/2 \\Vhitlock et al., 2000; Behnen et al., in this regard that the activation of ERK1/2 by Syk kinase
2019. The identity of the receptors involved in the neutrophil involves TLR receptor mediation, which activates ERK1/2héa t
response to Saps suggests that the Src/Syk kinases also playR&K family of proteins Futosi et al., 203 Moreover, IRAK
important role in netosis via activation b@. albicansiirulence  kinases may activate the NF-kB signaling pathway, which could
factors. Indeed, our current nding of a reduced NET responsebe particularly important for Sap6 and Sapl10. These two Saps
during the inhibition of Src or Syk in neutrophils treated Wit seem to induce netosis also via the CD14 receptor, a co-racepto
Saps has con rmed that hypothesis. for the TLRs.

It must be noted that the role of PI3K in netosis is In our more detailed analysis of the Sap6 interaction with
still unclear. Aleman et al. suggested previously that NETheutrophils, as the most potent NET-generating protease, we
induction by CD16 did not require PI3K activatiorAleman observed that the Mac-1 receptor could interact directly with
et al., 201p but Behnen et al. described an important Sap6 at the surface of the neutrophils. However, a Mac-1
role of this mediator in netosis Behnen et al., 20)4 block did not completely reduce this interaction, suggesthmaf t
Moreover, PI3K activation in parasite-induced NET formationthe interplay between Sap6 and neutrophils is more complex
was conrmed in another study eSouza-Vieira et al., and may involve other integrins. This nding directed our
2016. PI3K generates phosphatidylinositol (3,4,5)-trisphosphatattention to the surface-exposed integrin-binding motif (RIGD
(PIP3) which regulates the transcription factor NF-kBVard  that is present only in Sap 4 (a single RGD motif), Sap5 (an
et al., 200)% promoting proin ammatory responses and NET RGDKGD motif), and Sap6 (two sequential RGDRGD integrin-
formation (Lapponi et al., 20103 Our current results indicate binding motives) and is involved in interactions with intég
however, that PI3K inhibition led to only a partial reductiom  on epithelial cells \(Yu et al., 2018 No other Saps contain
extracellular DNA release by neutrophils in response to Saps. this motif which may partially explain the strongest and ROS-

Another important signal mediator, ERK1/2, has also beerndependent neutrophil response to Sap6. It is also worth noting
proposed to be involved in NET inductioriHgkkim et al., 2011; that variations in the RGD motif a ect the binding a nity
Behnen et al., 2014; Aleman et al., 2016; DeSouza-Vieila et 0 a particular integrin molecule Jcarborough et al., 1903
2016 but its precise role in netosis is still unclear. Some stidieHence, the divergence of this motif between Sap5 and Sap6 could
have reported that the upstream activation of ERK1/2 is esslentiunderlie the di erences between these proteases in triggerin
for ROS formation Hakkim et al., 201)Lbut others have found NET release. Moreover, our current results also strongly ssicay
that ERK1/2 activation was downstream-regulated by theviagti  very tight binding between neutrophil integrin and hyphal Saps
of NADPH oxidase Keshari et al., 20)2In our present models Similar interactions were also reported previously for furggll
of neutrophil treatment with Saps, we con rmed the contribati  aggregation and virulenc&(mar et al., 2016
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awellidenti ed process for the activation of the in ammaserim
monocytes where internalization of Sap6 via clathrin-dementd FUNDING
mechanism is requiredHjetrella et al., 20)3and is connected
with ROS production, or for the induction of epithelial cell This work was supported in part by the National Science Centre,
apoptosis via a “Trojan horse” mechanism/(( et al., 2018  Poland (grant No. 2012/05/B/NZ1/00003 awarded to MR). The
The internalization of Sap6 by neutrophils may be vital forFaculty of Biochemistry, Biophysics, and Biotechnologyhef t
a fast response t€. albicansinvasion, probably through a Jagiellonian University in Krakow is a bene ciary of strualr
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