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Neutrophils migrate to sites of infection where they phagogose, degranulate, and/or,

in the presence of appropriate stimuli, release decondenskchromatin strands (called
neutrophil extracellular traps, NETS) for trapping and pasbly killing microorganisms. NET
formation is characterized by marked morphological cell cinges, in particular within the
nucleus. Lytic NET formation can be observed in neutrophilsndergoing cell death, which

is referred to as NETosis. Dysregulation of NET productiomal/or degradation can exert

pathogenic effects, contributing to the pathogenesis of veous diseases, including cystic
brosis, autoimmune diseases and in ammatory conditions.By employing a phenotypic
assay based on high-content imaging and analysis, we screed a library of biologically
active compounds and identi ed vanilloids as a novel class bchemical compounds

able to hinder NETosis induction and NET release. Vanillgicalso markedly decrease
cytosolic ROS production. The identi cation of novel varlibid NET inhibitors, able to
stop excessive or aberrant NET production might offer new trapeutic options for those

disorders displaying NET overproduction.

Keywords: NETosis, high-content screening, vanilloids, N ETs, inhibitors, neutrophil

INTRODUCTION

Neutrophil granulocytes are polymorphonuclear cells thatnag to sites of infection (as part of
the rst line of immune defense) where they phagocytose, deglate and/or, in the presence of
appropriate stimuli, they may undergo marked morphological cetinges, in particular within the
nucleus. Indeed, the characteristic nuclear lobules ofrophils disappear, and neutrophils release
NET-like structures of decondensed chromatin stranddéciateutrophil extracellular traps, NETS)
decorated with antimicrobial peptides, for trapping and possiilling microorganisms [{, 2),

p. 57]. Lytic NET formation can be observed in neutrophils urgteng cell death, which is
referred to as NETosis. Although NET production is involvedhiost defense and NETs have a
potentially protective role against infections, their exsbes production or ine ective removal can
exert pathogenic e ects, resulting in tissue/organ damagd, @ntribute to the pathogenesis of
various disease8+{5). It has been known for over 40 years that cystic brosis patidrave high
levels of cell-free DNA in their airways (correlating withsiructive lung disease), of which NETs
have recently emerged as the principal soufea). In addition, antimicrobial peptides coating the
NETs are directly cytotoxic to tissue, and can result in dgletis in ammation of host tissue. It
has been demonstrated that NETs can directly cause epithaticendothelial cell deatt®y.
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There is growing evidence that NET formation can exacerbater by nigericin, a potassium ionophorel]). These pathways
di erent diseases in addition to cystic brosis. In Systemicrequire neither NE nor MPO recruitment, and are independent
Lupus Erythematosus (SLE) and other autoimmune diseases, tbf cytosolic ROS leveld ). Calcium in ux activates PAD4, an
abnormal regulation of NETs (with an imbalance between NETenzyme that converts arginine to citrulline on histonesush
formation and clearance) was proposed to play a promineniveakening the interaction of DNA with histones and promoting
role in the perpetuation of autoimmunity and disease worsgnin chromatin decondensation in the neutrophil nucleus.
i.e., the induction of kidney failure in Lupus Nephritisl@). Various small molecule-inhibitors of NET formation were
NETs have also been associated with in ammatory disorderseported so far, targeting key molecules or steps of this pspces
such as arthritis and goutl(, 12). More recently, NETs like NADPH oxidase Z0), ROS production 1, 22), PKC @23
have been shown to interact with macrophages and to primé&4), RAF-MEK-ERK pathway23), NE (25, MPO (22, 26, 27).
in ammation in vascular diseas€é.§). Thus, the identi cation of In 2017, Martinez and coworkers reported the discovery of
drug-like small molecules able to modulate the NET formatio tetrahydroisoquinolines acting as inhibitors of NET fortian,
pathways could provide clinicians with adjuvant therapies taalthough their mechanism of action was not clari edd].
be used in a patient-speci ¢ and disease-dependent fashion. Mery recently, the rst assay to monitor NET formation, based
cystic brosis, these drugs could decrease free DNA levels ion high-content imaging, was developed and used to screen
airways that proved to correlate with obstructive lung dssa a small library of 56 compounds2§). Here, we report the
In SLE and other autoimmune diseases, modulators of NE@evelopment of a novel, optimized phenotypic assay, based
formation could inhibit auto-antibody production, trigged on high-content image analysis, to detect pharmacological
by the exposure of post-translational modi ed proteins in modulators of NET production, suitable for the screening of
NET remnants, thereby reducing glomerular immune-complexarge libraries of chemical compounds. This assay relies on
deposition and kidney damage. Indeenh vivo preclinical an algorithm, developed using machine-learning techniques
testing of two PAD inhibitors, Cl-amidine and BB-Cl-amigin and signal multiparametric analysis, specically designed t
demonstrated that these compounds decreased NET formatiahetect morphological changes associated with NET formation
and protected against renal, skin and vascular manifestatio  In particular, our algorithm can recognize lytic NET formett,
murine models of lupusi4, 15). Similarly, Cl-amidine reduced which we will refer to as NETosis. We employed this assay to
the severity of arthritis in a mouse model of in ammatory screen a library of biologically active compounds, and idedti
arthritis (16). vanilloids as a novel class of chemical compounds able to hinde

In vitro studies on NET production initially focused on NETosis induction and NET release.
phorbol 12-myristate 13-acetate (PMA), a robust NET inducer
that mimics the oxidative burst occurring in in ammation an MATERIALS AND METHODS

after microbial infections. PMA activates protein kinase (9,

leading to calcium in ux, assembly of NADPH oxidase and/orNeutrOphiI Separation and Induction of
mitochondrial activation, with production of reactive oxgg NET Formation

species (ROS), including hydrogen peroxidex@), that is . . .
. . Human neutrophils were isolated from peripheral blood of
consumed by myeloperoxidase (MPO) to produce oxidads ( healthy volunteers and collected in sodium heparin blood

17.R r jon tri rsth ivation of neutrophil el ) . ; .
/)- ROS production triggers the activation of neutrophil elasta collection tube. Briey, neutrophils were separated follogi

(NE) and its dissociation from the azurosome, a membranefhe Dextran-Ficoll separation protocol and contaminatin
associated complex of NE, MPO, cathepsin G and other proteins, P P 9

NE translocates to the nucleus where it cleaves histones aer throcytes were lysed by hypotonic shock, as previously

concurs to chromatin decondensatioriq. Finally, nuclear Igiescrlbed 8£0). Neutrophils were then resuspended in Hank's

envelope and, subsequently, plasma membrane break OIOWI%alanced Salt Solution (HBSS) supplemented with 2mM gaCl
! ' and 0.05% Fetal Calf Serum (FCS), and plated (40,000/well) on

resulting in NET release. A key role in NET formation is also - . )
. i . . ._polylysine-coated black high-quality 96-well clear-bottbiack
played by gasdermin D (GSDMD), a pore-forming protein that ISplates suitable for high-content imaging. Neutrophil suspensi

e et e neubated 3. 5% CG, afer 20min. NET
P Y y Phages. ormation was induced by exposing cells to either Phorbol 12-

proteolytlcally_actlvated by NE and other neutrophil pro.teaseényristate, 13-acetate (PMA; Sigma P8139) for up to 210 min or
forms pores in the granule membrane, thus enhancing N : . -
jonomycin (Sigma 19657) for up to 90 min.

release into the cytoplasm and allowing further GSDMD cleavag
in a reiterative processlf). In addition, upon completion of |
NETosis, cleaved GSDMD forms pores in the plasma membrankibrary of Compounds and
allowing NET releasel@ 19). Library Screening

Whereas, NADPH oxidase activation was long consideretaster plates of the in-house library of 488 biologically \ati
an absolute requirement for NET release induction, furthercompounds were originally diluted at 10mM in DMSO and
studies on the molecular mechanisms revealed the existenstocked at 80 C until use. The complete list of compounds
of alternative pathways that involve protein-arginin deirage included in the library is provided irSupplementary Table 1
(PAD4) and are strictly calcium-dependent. Indeed, NETImmediately before assays, working plates were prepared at
formation can be induced experimentally by calcium ionoptsore 500mM by diluting compounds from master plates in PBS. Test
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compounds were then added to cells at a nal concentration o§ignal was laser-excited at 560 nm and the emission wautakng
5mM in the presence of either 100nM PMA (for 210 min) or were collected between 570 and 630 nm.

5mM ionomycin (for 90 min), unless otherwise indicated. . . .
Evaluation of MPO Expression Following

High-Content Assay for Visualization of NET Formation
NET Formation MPO expression was monitored by immuno uorescence in

To evaluate NET formation, at the end of treatment neutroghil fo'malin-xed, non-permeabilized neutrophils under resting
were formalin- xed and nucleic acid stain Hoechst 33342 wa&enditions or following pharmacological treatment, using an
added to visualize alterations in nuclear morphology and DNANU-MPO antibody (ab11730 from Abcam) conjugated with
extrusion. Neutrophil plates were then imaged either in non_phycogrythrln(PE). PE signal was laser-excited at 488 nnitend
confocal mode with a 20X air objective, or in confocal modeEmission wavelengths were collected between 570 and 630 nm.
with a 40X water-immersion objective using the Opera Pheni
(PerkinElmer) high-content screening system. Hoechst4233
signal was laser-excited at 405 nm and the emission wavbkeng
were collected between 435 and 480 nm.

’Quanti cation and Statistical Analysis

Intra-donor variability was assessed by performing three
independent experiments (on separate days). Experiments were
performed on neutrophils deriving from three di erent subjsct

| ithm f q VS| to account for inter-donor biological variability. Thusyrfeach
Algorithm for Automated Image Analysis condition, n D 9. The Kolmogorov-Smirnov test was used

Automated image analysis was performed using the Harmony, eyajuate the assumption of normality. Normally distribdite
software of the Opera Phenix high-content screening sysbym, gata are expressed as meansSEM. For normally distributed
means of an automated algorithm, developed using machingyanitative variables, the one-way parametric analysis of
learning techniques. This algorithm allows identi catioof  \ariance (ANOVA) was performed, followed by the Dunnet

neutrophils, undergoing sequential steps of NETosis, by meany jiiple post-hodest to avoid multiple comparison errors when
of a multiparametric analysis of signal morphology, intepsit comparing more than 2 groups.
density, and texture. In particular, the analysis of signatuee

(describing the spatial arrangement of signal intensitresam
image) is based on evaluation of Haralick and Gabor feafure
two subsets of well-known paramete8d(32), and evaluation of The aim of this study was the identication of putative
SER (Spots, Edges, Ridges) features, developed by PerkinE"}Iﬁh‘a'blulators of NET formation. We rst evaluated the feasityili
and ingluded n thg Harmony sqftware of Opera .Phenix. quourof Opera Phenix System for the detection and quanti cation
analysis, neutrophils were considered as NETotic only wiga | of NETs, through the detailed nuclear morphology analysis

NET formation was observed. in neutrophils exposed to PMA or ionomycin, after formalin

. . . xation and Hoechst 33342 staining. We employed the Harmony
Evaluation of Cytosolic ROS Production software of the Opera Phenix screening system, by means
To detect intracellular ROS production, neutrophils, exposegf an automated algorithm, developed using machine-learning
to test compounds in combination with 100nM PMA om8M  techniques, and based on the multiparametric analysis oisig
ionomycin, were stained with Hoechst 33342 to ViSUaliZQ‘norpho|ogy' intensity’ density and texture. For each We”,
nuclei and with the ROS-sensitive cell-permeant proi§®2  and therefore for each experimental condition, we indivitiya
dichlorodihydro uorescein diacetate (#DCFDA; 1.9mM).  analyzed 25,000-30,000 neutrophils. Both PMA and ionomycin
Upon cleavage of the acetate groups by intracellular esterasgguced easily detectable changes in nuclear morphologi, wi
and oxidation by cytosolic ROS, the non- uoresceniBCFDA  disappearance of the characteristic lobules of the nuclei and
is converted to the highly uorescent®Z%dichloro uorescein  extrusion of the chromatin both in the cytoplasm and possibly,
(DCF). Cytosolic ROS production was then monitored in livingin |ater steps, in the extracellular space, due to the breach of
neutrophils for up to 120min by time-lapse imaging of cellshyclear envelope and plasma membraReg(re 1A). However,
using the Opera Phenix high-content screening system. DCfne time-course and the intensity of NET production were
signal was laser-excited at 480 nm and the emission wawtkeng dependent on the stimulus applied. Indeed, NET formation

RESULTS

were collected between 505 and 535 nm. was detected i 60% of neutrophils exposed to ionomycin
] ] ] o (5-10mM) after a short treatment (45 min); conversely, when
Evaluation of Mitochondrial Viability neutrophils were treated with PMA at the maximal e ective

The e ect of ionomycin on mitochondrial viability was asseds dose (100nM), the same percentage of NETotic cells was
in neutrophils treated with 5M ionomycin alone or in observed after 210 minF{gures 1B,G. In addition to this,
combination with test compounds, using tetramethylrhodami nuclear alterations induced by 100 nM PMA were less evident
methyl ester (TMRM; 20nM), a cell-permeant uorescentthan those elicited by ionomycin, that caused a dramatis los
dye that is readily sequestered by active mitochondria. NE®f the nuclear shape with massive extracellular chromatin
formation and TMRM accumulation were simultaneouslyextrusion Eigure 1A and Supplementary Figure 1. Notably,
monitored, on living neutrophils, by high-contentimagingrfup  neutrophils treated with vehicle alone (DMSO) did not undergo
to 60 min after treatment, using the Opera Phenix system. TMRMny morphological changes in the same exposure time frame,
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with a percentage of spontaneously NETotic neutrophils lowereceptor potential vanilloid type 1 (TRPV1) receptor, an ion
than 1-2% Figure 1and Supplementary Figure 1. Toconrm  channel acting as a key molecule in peripheral nociception,
that the chromatin-containing structures detected by Hastc activated by many physical and chemical stimuli such as nwxio
33342 staining under these experimental conditions wereéadd heat, low extracellular pH, divalent cations as well as animal
NETSs, we counterstained neutrophils for MPO. MPO expressiomoxins (36).
was detected in both PMA- and ionomycin-induced NETs, Dierent results were obtained from the primary screening
although at di erent levels, being higher in PMA-induced NETson neutrophils treated with ionomycin, in which only one
(Supplementary Figure 2 In control neutrophils, treated with hit was identi ed, the bisbiguanide alexidine, which wadeab
vehicle alone (DMSO), no MPO was detected, unless wheio reduce to<50% the number of neutrophils undergoing
permeabilized before staininG@pplementary Figure 2 These NETotis (Figure 2D).
results suggest that, in cells detected as NETotic by oarigig, We evaluated the ability of hits to inhibit NET formation
plasma membrane integrity was compromised. In addition, ouat di erent concentrations. First, we focused on vanilloid
algorithm of analysis allows discriminating between NES@sid compounds. The compounds were tested in the low micromolar
other forms of cell death, like apoptosis, based on their dirgre range on neutrophils in the absence or presence of 100 nM PMA
phenotypic features: indeed, neutrophils treated with etagmsi  (Figure 3A). Neither capsaicin nor dihydrocapsaicin elicited
a known inducer of apoptosis3@), showed reduced nucleus NET production in neutrophils when the test compounds were
area, but markedly increased Hoechst 33342 signal inteasd  applied in the absence of PMAFigure 3A). Both capsaicin
di erent signal texture Supplementary Figure 2 and dihydrocapsaicin were able to inhibit PMA-induced
Considering the high reproducibility and robustness ofNETosis onset in a dose-dependent manner, with a EC50 in
this assay, we employed it to screen an in-house library dhe range of 1-BM with complete inhibition achieved at
approximately 500 biologically active compounds, to identifysmM (Figure 3A). Besides capsaicin and dihydrocapsaicin,
compounds able to inhibit PMA-induced and/or ionomycin- we also took into consideration another two vanilloid
induced NET formation Figure 2). This library included kinase structural analogs, N-vanillylnonanamide and capsazepine,
inhibitors, endocannabinoids, bioactive lipids, modulatoof that showed similar activity compared to capsaicin and
the autophagic pathway and Wnt signaling, and a small sedihydrocapsaicinfigure 3B).
of orphan drugs and FDA-approved drugs. Compounds were We then evaluated the ability of vanilloid compounds to
added at the concentration offBM to neutrophils stimulated for decrease cytosolic ROS following PMA stimulation. To this aim,
210 min with 100 nM PMA or for 90 min with 1M ionomycin,  neutrophils were treated with PMA alone or in combination
after which plates were washed, formalin- xed, processed twith test compounds, in the presence of the ROS-sensitive
stain nuclei and nally imaged. The ability of compounds to cell-permeant probe %2dichlorodihydro uorescein diacetate
modulate NET production was determined by evaluating thgH,DCFDA) (Figure 4). Then, NETosis induction as well as
dierence in the percentage of NETotic cells as comparedytosolic ROS production were monitored by high-content
to that in the presence of stimuli alone. Results of the twdmaging on living neutrophils for up to 120 min after treatnten
screenings are displayed IFgures 2A,B The Z' factor 84)  (Figure 4). In the absence of PMA, the time-dependent increase
was very satisfactory for all screenings: 0.96 for PMA-¢etat in HoDCFDA uorescence, proportional to cytosolic ROS
neutrophils and 0.88 for ionomycin-treated neutrophils. Theproduction, is quite small, and not in uenced by treatment
NETotic cell percentage scores were then put into orderedith vanilloids, with the only exception of capsazepine, which
distributions (Figures 2C,Dfor the screens performed with PMA caused a signi cant although modest reduction of cytosolic
and ionomycin stimulation, respectively). Since both PMA andROS production Figures 4A,B. Conversely, in neutrophils
ionomycin treatment caused the induction of NETotic pherméy  stimulated with PMA, HDCFDA uorescence rose markedly,
in approximately 70% of the neutrophils, we decided to set avith a peak of 6-fold increase as compared to non-stimulated
threshold of 30% reduction in NETosis induction rate. Thus,neutrophils Eigures 4A,B. Interestingly, the time-course of
compounds were considered active when the percentage oftosolic ROS increase reached the steady-state irh
NETotic neutrophils was below 50%. The primary screening orfter PMA addition Figure 4B. As a further control, we
neutrophils treated with PMA highlighted 70 putative hits,.j.e also measured cytosolic ROS levels in neutrophils under
compounds able to decrease the percentage of NETotic cellsresting conditions or treated with ionomycin, in the absenc
<50% Eigure 20). Of 70 putative hits, 22 compounds were ableor presence of alexidineF{gure 4C0). As expected, and in
to decrease the percentage of NETotic cells 10% Figure 2C  agreement with data in the literaturel), cytosolic ROS
see als@Supplementary Table 2 Not surprisingly, among the were not inuenced by these pharmacological maneuvers
positive hits, there were many protein kinase inhibitors, in(Figure 40).
particular PKC inhibitors, like Ro31-8220, staurosporinePK Subsequently, we evaluated the ability of alexidine to
412, Sphingosine, Palmitoyl-DL-carnitine, and GF1092@3. inhibit NETosis induction by ionomycin. Alexidine was
list of hits also included celastrol, already known as arbitbr of ~ therefore tested at dierent concentrations in the Ilow
PMA-induced NET formation 85). Interestingly, in the shortlist micromolar range on unstimulated neutrophils or in the
of the 22 hits there were two analogs belonging to the vadilloipresence of ionomycin Higure 5A). Interestingly, we
chemical class, i.e. capsaicin and its analog dihydrocapsaicobserved that alexidine was able to induce NET appearance
These two compounds are known agonists of the transiergven in the absence of ionomycin stimulation. On the
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FIGURE 1 | Induction of NET formation in human neutrophils(A) Confocal analysis of morphological changes occurring in Hechst 33342-stained nuclei of human
neutrophils freshly isolated from healthy donor, followgtreatment with PMA (for 210 min) or ionomycin (for 90 min) arehicle alone (DMSO), as indicated. BaD
30 mm. (B) Time-dependence of NET production following stimulation ith PMA or ionomycin.(C) Dose-dependence of netosis induction by PMA (left graph) or
ionomycin (right graph). Mean SEM, n D 9. Asterisks indicate statistical signi cance vs. the corrsponding control (DMSO-treated cells): 17 < 0.01.

other hand, with similar dose-response relationship, thiscompounds, and in the presence of tetramethylrhodamine
compound also inhibited NET production induced by methyl ester (TMRM), a cell-permeant uorescent dye that
ionomycin (Figure 5A). Thus, we focused our attention is readily sequestered by active mitochondrikig(re 6).
on the ability of alexidine to elicit NETosis. We evaluatedTMRM accumulation was monitored, in parallel to NET
the time-course of NET formation induced by alexidineformation, for up to 60min after treatment by high-content
(Figures 5B,Q. Interestingly, a small fraction of neutrophils imaging on living neutrophils Figure 6). In the absence of
treated with a submaximal concentration of alexidineionomycin stimulation, TMRM was accumulated in active
(5mM) began to display NETotic morphological featuresmitochondria, leading to a time-dependent increase in TMRM
already after 90min of treatment, however the maximaluorescent signal in the mitochondria Rigures 6A,B. The
eect was achieved in 150-210 minFigures 5B,3. MPO  protonophore, carbonyl cyanide m-chlorophenylhydrazone
expression was detected in alexidine-induced NETYCCCP), that uncouples mitochondria, induced a marked
although at lower levels as compared to PMA-inducededuction in TMRM accumulation Figure 6B). A similar
NETs Supplementary Figure 3. reduction in TMRM accumulation was also observed when

Finally, we evaluated mitochondrial viability following neutrophils were treated with ionomycin, or alexidine or
neutrophil treatment with ionomycin. Indeed, calcium ionomycin plus alexidine Kigure 6B). As a further control,
ionophores proved to elicit the generation of a large amount ofve evaluated the e ect of vanilloids on mitochondria viatyili
mitochondrial ROS 7). It has been demonstrated that oxidative Interestingly, vanilloid compounds did not alter either the
stresses caused by mitochondrial ROS increase can induegtent or the time-dependence of TMRM accumulation
rapid depolarization of mitochondrial membrane potential (Figure 6C). Stimulation with PMA slightly slowed down
(39). Thus, we assessed mitochondrial viability in neutrophilSTMRM accumulation, an e ect that was not prevented by
treated with ionomycin alone or in combination with test co-treatment with vanilloidsKigure 6C).
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FIGURE 2 | Primary screenings to identify putative inhibitors of NETrpduction. (A,B) Results of the compound library screenings performed on fghly isolated
human neutrophils, following 210 min treatment with PMA (1@nM; upper panel) or 90 min treatment with ionomycin (§M; lower panel). Each dot represents the
percentage of NETotic cells in each well, following the défent pharmacological treatments. Black dots: cells tread with a single test compound (5nM) in the
presence of PMA or ionomycin. Gray dots: cells treated with ISO alone, in the absence of PMA or ionomycin. Red dots: cellseated with DMSO in the presence of
PMA or ionomycin.(C,D) Ordered distributions of the PMA(C) and ionomycin (D) screening displayed in(A,B), respectively. Dashed red lines indicates standard
deviation of NETotic cell percentage scores. Dashed and datd (only inC) black lines indicate the thresholds of 50 and 10% NETotic dks, respectively.

DISCUSSION

using an automated microscope and analyzed using image
analysis software. The screening of an in-house library 07840

A pathogenic role for NET formation has been postulated, ihatural product-inspired compounds led to the identi cation

not demonstrated, for various diseases, including SLE hnero
autoimmune diseases, in ammatory conditions like arthgjt
gout and vasculitis, and possibly also for cystic bro&is/( 10~
13). Thus, there is an increasing interest in the identi catio
of drug-like small molecules able to slow down or inhibit
NET release, which could represent attractive therapeutitsto

of a group of substituted tetrahydroisoquinolines as a cldss o
small molecules that inhibit PMA-induced NET formation at
micromolar concentrations48). Similarly, Chicca and colleagues
developed and optimized a phenotypic assay based on high-
content imaging and analysis that was used to screen a
small panel of 56 compounds including a wide range of

Indeed, in the last few years various assays have been pedelopharmaceutically relevant compounds with varied targets for

and optimized to screen for modulators of NET production,

immune cell modulation29). In this article, the authors stressed

based on dierent readout methodologies and suitable fothe main advantage deriving from the use of high-content

di erent throughputs. For example, Martinez and colleagu#s (

analysis, that is the potential to analyze a large number of

developed a phenotypic assay in which neutrophils were imagetkutrophils per sample, rather than only a small fraction. In
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FIGURE 3 | Vanilloids inhibit NET formation by PMA in human neutropkil(A) Dose-response relationships of capsaicin (CPS) and dihydecapsaicin (DHC) on freshly
isolated human neutrophils following 210 min treatment wiit vehicle alone (DMSO; left panels) or 100 nM PMA (right pasg!(B) Dose-response relationships of
N-vanillylnonanamide (VNA) and capsazepine (CPZ) on fréglisolated human neutrophils following 210 min treatment ith vehicle alone (DMSO; left panels) or

100 nM PMA (right panels). Mean SEM, n D 9. Asterisks indicate statistical signi cance vs. the corrsponding control (DMSO-treated cells): 1 < 0.01; *p < 0.05.
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FIGURE 4 | ROS production in human neutrophils(A) Confocal images of human neutrophils freshly isolated frorhealthy donor, following 120 min treatment with
DMSO or 100 nM PMA. Nuclei were stained with Hoechst 33342. Qpsolic ROS were visualized using the ROS-sensitive cellepmeant probe
2,7 -dichlorodihydro uorescein diacetate ({,DCFDA). BarD 30 nm. (B) Time-dependence of cytosolic ROS production in freshly idated human neutrophils
following treatment with vanilloids (3nM) in the presence of vehicle alone (DMSO; upper panel) or 106M PMA (lower panel)(C) Time-dependence of cytosolic ROS
production in freshly isolated human neutrophils followmtreatment with alexidine (5nM) in the presence of vehicle alone (DMSO; left panel) om8vl ionomycin (right
panel). Mean SEM, n D 9. Asterisks indicate statistical signi cance vs. the corrsponding control (DMSO-treated cells): 1 < 0.01; *p < 0.05.
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FIGURE 5 | Effect of alexidine treatment on human neutrophil§A) Dose-response relationships of alexidine (ALX) on freshiolated human neutrophils following
90 min treatment with vehicle alone (DMSO; left panel) orfBM ionomycin (right panel)(B) Time-dependence of netosis induction by 5mM alexidine. Mean SEM, n
D 9. Asterisks indicate statistical signi cance vs. the corrgponding control (DMSO-treated cells): 13 < 0.01. (C) Confocal analysis of morphological changes
occurring in Hoechst 33342-stained nuclei of human neutrohils following treatment with 5mM alexidine. BarD 30 mm.

addition, these authors highlighted the importance of sampleignal intensities), thus allowing the identi cation of uteophils
handling and processing: considering that NETs are fragilendergoing sequential steps of NETosis, up to complete
structures and that their integrity is essential for acdera disruption of the nuclear envelope and eventually loss of
analysis, the xative procedures were optimized to guaranteplasma membrane integrity (lytic NET formation). Indeed, it
sample preservation2@). Thus, we focused our attention on has been reported that NET formation could occur also in the
sample preparation rst. We opted for a di erent strategy from absence of NETosis, hence in a sort of “reversible” contlitio
that adopted by Chicca et al29. We found that polylysine (39, 40). Thus, for our studies, neutrophils were considered
coating improved neutrophils attachment to the plastic platesas NETotic only when complete disruption of the nuclear
without altering the response to pharmacological NET-indsce envelope was observed, as evidenced by chromatin lling ep th
and preserving the morphological changes that are peculiawhole cytoplasm. In addition, our algorithm of analysis it

of NETotis onset. In addition, polylysine coating did not discriminating between NETosis and other forms of cell death
interfere with either non-confocal or confocal high-conte like apoptosis, having di erent phenotypic features, withoug th
imaging protocols required for our studies. The e ectivenessieed of speci c markers.

of our protocols for sample handling and processing was This assay, taking advantage of high-content imaging and
demonstrated by the extremely low occurrencelfo) of analysis procedures, allowed us to individually analyze0®5,0
neutrophils undergoing spontaneous cell death (throughegith 30,000 neutrophils for each experimental condition, resglin
NETosis or apoptosis). great statistical power.

Using the Harmony software of the Opera Phenix system We screened a set of targeted libraries, i.e., collectidns o
and machine-learning techniques, we developed an algorithmompounds having known biological activities and targeting
speci cally designed for image analysis of morphologicaknown molecular e ectors of speci c cellular pathways. These
changes associated with NETotis. This algorithm can perfarm libraries are useful to dissect the molecular pathways ireain a
multiparametric analysis based on analysis of signal moqangl  yet uncharacterized biological phenomenon, and thus to idignt
intensity, density, and texture (i.e., the spatial arrangetrof  novel drug targets. The screens were designed to identifgitivee
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FIGURE 6 | Evaluation of mitochondrial viability in human neutrophil (A) Confocal images of human neutrophils freshly isolated frorealthy donor, following 60 min
treatment with DMSO or 5mM ionomycin in the absence or in the presence of &M alexidine. Nuclei were stained with Hoechst 33342. Mitocbndria were visualized
with tetramethylrhodamine methyl ester (TMRM), a cell-pereant uorescent dye that is readily sequestered by active nichondria. Bar D 30 nm. (B)
Time-dependence of TMRM accumulation in freshly isolateduman neutrophils following treatment with 1M alexidine in the presence of DMSO or &M ionomycin.
The uncoupling agent carbonyl cyanide m-chlorophenyl hydzone (CCCP), a chemical inhibitor of oxidative phosphostion, was used as a positive control for
mitochondrial impairment.(C) Time-dependence of TMRM accumulation in freshly isolateduman neutrophils following treatment with 5nM vanilloids. Mean SEM,
n D 9. Symbols indicate statistical signi cance vs. the correspnding control (DMSO-treated cells): 1§ < 0.01; *p < 0.05; §p < 0.05 (vs. DMSO treated cells in the
absence of PMA stimulation, shown inC, top graph).
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modulators of NETosis induction following treatment witlileer ~ potential use of capsaicin in the upper airways has been
PMA or ionomycin. The robustness of our assay was testi ed byproposed, as adjuvant therapy for both allergic and non-ailterg
the Z' factor calculated for the screenings: 0.96 for PMAteel  rhinitis (47). Capsaicin has also been evaluated as treatment for
neutrophils and 0.88 for ionomycin-treated neutrophils. burning mouth syndrome, resulting in long-lasting but paatti

Our screens identi ed 70 putative inhibitors of PMA-induced symptom relief, although associated with important collater
NETosis, 22 of which able to fully inhibit NETosis onset. Amyo e ects (47).
the hits, we identi ed several kinase inhibitors, consishkg The identi cation of novel NET inhibitors, able to stop
with data in the literature 23 24). Interestingly, the screen excessive or aberrant NET production might oer new
also highlighted two vanilloids as compounds able to hindetherapeutic options for those disorders displaying NET
PMA-induced NETosis, i.e., capsaicin and dihydrocapsaiciroverproduction like cystic brosis, SLE, and in ammatory
Interestingly, these compounds displayed higher potency atiseases3(7). Indeed, preclinical studies on murine models
compared to previously identi ed inhibitors of NET formation have already demonstrated the therapeutic relevance of PAD
like tetrahydroisoquinolines, since complete inhibition sva inhibitors (14-16). In addition, capsaicin and other vanilloids
achieved at M, while tetrahydroisoquinolines were maximally prevented the production of cytosolic ROS, suggesting thatethe
e ective at 30mM (28). Capsaicin and dihydrocapsaicin are compounds may be useful to limit the hyper-responsiveness of
known agonists of the TRPV1 receptdd). However, TRPV1 neutrophils observed under certain pathological condititike
involvement in NET formation and release could be excludegberiodontitis @48).
since we found that also capsazepine, a known antagonist of
TRPV1 receptors 41), was able to arrest NET production ETHICS STATEMENT
by PMA, preventing the increase in cytosolic ROS. It has
been reported that capsaicin and capsazepine can supprelsis study was approved by the Regional Ethical Committee
nuclear factorkB (NFKB) activation ¢2) and that celastrol, an (Comitato Etico Regionale) on October 24, 2014, under the
inhibitor of NET formation (also identi ed in our screeninjg  supervision of the Italian Ministry of Health. Written infored
acts possibly through downregulation of the SYK-MEK-ERK-<consent was obtained from all donors using a form that was also
NFkB signaling cascade&3%). Thus, most likely also vanilloids approved by the same Ethical Committee.
act similarly.

Our studies also highlighted the dierences occurring AUTHOR CONTRIBUTIONS
between the mechanisms of NETosis induction elicited by PMA
and ionomycin, as already describei7). Interestingly, our ES, RB, and NP conceptualization. ES, EP, and RB investigation
screen identi ed only one compound able to stop ionomycin-and validation. ES, RB, and NP writing. GMG and NP funding
induced NETosis, the bisbiguanide alexidine, which wagcquisition. GMG and NP resources.
also a NETosis inducer, although with a slower time-course.
Alexidine is an antiseptic agent used in mouthwashes thCKNOWLEDGMENTS
eliminate plaque-forming microorganisms. It binds to
lipopolysaccharide and lipoteichoic acid and inhibits fungalThe authors would like to thank Antonio De Flora and
phospholipase B4@). In addition, alexidine also inhibits the Enrico Millo for helpful discussion and Anna Capurro for
mitochondrial protein tyrosine phosphatase PTP localizech® t English language revision. This work was supported by grants
Mitochondrion 1 (PTPMT1) ¢4). By inhibiting mitochondrial ~ from the Italian Ministry of Health through Cinque per mille
phosphatase PTPMTL1 alexidine causes hyperactivation ghd Ricerca Corrente (Lineal) from the ltalian Ministry of
succinate dehydrogenase (SDH), an enzyme that participates Health, and from ERA-Net for Research Programmes on Rare
both the Krebs cycle and in the mitochondrial respiratoryDiseases (01GM1601).
complex Il of the electron transport chain4f). It has

been reported that mitochondrial complex Il can generateg ypPPLEMENTARY MATERIAL

reactive oxygen species at high rates in both the forward and

reverse reactions, thus suggesting that complex Il may bene Supplementary Material for this article can be found
an important contributor to physiological and pathological online at: https:/www.frontiersin.org/articles/10.388nmu.
ROS production 46). Thus, although alexidine can inhibit 2019.00963/full#supplementary-material
NET .formatlon eI.ICIted by |on9myC|n, . we hypothesge Supplementary Figure 1| Induction of NET formation in human neutrophils.
that it can also induce NETosis possibly by increasingonfocal analysis of morphological changes occurring in Hechst 33342-stained
mitochondrial ROS. nuclei of human neutrophils freshly isolated from healthyahor, following
In summary, our studies identi ed a novel class of inhibior treatment with PMA (for 210 min) or ionomycin (for 90 min) orehicle alone

; i NAi e HDMSO), as indicated. White squares highlight the regionshewn in Figure 1A.
of PMA-induced NETosis, the vanilloids. Capsaicin has beeThe BarD 100 mm
utilized to treat many diseases, with particular focus on pain ’
(47). Capsaicin patches are safe and proved to be eectiv%.jpplementary Figure 2| MPO expression during NET formation. A and B.

in controllina neuropathic pain resulting from post herpetic Confocal analysis of MPO expression and morphological chaes occurring in
g P P 9 P P Hoechst 33342-stained nuclei of human neutrophils followig treatment with PMA

neuralgia, post-surgical neuralgia, post-traumatic neutpa  (100nMm for 210min) or ionomycin (81 for 90 min) or etoposide (to induce
polyneuropathy, and mixed pain syndromé7. In addition, apoptosis; 25mM for 210 min) or vehicle alone (DMSO), as indicated. Arrow

Frontiers in Immunology | www.frontiersin.org 11 April 2019 | Volume 10 | Article 963



Sondo et al.

Vanilloids Inhibit NET Formation

indicates apoptotic nuclei, identi ed by the algorithm accading to reduced
nucleus area, but markedly increased Hoechst 33342 signahtensity and different
signal texture. BarD 40 mm for images in(A). Bar D 15 mm for images in(B).
Images in(B) were taken with longer exposure times.

Supplementary Figure 3| MPO expression during NET formation. Confocal
analysis of MPO expression and morphological changes occung in Hoechst

33342-stained nuclei of human neutrophils following 210 i treatment with PMA
(100 nM) or alexidine (3nM) or vehicle alone (DMSO), as indicated. Bdd 15 mm.
Supplementary Table 1| Library of biologically-active compounds.

Supplementary Table 2 |
PMA-induced neutrophils.

List of putative hits from the primary screening in

REFERENCES

10.

11.

12.

13.

14.

15.

. Branzk N, Papayannopoulos V. Molecular

. Dwyer M, Shan Q, D'Ortona S, Maurer R, Mitchell R, Olesen H, etysti€

. Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS

et al. Neutrophil extracellular traps kill bacteri@ciencg2004) 303:1532-5.
doi: 10.1126/science.1092385

mechanisms regulating
NETosis in infection and diseas8emin Immunopathol(2013) 35:513-30.
doi: 10.1007/s00281-013-0384-6

. Cheng OZ, Palaniyar N. NET balancing: a problem in in ammatory lung

diseasegzront Immunol (2013) 4:1. doi: 10.3389/ mmu.2013.00001

. Martinod K, Fuchs TA, Zitomersky NL, Wong SL, Demers M, Gallant
M, et al. PAD4-de ciency does not aect bacteremia in polymicrobial 19.

sepsis and ameliorates endotoxemic shoBlood (2015) 125:1948-56.
doi: 10.1182/blood-2014-07-587709

. Kolaczkowska E, Jenne CN, Surewaard BG, Thanabalasuriar WX,&anz
MJ, et al. Molecular mechanisms of NET formation and degradation tedea 20.

by intravital imaging in the liver vasculatur®lat Commun (2015) 6:6673.
doi: 10.1038/ncomms7673

brosis sputum DNA has NETosis characteristics and neutrophitasellular
trap release is regulated by macrophage migration-inhibitory fadtémnate
Immun. (2014) 6:765—79. doi: 10.1159/000363242

. Marcos V, Zhou-Suckow Z, Onder Yildrim A, Bohla A, Hector A,

Vitkov L, et al. Free DNA in cystic brosis airway uids correlates
with air ow obstruction. Mediators Inamm (2015) 2015:408935.
doi: 10.1155/2015/408935

. Manzenreiter R, Kienberger F, Marcos V, Schilcher K, Kratriga WD,

Obermayer A, et al. Ultrastructural characterization of cystic bragisitum
using atomic force and scanning electron microscopZyst Fibrag2012)
11:84-92. doi: 10.1016/}.jcf.2011.09.008

. Saarzadeh M, Juenemann C, Queisser MA, Lochnit G, Barretaftiska SP,

et al. Neutrophil extracellular traps directlyi nduce epithelial and ehdlial
cell death: a pre-dominant role of histoned8LoS ONE(2012) 7:32366.
doi: 10.1371/ journal.pone.0032366

Lande R, Ganguly D, Facchinetti V, Frasca L, Conrad C, Gredprt al.
Neutrophils activate plasmacytoid dendritic cells by releasing sei-DN
peptide complexes in systemic lupus erythematoSas Transl Med(2011)
3:73ral9.doi: 10.1126/scitransimed. 3001180

Mitroulis 1, Kambas K, Chrysanthopoulou A, Skendros P, Apostolio
Kourtzelis |, et al. Neutrophil extracellular trap formation is assaavith
IL-1b and autophagy-related signaling in go#t.oS ONE(2011) 6:€29318.
doi: 10.1371/journal.pone.0029318

Khandpur R, Carmona-Rivera C, Vivekanandan-Giri A, Gizingki
Yalavarthi S, Knight S, et al. NETs are a source of citrullinatedaantigens
and stimulate in ammatory responses in rheumatoid arthritsei Trans| Med
(2013) 5:178-140. doi: 10.1126/scitransimed.3005580

Warnatsch A, loannou M, Wang Q, Papayannopoulos V. In ammation
Neutrophil extracellular traps license macrophages for cytokine producti
in atherosclerosis. Science. (2015) 349:316-20. doi: 10.1126/science.
aaa8064

Knight JS, Zhao W, Luo W, Subramanian V, O'Dell AA, Yalavarthi S
et al. Peptidylarginine deiminase inhibition is immunomodulatory dan
vasculoprotective in murine lupus) Clin Invest (2013) 123:2981-93.
doi: 10.1172/3CI67390

Knight JS, Subramanian V, O'Dell AA, Yalavarthi S, Zhao W, SEithet al.
Peptidylarginine deiminase inhibition disrupts NET formation aptbtects
against kidney, skin and vascular disease in lupus-prone MRL/Ipe rAicn
Rheum Dis(2015) 74:2199-206. doi: 10.1136/annrheumdis-201468053

16.

17.

18.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Willis VC, Gizinski AM, Banda NK, Causey CP, Knuckley B, Cued&N,

et al. N-a-benzoyl-N5-(2-chloro-1-iminoethyl)-I-ornithine amide, a protein
arginine deiminase inhibitor, reduces the severity of murine gallainduced
arthritis. J Immunol (2011) 186:4396—404. doi: 10.4049/jimmunol.1001620
Kenny EF, Herzig A, Kriiger R, Muth A, Mondal S, Thompson PR, et al.
Diverse stimuli engage di erent neutrophil extracellular trap pathalife
(2017) 2e24437. doi: 10.7554/eLife.24437

Sollberger G, Choidas A, Burn GL, Habenberger P, Di Lucrezia R
Kordes S, et al. Gasdermin D plays a vital role in the generation
of neutrophil extracellular traps.Sci Immunol. (2018) 3:eaar6689.
doi: 10.1126/sciimmunol.aar6689

Chen KW, Monteleone M, Boucher D, Sollberger G, Ramnath D,dGon
ND, et al. Noncanonical in ammasome signaling elicits gasdermin D-
dependent neutrophil extracellular trapSci Immunol.(2018) 3:eaar6676.
doi: 10.1126/sciimmunol.aar6676

Fuchs TA, Abed U, Goosmann C, Hurwitz R, Schulze |, Wahn V, &alel

cell death program leads to neutrophil extracellular trap&€ell Bial (2007)
15:231-41. doi: 10.1083/jch.200606027

Nishinaka Y, Arai T, Adachi S, Takaori-Kondo A, Yamashit&iKglet oxygen

is essential for neutrophil extracellular trap formatiddiochem Biophys Res
Commun (2011) 16:75-9. doi: 10.1016/j.bbrc.2011.08.052

Palmer LJ, Cooper PR, Ling MR, Wright HJ, Huissoon A, Chapple IL.
Hypochlorous acid regulates neutrophil extracellular trap release in humans
Clin Exp Immunol (2012) 167:261-8. doi: 10.1111/j.1365-2249.2011.64518
Hakkim A, Fuchs TA, Martinez NE, Hess S, Prinz H, Zychlinsky
A, et al. Activation of the Raf-MEK-ERK pathway is required for
neutrophil extracellular trap formationNat Chem Bial (2011) 7:75-7.
doi: 10.1038/nchembio.496

Neeli I, Radic M. Opposition between PKC isoforms regulatesorgst
deimination and neutrophil extracellular chromatin releaSeont Immunol
(2013) 4:38. doi: 10.3389/ mmu.2013.00038

Nathan C. Neutrophils and immunity: challenges and opportunitid.Rev
Immunol. (2006) 6:173-82. doi: 10.1038/nri1785

Metzler KD, Fuchs TA, Nauseef WM, Reumaux D, Roesler J, ®chulz
I, et al. Myeloperoxidase is required for neutrophil extracellular trap
formation: implications for innate immunity.Blood. (2011) 117:953-9.
doi: 10.1182/blood-2010-06-290171

Patel S, Kumar S, Jyoti A, Srinag BS, Keshari RS, Saluja R, et al
Nitric oxide donors release extracellular traps from human neutrophils
by augmenting free radical generatioilitric Oxide. (2010) 1:226-34.
doi: 10.1016/j.niox.2010.01.001

Martinez NE, Zimmermann TJ, Goosmann C, Alexander T, Hedberg C,
Ziegler S, et al. Tetrahydroisoquinolines: new inhibitors of tneghil
extracellular trap (NET) formation.Chembiochem (2017) 18:888-93.
doi: 10.1002/cbic.201600650

Chicca 13, Milward MR, Chapple ILC, Griths G, Benson R, Dietrigh

et al. Development and application of high-content biological sdregen
for modulators of NET production. Front Immunol. (2018) 9:337.
doi: 10.3389/ mmu.2018.00337

Bdyum A. Isolation of mononuclear cells and granulocytes from huma
blood. Isolation of monuclear cells by one centrifugation, and ohgtacytes

by combining centrifugation and sedimentation at ISgand J Clin Lab Invest
Suppl (1968) 97:77-89.

Haralick RM, Shanmugam K, Dinstein I. Textural
image classi cation. IEEE TransSystMan Cybern(1973)
doi: 10.1109/TSMC.1973.4309314

Turner MR. Texture discrimination by Gabor function8iol Cybern
(1986) 55:71-82.

features for
3:610-21.

Frontiers in Immunology | www.frontiersin.org

12

April 2019 | Volume 10 | Article 963



Sondo et al.

Vanilloids Inhibit NET Formation

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Kapiszewska M, Cierniak A, Elas M, Lanko A. Lifespan of etajmeated
human neutrophils is a ected by antioxidant ability of quercetifioxicol

In vitro. (2007) 21:1020-30. doi: 10.1016/j.tiv.2007.03.005

Zhang JH, Chung TD, Oldenburg KR. A simple statistical parameteude

in evaluation and validation of high throughput screening assayBiomol
Screen(1999) 4:67—73. doi: 10.1177/108705719900400206

Yu Y, Koehn CD, Yue Y, Li S, Thiele GM, Hearth-Holmes MP,
et al. Celastrol inhibits inammatory stimuli-induced neutrophil
extracellular trap formation. Curr Mol Med (2015) 15:401-10.
doi: 10.2174/1566524015666150505160743

Yang F, Zheng J. Understand spiciness:
channel activation by capsaicin.Protein Cell
doi: 10.1007/s13238-016-0353-7

Douda DN, Khan MA, Grasemann H, Palaniyar N. SK3 channel

(2017) 8:169-77.

43.

44,

45.

mechanism of TRPWB6.

Zorko M, Jerala R. Alexidine and chlorhexidine bind to lipopolgbacide
and lipoteichoic acid and prevent cell activation by antibiatitg\ntimicrob
Chemother(2008) 62:730-7. doi: 10.1093/jac/dkn270

Doughty-Shenton D, Joseph JD, Zhang J, Pagliarini DJ, Kinet Yal.
Pharmacological targeting of the mitochondrial phosphatase PTPMT
J Pharmacol Exp Ther(2010) 333:584-92. doi: 10.1124/jpet.109.1
63329

Nath AK, Ryu JH, Jin YN, Roberts LD, Dejam A, Gerszten RE,RT&MT1
inhibition lowers glucose through succinate dehydrogenasepmylation.
Cell Rep(2015) 10:694-701. doi: 10.1016/j.celrep.2015.01.010

Quinlan CL, Orr AL, Perevoshchikova IV, Treberg JR, Ackrell®and MD.
Mitochondrial complex Il can generate reactive oxygen speciegjataites

in both the forward and reverse reactiordsBiol Chem(2012) 287:27255-64.
doi: 10.1074/jbc.M112.374629

and mitochondrial ROS mediate NADPH oxidase-independent NESTos 47.
induced by calcium in ux.Proc Natl Acad Sci USA2015) 112:2817-22.
doi: 10.1073/pnas.1414055112

Park J, Lee J, Choi C. Mitochondrial network determines inthaae

Cavaliere C, Masieri S, Cavaliere F. Therapeutic applications of
capsaicin in upper airwaysCurr Drug Targets (2018) 19:1166-76.
doi: 10.2174/1389450118666171117123825

Matthews JB, Wright HJ, Roberts A, Ling-Mountford N, Cooper
ROS dynamics and sensitivity to oxidative stress through imitc PR, Chapple ILC. Neutrophil hyper-responsiveness in periodontitis.
inter-mitochondrial messengers. PLoS ONE. (2011) 6:e23211. J Dent Res. (2007) 86:718-22. doi: 10.1177/1544059107086
doi: 10.1371/journal.pone.0023211 00806

Amini P, Stojkov D, Wang X, Wicki S, Kaufmann T, Wong WW, et aE'™N
formation can occur independently of RIPK3 and MLKL signaligur J
Immunol (2016) 46:178-84. doi: 10.1002/eji.201545615

Youse S, Simon HU. NETosis - Does it really represent nature's itfuic
Bomber"?ront Immunol 7:328. doi: 10.3389/ mmu.2016.00328

Pal M, Angaru S, Kodimuthali A, Dhingra N. Vanilloid receptor agaaists:
emerging class of novel anti-in ammatory agents for pain managentuntr
Pharm Des(2009) 15:1008—-26. doi: 10.2174/138161209787581995
Lugman S, Meena A, Marler LE, Kondratyuk TP, Pezzuto JM. Sujipmexs
tumor necrosis factoe-induced nuclear factokB activation and aromatase
activity by capsaicin and its analog capsazepiided Food(2011) 14:1344—
51. doi: 10.1089/jmf.2010.0236

48.

Coniict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or nancial relatips that could
be construed as a potential con ict of interest.

Copyright © 2019 Sondo, Bertelli, Pesce, Ghiggeri and Pederhanig an open-
access article distributed under the terms of the Creatwam©ns Attribution
License (CC BY). The use, distribution or reproductiorhierdorums is permitted,
provided the original author(s) and the copyright ownerésgeedited and that the
original publication in this journal is cited, in accordangith accepted academic
practice. No use, distribution or reproduction is permhittdich does not comply
with these terms.

Frontiers in Immunology | www.frontiersin.org

13 April 2019 | Volume 10 | Article 963



