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Given that B. besnoiti tachyzoites infect host endothelial cells of vesselsn vivo

they become potential targets for professional phagocyteqe.g., polymorphonuclear
neutrophils (PMN)] when in search for adequate host cells om case of host
cell lysis. It was recently reported thatB. besnoiti-tachyzoites can efciently be
trapped by neutrophil extracellular traps (NETs) releaseddly bovine PMN. So far,
the potential role of autophagy in parasite-triggered NETofmation is unclear. Thus,
we here analyzed autophagosome formation and activation cAMP-activated protein
kinase a (AMPKa) in potentially NET-forming innate leukocytes being expesl to B.

besnoiti tachyzoites. Blood was collected from healthy adult dairy @ws, and bovine
PMN were isolated via density gradient centrifugation. Seaing electron microscopy
con rmed PMN to undergo NET formation upon contact with B. besnoiti tachyzoites.
Nuclear area expansion (NAE) analysis and cell-free and amred NETs quanti cation
were performed in B. besnoiti-induced NET formation. Interestingly, tachyzoites oB.

besnoiti additionally induced LC3B-related autophagosome formadin in parallel to NET
formation in bovine PMN. Notably, both rapamycin- and wortrannin-treatments failed
to in uence B. besnoiti-triggered NET formation and autophagosome formation. Als,

isolated NETSs fail to induce autophagy suggesting indeperahce between both cellular
processes. Finally, enhanced phosphorylation of AMP actated kinasea (AMPKa), a key
regulator molecule of autophagy, was observed within the st minutes of interaction in
tachyzoite-exposed PMN thereby emphasizing thaB. besnoiti-triggered NET formation
indeed occurs in parallel to autophagy.

Keywords: Besnoitia besnoiti , PMN, NET formation, autophagy, cattle, AMPK a

INTRODUCTION

Besnoitia besnois a cyst-forming apicomplexan protozoan parasite that causéa®besnoitiosis
which is traditionally endemic in Africa and Asia. Recent inoous reports on bovine besnoitiosis
outbreaks in several European countriés) indicated a re-emergence and spread of this disease
in Europe (L0) and led to the classi cation as emerging disease by the Eamop®od Safety
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Zhou et al. B. besnoiti-induced Autophagy and NETs

Authority (EFSA) in 2010. Overall, bovine besnoitiosis fas regulated by the metabolic sensor molecule AMP activated
detrimental impact on both, individual animal welfare (ejgrin, kinasea (AMPKa) and by the mechanistic target of rapamycin
oedemas, fever, abortion, orchitis, male infertility, eevskin  (MTOR) (47). The processes of autophagy and NET formation
lesions) and cattle industry (losses). appear to be linked in PMA-activated PMN and in sterile

So far, very little data is available on early host innatén ammation (44) by a mechanism which seems dependent on
immune reactions during primary acutB. besnoitinfections mTOR activation {8).
in vivo (11) and in vitro (12, 13 despite the fact that early So far, B. besnoitmediated NET formation seems to be
host innate defense reactions should be critical for thecoote  NOX-, NE- MPO-dependent and capable to e ciently hamper
of the disease. In this sense, PMN play a pivotal role sindgachyzoites from active host cell invasioh3). On this regard,
they are the most abundant leukocyte population in bloodAMPK is been described as critical molecule of the autophagic
and the rst ones to be recruited to sites of infection. Asprocess and governing critical functions in PMN as ROS
reported for other mammalian species, bovine PMN own severgdroduction, chemotaxis and phagocytosi®,(50). Despite this,
e cient e ector mechanisms to combat apicomplexan stagesnothing is known on the role of autophagy or autophagy-
such as phagocytosis4), production of reactive oxygen speciesrelated molecules such as AMBRKIn B. besnoittriggered
(ROS) (5 and in vitro excretion of antimicrobial peptides. NET formation.
Additionally, the release of neutrophil extracellular trapde(Ts) Aim of the current study was to analyze the presence of
in response to coccidian protozoa was reportéd, (16-18).  autophagy duringB. besnoitiriggered suicidal NET formation.
NETs are commonly released via a PMN-derived cell deatfiherefore, we rst con rmed NET formation induction byB.
process known as NET formatiori®). Suicidal NET formation besnoititachyzoites and then showed that both, NET formation
was described as a NADPH oxidase (NOX)-dependent celluland autophagy are performed independent of rapamycin
mechanism which induces the extrusion of DNA and nuclear andstimulator of autophagy via mTOR binding), wortmannin
cytoplasmic granule enzymes leading to the formation of DNA<{inhibitor of PI3K-mediated autophagy), treatments. In afiloln,
rich networks being decorated with histones and various pote we studied the release of extracellular DNA induced By
antimicrobial granular e ector molecules, such as neutrdphibesnoitia tachyzoites in presence of the autophagy-related
elastase (NE), myeloperoxidase (MPO), lactoferrin, pentraxi molecules: LY294002 (inhibitor of PI3K-mediated autophagy
peptidoglycan recognition proteins, or calprotectih9¢22). A  parthenolide (NFkB inhibitor) or WP1130 (ubiquitinase
variety of invasive pathogens such as bacteria, virus, fundnhibitor). Interestingly, NET formation and autophagosome
protozoan, and metazoan parasites, might either be immeadaliz formation occur simultaneously in tachyzoite-exposed PMN and
within released sticky NET structures or be killed via lduighh  is accompanied by a rapid phosphorylation of AM&K
concentration of antimicrobial histones, peptides, and pastes
(16, 20, 23-25).

Classical suicidal NET formation is signaled via Raf-MEK-IVI’A‘-I_EF‘)lAI—S AND METHODS
ERK-dependent pathwaysl§ 19 26, 27). Besides NOX- Ethics Statement
dependent NET formation, NOX-independent NET formation this study was conducted in accordance to Justus Liebig
also exists and seems to be linked to a substantial reducfion ypiversity Giessen Animal Care Committee Guidelines.
ERK1/2 activation and weak Akt activation, whilst p38 MAPKpqto¢ols were approved by Ethic Commission for Experimental
activation appears similar in both types of NET formatiot8(  animal Studies of Federal State of Hesse (Regierungsprésidiu
29. In addition to suicidal NET formation, PMN have also Giessen; A9/2012; JLU-N0.521_AZ) and in accordance to
been shown to undergo vital NET formation without cell lysis grgpean Animal Welfare Legislation: ART13TFEU and current

thus remaining viable and retaining the capability of activeyypjicable German Animal Protection Laws.
phagocytosis of bacteri&@). Furthermore, PMN seem able to
release small-sized mitochondria-derived NETs withoutsng Parasites
celldeath 81). So far, vital NET formation has not been described

in response parasites. Suicidal NET formation was reported t'g‘" NET formation -related experiments were performed with

be triggered by di erent protozoan parasitesvitro andin vivo tachyzoite stage_ of the a pi_com_plexan paraBltdaesno_it(strain
including Plasmodium falciparur(82), Leishmaniaspp. Eimeria Bb Evora04) which was initially isolated from the eld in Pogal

bovis (16, 33), Eimeria arloingi(17), Toxoplasma gondi{34- as previously reported.().
36), Cryptosporidium parvuni37), Neospora caninunil8, 38, .
39), Trypanosoma crugi0), Entamoeba histolyticet1), andB.  HOSt Cell Culture and  B. besnoiti
besnoiti(12, 13). Tachyzoite Maintenance

Autophagy is an essential intracellular degradation systenPermanent Madin-Darby bovine kidney cells (MDBK) were used
that recycles cell components as proteins and organellestandais host cells foB. besnoittachyzoite productiorin vitro. MDBK
is essential in the cellular response to strés¥. (n neutrophils, monolayers were cultured in 75 énplastic tissue culture asks
autophagy has been described in PMN derived from mousgGreiner) at 37C and 5% CQ atmosphere until con uency
and human {3 44). Interestingly, rst evidences suggest thatusing RPMI 1640 (Sigma) cell culture medium supplemented
autophagy is necessary and can prime PMN to undergo NEWith 2% fetal bovine serum (FBS, Merck), 1% penicillin (500
formation (42, 45, 46). Besides other molecules, autophagy i2J/ml) and streptomycin (500 mg/ml) (both Sigma-Aldrich).
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Conuent MDBK layers were infected with 2 1Cf vital Immuno uorescence Microscopy Analyses

tachyzoites oB. besnoiti for Visualization of B. besnoiti -Triggered
For experiments under physiological ow conditions, primary NETosis

bovine umbilical vein endothelial cells (BUVEC) were isetht

ac_cording t_c_) the methoo_l described by Taubert et 81)_.( 1:4) for 3h (37C and 5% CQ atmosphere) on 0.01% poly-
Brie y, umbilical cords retrieved from newborn calves Bactio _lysine pretreated coverslips (15mm diameter, Thermo Fisher

caesareavere enriched with 0.9% .Hanks balanced salt s_olutlo/rlgCienti ¢), xed by adding 4% paraformaldehyde (Merck) and
(HBSS)-HEPES bu er (pH 7.4; Gibco) supplemented with 19 . .

icillin (500 U/ml- Si Aldrich d strept in (500 %tored at 4C until further experiments.
peI’;ICII-II;.( Aldn'n h Igrgi- tntcll): ant'l S repFom_yC||n t'( For NET visualizing, Sytox Orange (Life Technologies) was
mg/ml; Sigma-Aldrich) and kept at £ until use. For isolation used to stain DNA and anti-histone (clone H11-4, 1:1,000; Merc

of host endothelial cells, the lumen of umbilical veins WerqvIiIIipore #MAB3422), anti-NE (AB68672, 1:1,000, Abcam), or
infused with 0.025% collagenase type Il solution (Worthimgt _ ."v/ 5~ (orb11073' 1:1,000, Byorbit) ’antib,odie’s were u,sed
Biochemical Corporation). Veins were ligated and incubate(fl j P

. . 0 stain specic proteins on ETs structures. Therefore, xed
for 20 min at 37C and 5% CQ atmosphere. Then, veins were P P

gently massaged and callagenase-cell suspensions weeafoiy samples were washed three times with PBS, blocked with 1%
: . L ; bovi lbumin (BSA, Sigma-Aldrich) for 30 min at RT
in 50-ml plastic tubes (Nunc) containing 1 ml FCS (Gibco) to ovine serum albumin ( 'gma-Aldrich) for 30min &

. . . . and incubated with corresponding primary antibody solutions
macnvqte collagenase type Il. After two centrlfugatlpnéq for 1h at RT. Thereafter, samples were washed thrice with PBS
g 10min, 4C), endothelial cells were resuspended in completgnd incubated in secondary antibody solutions (Alexa FWi&8
ECGM (endothelial cell growth medium; PromoCell), plated . . .
in 25 or( 75 cn? plastic cﬁlture asks (Greiner) and gultrl)Jred goar: ar;tl-moulfe IIgG or Alexa Fluor 488 goat antl-:labblt Ig(?,

. oth Life Technologies, 60 min, 1:1,000, RT). Finally, sam
at 37C and 5% CQ atmosphere until con uency. For ow I g I ). Finally P

BUVEC Th R s (N were washed thrice in PBS and mounted in anti-fading bu er
3?13?2:/2” uency were grown on Thermafiozoverslips (Nunc) (ProLong Gold Antifade Mountant; Thermo Fisher Scienti c).

Visualization was achieved using an inverted 1X81 uoreseenc
microscope equipped with an XM 10 digital camera (Olympus).

Bovine PMN were co-cultured witB. besnoittachyzoites (ratio

Isolation of Bovine PMN

Healthy adult dairy cowsn( D 9) served as blood donors. Extracellular DNA-Based Quanti cation
Animals were bled by puncture of jugular vein and 30 ml bloodof NETs

\I/_V:ljoﬁcé”ciﬁﬁs 'rja\lzrr(?)l(i:qea?;”nIzgdmf'tegf”ehzla:r[:ﬁiztzzesblgézbgovine PMN were suspended in medium RPMI 1640 lacking
- APp y P phenol red and serum, confronted with vitaB. besnoiti

were diluted in 20ml sterile PBS with 0.02% EDTA (Sigma; . . )
Aldrich), layered on top of 12 ml Biocdll separating solution tachyzoites (96-well plates, duplicates) ata nal PMN:tacitgzo

: o . ratio of 1.4 (2 10° PMN C 8 10° B. besnoiti
(density D .1.077 g/l; Biochrom AG) and centrifuged (800 tachyzoites). Samples were incubated atG3&nd 5% CO.
g 45min). After removal of plasma and mononuclear

cells, the cell pellet was suspended in 25ml bi-distillec'i:Olr the autophagy-related experiments, bovine PMN were

water and gently mixed during 40s to lyse erythrocytespretreated with di erent concentrations of rapamycin (10, 50,
. . . 100, 200nM), wortmannin (10, 50, 100, 200 nM), LY294002
Osmolarity was rapidly restored by adding 4ml of 10

Hanks balanced salt solution (Biochrom AG). Forloomvl,parthenolldeg(m\/l,orWP1130Fm\/Ifor3Om|n,then

complete ervthrocvte Ivsis. this step was repeated twice ar%imulated byB. besnoittachyzoites at a 1:4 PMN:tachyzoites
P y yie ysis, P P ratio for 3h. After incubation, samples were treated with 0.5

PMN were later suspended in sterile RPMI 1640 mediu . : .
(Sigma-Aldrich). PMN counts were analyzed in a Neubaugp/ml micrococcal nuclease (New England Biolabs) for 15min

haemocytometer. Finally, freshly isolated bovine PMN werand pelleted (300 g 5min). Supernatants were collected for

allowed to rest at 31T and 5% CQ atmosphere for 30 min until ET q”ar?“ cation which was performed by Picogregrbased
further use. uorometric measurementsi(9).

NETs are divided into two distinct forms: one is released away

from neutrophils named cell-free NETs, and the other is those
Scanning Electron Microscopy (SEM) that are anchored to neutrophils (namely anchored NETs). For
Bovine PMN were co-cultured with vitd. besnoittachyzoites “cell free”- and “anchored”NETs determination according
(ratio 1:4) for 60 min on coverslips (10 mm diameter; ThermoTanaka et al. §2), the plate was directly centrifuged at 300
Fisher Scienti c) pre-coated with 0.01% palytysine (Sigma- g for 5min after incubation. The supernatants were transferre
Aldrich) at 37C and 5% CQ. After incubation, cells into a new 96-well plate to measure “cell-free”-NETs and the
were xed in 2.5% glutaraldehyde (Merck), post-xed in pellets were used for “anchored’-NETs estimation. For both
1% osmium tetroxide (Merck), washed in distilled water,sampling methods, a 1:200 dilution of Pico Grée(invitrogen)
dehydrated, critical point dried by CgfXtreatment and in 10mM Tris base bu ered with 1mM EDTA was added to
sputtered with gold. Finally, all samples were visualizegach well (50n), and then extracellular DNA was detected and
via a Philip§ XL30 scanning electron microscope at thequanti ed by PicoGreef® -derived uorescence intensities using
Institute of Anatomy and Cell Biology, Justus Liebig Univisrsi an automated multiplate reader (Varioskan, Thermo Scienjtat
Giessen, Germany. 484 nm excitation/520 nm emission.
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Estimation of “Anchored” NETs on  B. washes in PBS, samples were mounted in Prolong Anti-fading

besnoiti -Infected BUVEC Under reagentkwith DA;\I?F (Inviftrogien). on glass (slidgs and imag;es
Phvsioloaical Flow Conditions Were taken app y|n.g' confocal microscopy (Zeiss LSM'710 . To
BU\)//EC (ngD 3) were cultured on Thermandk (Nunc) estimate LC3B-positive cells, the background uoresceigeas
coverslips pre-coated with bovine bronectin (@y/ml, 2h was determined in control conditions_ for FITC (green) anql
RT; Sigma-Aldrich) until con uency and infected with 2.5 DAPI (blue) channels. Image processing was carried out with

10 freshly isolatedB. besnoititachyzoites. Twenty-four h. p. F”'tlr_n?gdeiﬁ usm% Z;jproltect atnollc tr)n_erﬁ]ted changel eLuglns and
i., coverslips were washed to remove residual tachyzoitds afestrictedto overall adjustment of brightness and corttras

placed into a parallel ow chamber5@). Bovine PMN (2.5
1P PMN in 500m medium) were perfused into the system at a
constant wall shear stress of 1.0 dynfdsyringe pump sp106i;

World Precision Instruments). For “anchored”-NET formati ! i ]
visualization, coverslips were xed, washed, and staine® A Proteins from tachyzoite-exposed and non-exposed bovine PMN

and histones as described above. Images were taken under §fire extracted by lysing 5 10° PMN using a ultrasound

inverted uorescence microscope (DM IRB; Leica) equipped witFonicator (20s, 5 times) in RIPA buer (S0mM Tris-HC,
a digital camera (Olympus). pH 7.4; 1% NP-40; 0.5% Na-deoxycholate; 0.1% SDS; 150 mM

NaCl; 2mM EDTA; 50 mM NaF, all Roth) supplemented with a

Nuclear Decondensation-Based protease inhibitor cocktail (Sigma-Aldrich). The samplegeave
. . centrifuged (10,000 g, 10min, 4C) to sediment intact cells
Quanti cation of NETs

. . nd nuclei, the supernatant was transferred to new tubes and
Nuclear expansion-based quanti cation of NETs was performenﬁl

. . e protein content was quanti ed via Coomassie Plus Assay Kit
according to the method described by Papayannopoulos et E( hermo Scienti ¢) according to the manufacturer's insttions.

(59. Brig y, bovine PMN @ _D 3) were prefrt_eated With For immunoblotting, samples were supplemented with 6 M
rapamycin (50nM), wortmannin (50nM) or plain medium urea. After boiling (95C, 5min), 60mg of total protein/slot

(RPMI. _1640’ Sigma-AIdrich) for 30 min and then. expos_ed3to were electrophoresed in 12 or 15% polyacrylamide gels (100,
besnoititachyzoites for 3h at a 1:4 PMN:tachyzoites ratio. Afteg, min) using a Mini-PROTEAN Tetra Cell system (Biorad)

incubati_on, PMN were xed by 4% pare}formaldehydg (Merck)pyoteins were then transferred (300mA, 2h) to polyvinyliden
and stained with %M Sytox Orangé& (Life Technologies) for di uoride (PVDF) membranes (Millipore) using a semidry

30 min at RT' F'Ve_ Images were captureq randomly for ealCBIotting instrument (Mini-transfer blot, Biorad). Sampleseve
condition using an inverted uorescence microscope (Olympusrst incubated in blocking solution (3% BSA in TBS contaigin

IX 81) and nuclear area size of single cells was analyzed usia_gl% Tween, all Sigma-Aldrich) (1h, RT) and then overnight
ImageF software as described by Gonzalez et ). (Cells that at 4 C in anti-LC3B (Cat#2775, 1:1,000, Cell Signaling), anti-
presenzted decond_ensed nucleus and exce_eded the thresr_mldA(l)é5 (Cat#ab108327, 1:1,000 abcam), and anti-ARIFIK 72

50 mm* were considered as PMN undergoing NET formz_"t'on'(Cat#5832, 1:1,000 Cell Signaling) antibody solution dduin
Overlalll, 1_'200_1’700 PMN were .analyzed for each eXpe”menE‘}bcking solution. Detection of vinculin (Cat#sc-736141,000,
condition in samples from three di erent donors. Santa Cruz) was used for the normalization of the sample.
. Signal detection was accomplished by applying solutions of
Autophagosome Detection l?y corresponding secondary antibodies conjugated with peiased
Immuno uorescence Analysis (Cat#31430, 1:40,000 and Cat#31460, 1:40,000; both)Riacte
LC3 protein is a marker for autophagosomésg)(with LC3-1  enhanced chemiluminescence detection system (E@lus kit,
being cytosolic and LC3-II being membrane-bound and ergith GE Healthcare). Protein signals were recorded in a ChemoCam
in the autophagic vacuole. Analysis of autophagosome foomati Imager® (Intas Science Imaging). Protein sizes were controlled
in PMN was performed according to Itakura and McCart§g. by a protein ladder (PageRulRrplus prestained protein ladder

In brief, bovine PMN @ D 3) were deposited on poly-ysine 10-250 kDa; Thermo Fisher Scientic). Quanti cation of
(0.01%) pre-treated coverslips (15 mm diameter, Thermo-Fishgrotein band intensities was performed by the use of Image J
scienti c), pretreated with rapamycin (50 nM) or wortmannin software (Fiji version using gel analyzer plugin).

(50 nM) for 30 min before being exposedBobesnoitiachyzoites

at a 1:4 PMN:tachyzoite ratio for 3h. After incubation, cells

were xed with 4% paraformaldehyde (10 min), permeabilizedStatistical Analysis

by ice cold methanol treatment (3 min at@) and blocked with  Statistical signi cance was de ned bymvalue<0.05.p value
blocking bu er (5% BSA, 0.1% Triton X-100 in sterile PBS; allvere determined by applying non-parametric analyses: Mann-
Sigma-Aldrich) for 60 min at RT. Thereafter, cells were inated ~ Whitney test when two experimental conditions were compared
overnight at 4C in anti-LC3B antibody solution (cat#2775 Cell and Kruskal-Wallis test followed by Dunnjgost-hoctest for
Signaling Technology) diluted 1:200 in blocking bu er. Afte multiple comparisons. Correlation between LC3B-positive and
incubation, samples were washed thrice with PBS and incdbat&ETotic PMN was determined by Spearman correlation test. All
30 min in the dark and RT in a 1:500 dilution of goat anti-rabbi graphs (mean SD) and statistical analyses were generated by
IgG conjugated with Alexa Fluor 488 (Invitrogen). After #& the use of Graph Pad software (v. 7.03).

Immunoblotting-Based Analysis of LC3B-
and AMPK-Expression in Bovine PMN
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RESULTS increase of both types of NETSs, i.e., “cell free’- and “anetir

. . " . NETs in bovine PMN p < 0.0001fFigures 3E—H. In addition,
_Vlsua“_zatlon of B. besnoiti _T“ggered NETs confrontation of PMN withB. besnoitiachzoites in principle also
in Bovine PMN triggered both kinds of NETs as seen for “anchored’-NE T t
SEM analysis showed that bovine PMNidure 1) exposed rapamycin-related D 0.008;Figure 3B and the wortmannin-
to vital B. besnoititachyzoites released NET-like structuresrelated data setp(D 0.007;Figure 3G) and for “cell free’
and manyB. besnoittachyzoites were rmly trapped by these NETs in the wortmannin-related dataset D 0.02;Figure 3H).
laments (Figures 1A-Q. To verify that bovine PMN were |nterestingly, the induction of “anchored’-NETs by parasit
indeed undergoing NET formation, the main componentsstages was more evident than the induction of “cell free"FBIE
of NETs [i.e., histones (H11-4) and NE] were visualized byn agreement with the data mentioned above, neither rapamyci
immunostaining. Co-localization analyses of extracel@&A  nor wortmannin treatments led to altered parasite-triggkre
being adorned with H11-4, NEFgures 1D-) in parasite- “cell free”- nor “anchored” NET formation Rigures 3E-H.
entrapping structures conrmed classical characteristicSince autophagy is a very complex process, and various
of NETs. Furthermore, tachyzoites were entangled irsignaling pathways are involved in autophagosome formation,
these NETs structures conrming the observations inwe used more pharmacological regulatory factors to check if
SEM analysis Rigures 1D, Control condition is shown in autophagy aects NET formation via appropriate pathways.
Figures Séand S7). In our experimental setting, LY294002 (PI3K inhibitor) and

Given thatB. besnoitidachyzoites develop within endothelial pathenolide (NFkB inhibitor) nor WP1130 (deubiquitinase
host cells, we wondered whether infected endothelium woulghhibitor) treatments did not alter anchored and cell free
also contribute to NET formation. Therefore, we chose arNET formation (Figure 31,J).
experimental approach which mimicked the vivo situation In a third series of experiments, we chose to analyze parasite-
in a small vessel: controlled phySiOlOgical ow conditionlof triggered NET formation based on nuclear area expansion
dyn/cn? shear stress was applied on endothelial cell layers anAE). In general, PMN undergo several stages of NET
a xed number of PMN were oating oveB. besnoitinfected  formation including NE- and MPO-dependent chromatin
endothelial cells in parallel plate chamber assag).(Under  decondensation54). Decondensed PMN nuclei are considered
these ow conditions, bovine PMN also underwent “anchored™as a marker for early “NETotic” processes5)( In order to
NET formation onB. besnoitinfected BUVEC which was also determine if8. besnoitinduces NAE in bovine PMN, as well as to
corroborated by co-localization of extracellular DNA deat®d estimate if rapamycin or wortmannin in uences this parameter
with histones Figure 2). of NET formation, 1,200-1,700 cells were individually anety
per condition Figures 4C—H and data illustrated via frequency
histograms Figure 41) and percentage of cells undergoing
EﬁeCtS, ,0f AytOphagy on B. . . early NET formation Figure 4). In agreement to data on
besnoiti -Stimulated NET Formation in the later phase of NET formationF{gure 3), confrontation
Bovine PMN with B. besnoititachyzoites signi cantly induced nuclear area
To investigate e ects of autophagy oB. besnoittriggered expansion in a higher percentage of bovine PMN thereby
bovine NET formation, initially we used the mTOR-mediatedindicating early NET formation processgsp 0.03); illustrated
autophagy inducer rapamycin4) and the PIK3-mediated in Figures 4B,k data sets inFigures4l,J control condition
autophagy inhibitor wortmannin§7). is shown inFigures 4A,C Interestingly, we also observed an

In a rst experimental series, NET formation was measuredncrease of PMN populations showing NAE in case of rapamycin
based on PicoGreénderived uorescence intensities as treatments (inducer of autophagy) of tachyzoite-exposed PMN,
previously describedl@, 19 thereby rather targeting late phase however, these reactions showed no signi cance in relaton
of NETosis. Overall, confrontation of bovine PMN witB. untreated controls (PMNC B. besnoijidue to the high individual
besnoititachyzoites resulted in a signi cant increase of NETvariation of the donors already mentioned abowv&gure 4J.
formation when compared to control groupp © 0.02-0.03; Given that signi cant di erences were indeed detected rafey
Figures 3A—Q. Given that we always experience high individualto rapamycin-treated tachyzoite-exposed groups and to parasite
variations in NET-related assays, the reactions inducedNiN  free rapamycin controlsp(D 0.04), an in uence of rapamycin
derived from each animah(D 9) are also depicted={gure 3A).  and therefore of autophagy on parasite-triggered NET fororati
However, parasite-mediated NET formation was neither a dcte may be stated in that sense that induction of autophagy leads t
by rapamycin (tested in a range from 10 to 200 niigure 3B)  enhanced early NET formation. The fact that this e ect could
nor by wortmannin treatments (tested in the same range ohot be detected by the other methods of NET quanti cation used
concentration,Figure 3C). This lack of e ect was also observed before (se&igure 3) may be due to the targeted early/late phase
when non-stimulated PMN were treated with these compound®f NET formation.
(100 nM) for control purposesKigure 3D). . .

In a second series of experiments, an alternative method dffects of B. besnoiti Tachyzoite Exposure
NET quanti cation was applied which allowed for “cell free’- on Autophagosome Formation in PMN
and “anchored™-NETs distinction by following the methodgly =~ Given that data on NAE indicated a link between autophagy
described by Tanaka et ab4). Overall, zymosan treatment which and parasite-triggered early NET formation, we additionally
was used for positive control resulted in a highly signi cantanalyzed the e ect of tachyzoite exposure on PMN-derived
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FIGURE 1 | Besnoitia besnoititachyzoite-induced NET formation in bovine PMN. Co-cultes of bovine PMN andB. besnoiti tachyzoites were xed and analyzed by
scanning electron microscopy (SEM) analysigA—C) NETSs, de ned as chromatin extracellular structures forming. meshwork in contact with the tachyzoites, were
con rmed and visualized via immunostaining(D) Phase contrast image;(E) DNA staining; Sytox Orange{F) histone (H11-4) stainingy{G) neutrophil elastase (NE)
staining; (H) Merged image of (E-G); (I) Merged image of all channels.

autophagosome formation. During autophagy, the cytosolimfor autophagosome formation. Figures and analysis are shown
of microtubule-associated protein 1A/1B-light chain 3 (l-:C3 in Figure S2

I) is conjugated to phosphatidylethanolamine to form LC3- . .

Il which allows LC3 to become associated with autophagi8®- DesSnoiti Tachyzoite Exposure Induces

vesicles §9). We therefore used an antibody directed againsLC3B and p-AMPK a Protein Expression in

the splice variant LC3B as a marker to investigate the e edBovine PMN

of tachyzoite exposure to PMN-derived autophagy and ogjven that exposure tB. besnoittachyzoites induces autophagy
autophagy onB. besnoitinduced bovine NET formation. iy hovine PMN, we here analyzed the protein expression of LC3B
Overall, exposure td. besnoititachyzoites led to signicant gnd of phosphorylated AMP& as a key regulator molecule of
autophagosome formation in exposed bovine PMN D autophagy in a kinetic experiment (protein extracts of taclitezo
0.01); for illustration, se€igures 5A,B triangles, for data see exposed PMN isolated after 5, 30, 60, and 180 min of co-culture)
Figure 5D. Notably, cells undergoing autophagy also showegor control reasons, protein extracts from pu besnoiti
NET formation againsB. besnoittachyzoites, which were rmly - tachyzoites (three di erent isolates, 60 min of incubatiomre
entrapped in DAPI-labeled chromatin structures (illustratedincluded in the assaysFigure 6). Immunoblotting analyses

in Figure 5B arrows, more images are shown Figure S3.  revealed a non-statistically signi cant increase in LQ3BI
Thus, we analyzed LC3B expression in tachyzoites-exposggipression inB. besnoititachyzoite-confronted PMN when
PMN and in rapamycin and wortmannin pretreated PMN compared non-exposed PMNFigure 6). Atg 5, which plays a
(Figure 50). The percentage of LC3B positive cells was increasggle in the formation and elongation of autophagosomes does
in the B. besnoitiaexposed condition but was not a ected by not show a detectable di erence in protein expression when
rapamycin or wortmannin Figure 5D). However, an increase PMN were confronted withB. besnoittachyzoites Figure S9.

of 8% was observed in PMA-treated PMN that were incubateth addition, immunoblotting experiments revealed a very disti
previously with rapamycinFigure S1 Finally we analyzed expression prole on p-AMPI&. Here we used an antibody
the data by Spearman correlation test indicating a positivenhat is speci ¢ for AMPK that showed phosphorylation in the
correlation of NET formation and autophagy in tachyzoite-alpha subunit and thereby re ected AMPK activation. Whilst
exposed PMNKigure 5D). In a di erent approach we evaluated neither pure tachyzoites nor PMN alone showed any signal
autophagosome formation in PMN confronted with isolatedof this molecule, AMPI& expression was clearly induced by
NETs obtained as describedld]. Isolated NETSs failed to induce tachyzoite exposure of PMN thereby showing a fast response
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FIGURE 2 | NET formation by PMN onBesnoitia besnoitiinfected BUVEC under physiological ow conditionsB. besnoitrinfected BUVEC on Thermanox coverslips
were placed into the parallel plate ow chamber and bovine PMNvere perfused into the system at a constant wall shear stressf 1.0 dyn/cmz. For NET visualization,
the coverslips were xed and stained with Sytox Orange joingl with an anti-histone antibody.(A,E) Phase contrast images;(B,F) histone staining with anti-histone
antibody; (C,G) DNA staining using Sytox Orange(D,H) Merged images: DNA (red), histones (green) and phase consa

pattern with enhanced expression only within the rst 30 min in immunoblots. Due to the lack of signal of AMPK in animal
of contact Figure 7, lower panel). In all samples, two distinct 3, the normally used ratio of pAMPK/AMPK was not possible to
protein bands at the level of the expected sizé6Z and 50 apply for all the donors; however the graph corresponding to this
kDa) were observed in AMPépositive Immunoblots, which ratio is shown in theFigure S5

most probably represents parts of a cleaved form of AMPK, a

common process occurring in leukocyteS0(. For AMPK, a DISCUSSION

transient pattern was observed in boBh,besnoittonfronted and

non-confronted PMN Figure 7, middle panel) showing peaks of The initial description of NET formation was released in 2004
expression at 30 and 180 min. For comparison, p-AMMR¥and  and was followed by the discovery of a novel programmed
densitometry was obtained and normalized by vinculin signacell death pathway nowadays known as ETosig @0, 61).
reinforcing the clear e ect over AMPK phosphorylation showedETosis comprises a unique series of cellular events by which
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FIGURE 3 | Effects of rapamycin and wortmannin treatments orBesnoitia besnoitiatriggered NET formation as detected by PicoGreen-based ganti cation. Bovine
PMN were pre-treated with increasing concentrations of raamycin and wortmannin for 30 min and then exposed tdB. besnoiti tachyzoites for 3 h. After incubation,
the samples were analyzed as follows(A—D) samples were treated with micrococcal nuclease for 15 minttereafter centrifuged and extracellular DNA present in the
supernatants were analyzed using PicoGreen-based quantiation. (E-H) samples were centrifuged immediately and the supernatanta/ere analyzed for “cell free”
NETs. Moreover, remaining pellets located at the bottom werinvestigated for “anchored” NETs. For both approaches, exacellular DNA was detected and quanti ed
via PicoGreen-derived uorescence intensities. In all assay zymosan treatments (1 mg/ml) were used for positive contie. Statistical analyses were performed by
Kruskal-Wallis test followed by Dunn's test for multiple cmparisons. p-values are indicated in the graphs (Mean SD).

nuclear contents, including chromatin and histones, mixtwi by quanti cation of extracellular DNA using Picogreén In
granular/cytoplasmic components and are released from the cehe current study, we aimed to take a more detailed look
to form sticky extracellular structures capable of trappingl an on B. besnoitiriggered NET formation and to dissect these
killing microorganisms 20, 62). Meanwhile, ETosis has beenimmune reactions into di erent NET types (“anchored’/"cell-
implicated in diverse diseases ranging from conditions efig  free” NETs) and time-dependent reactions (early phase of NET
in ammation, i.e., human gout3, 64) and bovine synovitisf5), formation vs. nalized NETs) by using di erent methodical
reproduction disordersg6, 67), cancer 68,69, and autoimmune approaches. Nevertheless, as proof of principle, ETosis events
diseases/(, 71). Since the initial report on PMN, other leukocyte were rst con rmed by SEM analysis iB. besnoittachyzoites-
types, such as monocytes, macrophages, eosinophils, basoplaigosed bovine PMN. Immunostaining analyses revealed that
and mast cells were identi ed to extrude ET&(73). these extracellular structures were mainly composed of DNA
Concerning stimuli, both chemicals and pathogens can triggebeing decorated with histones, MPO and NE, thereby con rming
ETosis (4, 75. Several reports have demonstrated that ETosislassical components of ETs.
is e ciently induced by protozoan and metazoan parasiteshsuc  As also performed in the current study and leading to the
as T. gondij E. bovis Cryptosporidium parvum, N. caninum, con rmation of tachyzoites as NET inducers, NET formation
Diro laria immitis, Haemonchus contortusand Schistosoma can be estimated by quanti cation of extracellular DNA using
japonicum(18, 23, 34, 37, 76, 77). Recently, Mufioz-Caro et al. speci ¢ probes as Picogreén(19) following DNA digestion
(13 con rmed B. besnoittachyzoites as potent NET inducers in cell culture microplates. The advantage of this approach is
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FIGURE 4 | Effects of rapamycin and wortmannin treatments orBesnoitia besnoititriggered NET formation as detected by nuclear area exparisn (NAE)-based
quati cation. Bovine PMN were incubated in media or exposeda B. besnoiti tachyzoites on coverslips under different experimental aalitions. (A) PMN alone
(zoom);(B) PMNCB. besnoiti (zoom) showing PMN doing NETs and considered as positive fahe cell analysis software{C) PMN C rapamycin 50 nM; (D) PMNCB.
besnoiti C rapamycin 50 nM; (E) PMN C wortmannin 50 nM; (F) PMNCB. besnoiti (G) PMNCB. besnoiti C rapamycin 50 nM; (H) PMNCB. besnoiti C wortmannin
50nM. After xation, NAE of 1,200—1,500 cells per condition vas analyzed by ImageX]) and the percentage of NETotic cells (NAB 50 nm?2) was calculated(J).
Statistical signi cance was de ned by a p-value<0.05 (*p < 0.05, **p < 0.0001) in Mann-Whitney test followed by a Dunn's multiple @mparisons test.

obvious since several compounds can be tested in the sarmensistent in terms of magnitude of the response in the
experiment, however it is advised by several authors thdbrmation of “anchored” (1.7-fold increase) than “cell éfe
NET quanti cation should always be con rmed by microscopy NETs (1.4-fold increase). Thus, it appears that tachyzoites
(55, 79). In the current study we broadened the methodicalmainly induce “anchored” NETs. Of note was the inter-donor
panel to dissect between early events during NET formatiowariation concerning NET formation quanti cation using thi

by analyzing nuclear decondensation of PMN and late eventechnique. However, this observation is in line with higher

by estimating the formation of “cell free” and “anchored” donor variations in terms of quantity and quality of NETS
NETs. Overall, exposure of PMN t8. besnoititachyzoites induced by soluble mediators such as PMA and A23187 (
led to a signicant induction of nuclear decondensation79. In a further experimental approach usinBg. besnoiti
and of “anchored’-NETs. Interestingly, the data were morenfected primary endothelium in a parallel plate ow chamber,
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FIGURE 5 | Autophagy and NET formation occurs simultaneously iB. besnoit-exposed PMN. Bovine PMN were exposed toB. besnoiti tachyzoites for 3h. Samples
were xed and permeabilized for LC3B-based immunostainingd determine autophagosome formation by confocal microscop. (A) Panel showing the staining for
LC3B (green), DAPI (blue) phase contrast (gray scale) and nge. (B) Zoom-in showing autophagosome formation (triangles) and ETs entrapping tachyzoites
(arrows).(C,D) PMN were pretreated with rapamycin or wortmannin (50 nM for @min) and then exposed toB. besnoitiatachyzoites. After 3 h of incubation, the
samples were stained for LC3B(C) and the number of autophagosome-positive cells was determmied (D, left graph). Finally, Spearman test}, graph on the right
side) revealed a positive correlatiorr © 0.89) between LC3B expression and NETotic cells. (*< 0.01, Kruskal Wallis test, followed by Dunn'post-hoc test for
multiple comparisons).

we could conrm the formation of “anchored’-NETs under  Autophagy is a physiological process within the body which
physiological ow conditions by co-localization of extrdleéar ~ maintains homeostasis or normal function of cells by protein
DNA with histones. This con rms a potential cross-talk beeve degradation and turnover of destroyed cell organelles for ne
activated endothelium and leukocytes to be recruited te sitcell formation after cellular stres8@). Furthermore, autophagy

of infection. Whether these extruded “anchored’-NETs ntigh has been shown to play a pivotal role in regulating early innate
impact on intracellular located. besnoititachyzoites needs leukocyte-associated e ector mechanisms against pathogens,
further investigation. However, this observation mightvea such as phagocytosi81), cytokine secretiong2), and NET
implications on the outcome of cattle besnoitiosis since thdéormation (46). In this regards, mTOR pathway plays a key role
tachyzoite stages are indeed infecting endothelium ofeless in NET formation via regulation of autophagy pathway&3)

vivo (10, 12). Thus, Park et al.50) showed using a Sytox Green-related assay
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FIGURE 6 | LC3B expression inB. besnoiti tachyzoite-exposed PMN. Protein extracts oB. besnoiti tachyzoite-exposed PMN ( D 3) were performed at different time
points after exposure and analyzed for LC3B-I and LC3B-II expssion by immunoblotting. The expression of vinculin wasantrolled as an internal reference protein.

for NET quanti cation, that rapamycin pretreatments primed and secondly, the NAE-based assay appeared more sensitive for
human PMN enhancing NET formation in response to PMA.the detection of tachyzoite-triggered NET formation andyma
This reaction was reversed by a panel of di erent autophagyherefore have produced an improved resolution of the data. We
inhibitors. In this set-up, rapamycin treatments alone didtno therefore assume that early tachyzoite-triggered NET fdiona
inuence NET formation. In our experimental set-up using is indeed linked to autophagy in bovine PMN. Furthermore,
B. besnoititachyzoites instead of PMA, rapamycin treatmentsthe fact that formation of LC3B-positive autophagosomes was
did not in uence the degree of parasite-triggered bovine NETobserved in bovine PMN while casting NETs supported the
formation when using PicoGreen-based analyses on total NETmtential role of autophagy in PMN-derived responses against
and “anchored’/"cell-free” NETs. In addition, treatmentgath  tachyzoite stages.

the autophagy-inhibitor wortmannin failed to a ect parasite- Autophagosomes are double-membraned vesicles formed
triggered NET formation. This observation was complementediuring autophagy, which represent characteristic markers of
with the use of the PI3K inhibitor LY294002, observing a non-autophagy. LC3 is a small, soluble protein, which is distridute
signi cant decrease of “anchored” NETs formation. Sameiltes ubiquitously in mammalian tissues and in cultured cells. During
was observed by the use of MB-inhibitor. However, when autophagy, LC3-1 (a cytosolic form of LC3) is conjugated
estimating early NET formation via nuclear area expansionto phosphatidylethanolamine to form LC3-Il, which is then
(NAE) analysis, we found that rapamycin pretreatments indeedecruited to autophagosomal membranés)( Therefore, LC3-
primed bovine PMN for enhanced NET formation in responsell is widely used as a marker for the microscopic detection of
to tachyzoites. The discrepancy between the di erent methajds intracellular autophagosomes. The LC3 gene family comprises
NET detection may be explained by two factors: rst, autophagyhree members, LC3A, LC3B and LC3C, and LC3B represents the
appears to precede NET formation and may therefore rather bmost used endogenous autophagic markes) (Certain studies
linked to early NET formation that to late NET-related e ects have revealed that autophagy is required for NET formation
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FIGURE 7 | B. besnoitiinduces the phosphorylation of AMPK in bovine PMN. Proteinxracts of 5 108 PMN confronted with 20 108 B. besnoiti tachyzoites from
three different donors were obtained at different time pois and the kinetics were analyzed for LC3B-I and LC3B-II (uppepanel) and AMPKa T172 phosphorylation
(middle panel) through western blot. For AMPK, the activath of the enzyme was detected in the rst 30 min of interactionrfiiddle panel). Vinculin detection via
western blot was performed for the three donors as a protein gantity loading controls.

(46, 83 and that autophagy induction triggers NET formation also reported in a distinct population of PMN from sepsis
(45, 46, 83). To detect autophagy iB. besnoititachyzoite- patients which showed increased PMA-triggered NET formation
exposed PMN as a matter of principle, autophagosomectivity (45).

formation was visualized by LC3B-based immunostaining. AMPKa is a key metabolic master regulator in eukaryotes
Confocal microscopy clearly showed that confrontation ofwith high impact on several important cellular mechanisms.
PMN with B. besnoititachyzoites indeed caused a signi cantAMPKa activation is initiated by changes in the metabolic
increase of autophagosome formation. As a highly intergstinstatus which result from inhibition of ATP generation dugn
nding, we additionally observed that autophagic PMN alsohypoxia, glucose deprivation and increased ATP consumption
performed NET formation. However, neither rapamycin nor (84). Previous observations in PMN showed that AMPK
wortmannin pre-treatments had any inuence on PMN- activation decreased PMA-induced ROS production in human
derived autophagosome formation, reinforcing the obseorat PMN (49, but enhanced PMN chemotaxis, bacterial killing,
that these processes were mTOR-independent. Our resuléd phagocytosis5(). Moreover, AMPK promotes autophagy
are in line with those obtained in human PMN, where by directly activating Ulkl which is a mTOR downstream
rapamycin by its own is not able to induce autophagy butenzyme during autophagosome formatio5. On the other
increases the autophagosome formation induced by PMAand, inhibition of AMPK in mice model induced histone
(49. In line, mTOR-independent induction of autophagy was3 secretion, suggesting that AMPK activation contributed to
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murine NET formation @6€). Since autophagy is a complex technical support in scanning electron microscopy analyses. T
process and could be initiated via various signaling pathyayslannah Salecker for the technical supportBn besnoitiecell
we tried to check if AMPK pathway is involved B. besnoiti culture and Western blots. We further thank all sta members
tachyzoite-induced autophagy. Our current data show thabf JLU Giel3en teaching and research station Oberer Hardthof.
confrontation of PMN with B. besnoititachyzoites clearly

induced AMPKa activation in a time-dependent manner. Thus,

AMPKa phosphorylation was immediately induced from theSUF’F’LEMENTARY MATERIAL
very beginning of parasite-PMN interactions until 30 min Th
of co-culture. So far, it is unclear if enhanced AM&K
activation is linked to autophagy or NET formation or both
in tachyzoite-exposed neutrophils, but this will be a matter fo
further research.

e Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.388nmu.
2019.01131/full#supplementary-material

Figure S1 | Autophagy induction in bovine PMN. Bovine PMN were treated ith

PMA (20 nM) and rapamycin (100 nM) for 1 h, and bovine PMN treed with media
was used as control. Samples were xed and permeabilized wittpure cold

ET H | CS STATE M E NT methanol for LC3B-based immunostaining to determine autopagosome

formation by confocal microscopy.(A,B) showing merged images with the

: . : aining for LC3B (green), DAPI (blue) in the control groufC,D) showing merged
This StUdy was conducted in accordance to Justus Llebl ages with the staining for LC3B (green), DAPI (blue) in tleeated group. The

UmverS'ty Giessen Animal Qare C(_)m_mlttee Gwd_e“nesright graph shows the percentage of autophagosome-positie cells (E).
Protocols were approved by Ethic Commission for Experimental S2 | Isolated NETS fals to ind . . onin b

. . : .. Figure solate s fails to induce autophagosome formation in bawe
Ar_]lmal S_tUdIeS of Eederal State of Hesse (R_eglerungsprﬂsldllJ;MN_ Isolated NETs fromB. besnoiti-confronted PMN were isolated as described
Giessen; A9-/2012, JLU'NO-$21__AZ) and in accordance tﬂ/ Barrientos £9). Bovine PMN were treated with isolated NETs for 1 h, and
European Animal Welfare Legislation: ART13TFEU and currenbovine PMN treated with media was used as control. Samples we xed and

app|icab|e German Animal Protection Laws. permeabilized with pure cold methanol for LC3B-based immuastaining to
determine autophagosome formation by confocal microscopy(A,B) showing
merged images with the staining for LC3B (green), DAPI (blye the control

AUTHOR CO NTR I BUTIONS group. (C,D) showing merged images with the staining for LC3B (green), OA
(blue) in the treated group. The right graph shows the perceage of

CH, AT, and IC: designed the project and experiments. EZautophagosome-positive cells(E).

carried out most of the experiments. TM-C: under ow Figure S3 | Autophagy and NET formation occurs simultaneously iB.

experiments, SEM. UG: SEM and confocal microscope. ZVesnoitia-exposed PMN. Bovine PMN were exposed toB. besnoitiatachyzoites

LC3B confocal microscopy and Western blots. IC, CH, and ATfor 3 h. Samples were xed and permeabilized for LC3B-based irmunostaining to

prepared the manuscript. IC. ZV. and EZ: prepared the gures(_:ietermine autophagosome formation by confocal microscopy(A—F) control

. ' . group: (A,C,E) phase contrast, (B,D,F) merged images; (G-L) PMNCB. besnoiti
Allauthors reviewed the manuscrlpt. group: (G,1,K) phase contrast(H,J,L) merged images. Blue: DNA staining with
DAPI, green: autophagosomes staining with L3CB antibody.
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