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Antineutrophil cytoplasmic antibodies
(ANCAs) target proteins normally re-
tained within neutrophils, indicating that
cell death is involved in the autoimmunity
process. Still, ANCA pathogenesis re-
mains obscure. ANCAs activate neutro-
phils inducing their respiratory burst and
a peculiar form of cell death, named NETo-
sis, characterized by formation of neutro-
phil extracellular traps (NETs), decon-
densed chromatin threads decorated with
cytoplasmic proteins endorsed with anti-
microbial activity. NETs have been consis-

tently detected in ANCA-associated small-
vessel vasculitis, and this association
prompted us to test whether the peculiar
structure of NET favors neutrophil pro-
teins uploading into myeloid dendritic
cells and the induction of ANCAs and
associated autoimmunity. Here we show
that myeloid DCs uploaded with and acti-
vated by NET components induce ANCA
and autoimmunity when injected into na-
ive mice. DC uploading and autoimmunity
induction are prevented by NET treatment
with DNAse, indicating that NET struc-

tural integrity is needed to maintain the
antigenicity of cytoplasmic proteins. We
found NET intermingling with myeloid
dendritic cells also positive for neutrophil
myeloperoxidase in myeloperoxidase-
ANCA-associated microscopic poliangi-
itis providing a potential correlative pic-
ture in human pathology. These data
provide the first demonstration that NET
structures are highly immunogenic such
to trigger adaptive immune response
relevant for autoimmunity. (Blood. 2012;
120(15):3007-3018)

Introduction

Polymorphonuclear leukocytes (PMNs) are harnessed to attack
invading pathogens through a variety of antimicrobial peptides and
enzymes but are also capable of regulatory functions toward many
aspects of innate responses.! Less established is their participation
to adaptive immune responses, although they take part to the
effector phase of anticancer immunity and autoimmunity.>>

A peculiar feature of PMN is their extrusion of neutrophil
extracellular traps (NETs), structures of decondensed chromatin
decorated with antimicrobial peptides, such as myeloperoxidase
(MPO), elastase, proteinase 3 (PR3), cathepsin G, lactoferrin, and
others. Like a bee that dies losing its sting, PMNs extrude NET
while dying to trap bacteria.* Accordingly, this type of cell death,
which is distinct from necrosis or apoptosis,’ has been also defined
antimicrobial cell death.® The contribution of PMNs, and specifi-
cally of NETs, to autoimmunity has gathered ever-increasing
attention. Specific neutrophil-’ and granulopoiesis-related® signa-
tures have been identified in patients with antineutrophil cytoplas-
mic antibody (ANCA)-related autoimmunity and systemic lupus
erythematosus (SLE), respectively, and NET formation has been
observed in these pathologic autoimmune settings. Neutrophils
from SLE patients, chronically activated by autoantibodies, release
NETs that induce plasmacytoid dendritic cells (pDCs) to secrete
IFN-a toward exacerbation of the autoimmune process.”!!

In the renal parenchyma of patients affected by systemic
autoimmune small-vessel vasculitis (SVV),!2 NETs have been

shown to actively participate to the endothelial damage engendered
by ANCA. Thus, there is a close bidirectional relationship between
ANCA and NET in autoimmune settings, through which patho-
genic ANCA prompt NET formation in turn contributing to the
parenchymal damage. Although the pathogenic role of ANCA has
been described in different pathologic contexts, little is known
about ANCA development. The knowledge that patients” ANCA
directed against MPO and PR3 neutrophil proteins recognize
conformational epitopes!'®!# suggests that the break of tolerance to
these antigens should occur in a context requiring antigen structural
and functional integrity. NETs might represent a suitable context
for the loss of tolerance toward ANCA targets, being the cytoplas-
mic antimicrobial proteins associated with NET chromatin threads
preserved structurally and functionally. This could be true also in
the SLE pathologic setting, in which Lande et al have identified
high levels of serum immunogenic complexes composed of
neutrophil-derived antimicrobial peptides and self-DNA prompting
the idea that such complexes could derive from NET and serve as
autoantigens to trigger B-cell activation.’

Herein we evaluated whether NET can serve as active vehicles
to transfer neutrophil autoantigens to DCs. To this aim, we
investigated the effects of the in vitro interaction between myeloid
DCs (mDCs) and neutrophils undergoing NETosis and evaluated
the outcome of in vivo immunization with mDCs that interacted
with NETotic PMN.
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Methods

Animals and in vivo treatments

Female BALB/cAnNCr and C57BL/6N mice, 8-10 weeks old, were
purchased from Charles River. TNF KO (B6;129S-Tnftm1GKkl/J), 1L-6
KO (B6.129S2-116tm1Kopf/J), and IFNy KO [C.129S7(B6)-Ifngtm1Ts/J]
were from The Jackson Laboratory. Animals were maintained in filtered top
cages at the Istituto Nazionale Tumori. All procedures involving animals
were approved by the Institute Ethical Committee and performed in
accordance to institutional guidelines and national law (DL116/92), as well
as the Declaration of Helsinki.

PMN isolation

Subcutaneously elicited PMNs were collected from blocks of 2% agarose
and 0.2% gelatin in saline 5 days after subcutaneous implant by washing
3 times agar blocks with IMDM supplemented with 10% of FCS (GIBCO,
Life Technologies). A total of 70%-75% of these cells are PMNs that are
enriched up to the 95% after 30 minutes of adherence on plastics.'> In some
cases, naive PMNs were obtained through immunomagnetic cell separation
from spleen cells suspension using a specific kit (anti-Ly6G MicroBead
Kit, Miltenyi).

NET detection and quantification

To evaluate NET formation, subcutaneously elicited PMNs were seeded
onto poly-D-lysine—coated glasses 2 hours or overnight in the presence of
the DNA dye SYTOX green (Invitrogen) or of a polyclonal Ab to histones
(pan Histones, Chemicon Temecula) conjugated with AlexaFluor-488 dye
(labeling kit for mouse IgG); fixed with 2% paraformaldehyde (PFA) and
stained with mAbs for MPO (goat polyclonal), PR3 (goat polyclonal), or
elastase (rabbit polyclonal), all from Santa Cruz Biotechnology. NETs were
evaluated and counted under a microscope. To induce NETosis, naive
PMNs were treated with phorbol 12-myristate 13-acetate (PMA; from
20-80nM) in IMDM 2% FCS.

Generation of mDCs from BM precursors

Bone marrow cells were resuspended at 2 X 10° cells/mL in ¢cRPMI
1640 (Invitrogen) supplemented with 5 ng/mL of rGM-CSF and 10 ng/mL of
murine rIL-4 (Endogen). On day 3 and 5 of culture, half of the medium was
replaced with fresh medium containing GM-CSF and IL-4. On day 7, loosely
adherent cells were harvested by gentle pipetting and mDCs were purified
with CD11c¢ MiniMacs columns according to the manufacturer’s instruc-
tions (Miltenyi Biotec). Phenotype of the purified CD11lc™ fraction was
analyzed by flow cytometry using Abs to CD11c, CD11b, CD45RA, CD40,
H-2K9, and I-AYI-EY. According to the nomenclature of dentritic cells,'®
CDllc*, CD11b*, and CD45RA ™ cells are referred to as mDCs thereafter.
For in vivo migration, mDCs were incubated with green-latex (LX)-
microspheres (1:100, DC: microspheres; Fluoresbrite, Polysciences Inc) for
30 minutes at 37°C, and uptake of the LX-microspheres was determined by
FACS analysis of CD11c-gated cells following our published procedures.!”
LX microspheres-loaded DCs were then cocultured with PMNs or treated
with CpG (5 mg/mL) o/n and injected (2 X 10° cells) intraperitoneally into
mice that were killed 48 hours after injection, draining lymph nodes
collected and cells analyzed by FACS.

DC-PMN coculture for live cell imaging experiments

PMNs (2 X 10°) were seeded onto poly-D-lysine—coated tissue culture
dishes (35 mm) specific for immunofluorescence and confocal microscopy
(FuoroDish, Word Precision Instruments, Inc) and allowed to adhere for 2 hours
in the presence of the DNA SYTOXgreen dye (1:5000, Invitrogen), which
stains only the dsSDNA of NETotic cells and is excluded from live cells, and
Draqg5 that stains both the nuclei of live cells and NETs. Medium was
replaced before adding 2 X 10° DCs in IMDM 2%. DCs were stained with
the vital membrane dye PKH-26 (Sigma-Aldrich) according to the manufac-
turer’s instructions. NET formation and DC-NET/PMN interaction were
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observed by live cell imaging performed on a BioRad laser scanner
confocal (Microradiance 2000) using a X 20, 0.5 NA Plan-Fluor DIC dry
objective. The microscope (NIKON TE300 ECLIPSE) was equipped with
incubation chamber, which provided a humidified atmosphere at 37°C with
5% COs.

Imaging of NET protein transfer to mDCs

To assess the transfer of NET-associated proteins (MPO, PR3) to mDCs,
subcutaneously elicited PMNs were cocultured with DCs (stained PKH-26 dye)
onto poly-D-lysine—coated glasses in IMDM supplemented with 2% of FCS
in the presence of 2 mg/mL of a polyclonal anti-MPO rabbit antibody
conjugated with the AlexaFluor-488 dye (AlexaFluor-488, labeling kit for
rabbit IgG). The use of a conjugated MPO mAb in our experiments allowed
detecting MPO in mDC without permeabilization, thus ensuring that the
signal only derived from material taken up from NET threads.

Induction of neutrophil apoptosis and necrosis

Neutrophils freshly isolated from the spleen were rendered apoptotic by
incubating them with Fas/CD95 (from BD Biosciences) agonistic mAb.
Less than 5% of cells were necrotic as assessed by trypan blue dye
exclusion and 7-amino-actinomycin D (7-AAD) incorporation. Neverthe-
less, preparations were washed to remove necrotic debris before use.
Necrosis was induced in naive PMNs with 4 cycles of freezing (liquid
nitrogen) and thawing (37°C), leading to complete fragmentation of the
cells, with < 1% intact cells remaining. To confirm apoptosis and necrosis,
cells were stained with FITC-anti-mouse GR-1 and PercPcyS5.5 anti-mouse
CDI1b, allophycocyanin-conjugated annexin V, and 7-AAD (all from
e-Bioscience) according to the manufacturer’s instruction.

DC-PMN coculture for immunization experiments

PMNs were seeded onto poly-D-lysine—coated tissue culture dishes in
IMDM 2% FCS, allowed to adhere for 30 minutes, and added to mDCs
(1:1; PMNSs/DCs) for 16 hours. DCs were then recovered from the coculture
through immune-magnetic separation after washing cultured cells with
EDTA 0.2mM. mDCs were then identified and quantified by hemocytom-
etry based on the typical hairy appearance and injected intraperitoneally
(2.5 X 100 cells, once a week for a total of 6 injection) into naive mice.

We performed a total of 3 experiments for each type of immunization
(mDCs alone, PMNSs alone, DCs + PMNs, DCs + PMNs + DNAse) with
5 mice/group. The sera from immunized mice were evaluated for the
presence of autoantibodies starting 1 month after the last immunization, for
3 consecutive months. Kidneys and lungs were evaluated for damage
3 months after the last immunization. Experiments requiring NET inhibi-
tion by DNAse were performed by adding DNAse (100 U/mL) to PMNs
along the coculture with mDCs.

ELISA measurement of serum autoantibodies

To detect autoantibodies in the serum of immunized mice, we used different
ELISA kits. Quantitative determination of MPO-ANCA (IgG) and PR3-
ANCA (IgG) were performed with kits from Cusabio (CSB-E08676m) and
USCN (E91434Mu), respectively. Determination of dsDNA, ssDNA, and ANA
Ab was performed with kits from Alpha Diagnostic (#5110, 5210, and 5310).

Histopathology and immunohistochemistry

The severity of the renal damage in immunized and control mice was
assessed by histopathologic analysis. A total of 9 mice (3 randomly chosen
from each immunization experiment) have been analyzed and scored. A
modified version of the National Institutes of Health semiquantitative
scoring system for human lupus nephritis was adopted.'® The following
variables relative to glomerular and tubulointerstitial lesions were analyzed:
glomerular cellularity, glomerular necrosis, glomerular crescents, glomeru-
lar sclerosis, interstitial inflammatory infiltration, and interstitial fibrosis.
Glomerular and tubulointerstitial morphologic lesions were graded on a
semiquantitative scale ranging from 0 to 3: 0 = absence of lesions;
1 = lesions involving up to 25% of the component considered; 2 = lesions
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involving 25%-50%; and 3 = lesions involving > 50% of the component.
The overall renal parenchyma damage score was determined by summing
the scores relative to each of the variables. The histopathologic score was
independently evaluated by 2 of the authors with specific training in mouse
pathology (C.T. and S.S.). Cases in which the individual scores were
discordant were discussed under a 2-headed microscope until consensus
was reached.

Vasculitic pulmonary lesions were analyzed and scored according to a
semiquantitative scoring system based on the histomorphologic analysis of
vascular areas. Briefly, the extension and intensity of the inflammatory
infiltrates involving lung vessels were graded as follows: extension-
0 = absent; extension-1 = focal lesion; extension-2 = multifocal lesions;
extension-3 = diffuse lesions; intensity-0 = absence of inflammatory cell
infiltration; intensity-1 = perivascular infiltration partially encircling ves-
sels; intensity-2 = perivascular infiltration totally encircling vessels with
extension to the vessel wall; and intensity-3 = inflammatory infiltration
effacing vessel wall architecture.

For immunohistochemistry, sections (8 wm) were incubated with anti—
mouse Ly6G (GR-1, BD Biosciences), anti-mouse C3 (Abcam), and
polyclonal goat anti-mouse AlexaFluor-488 for the analysis of neutrophilic
infiltration of C3 or IgG deposition, respectively.

In situ detection of PMN-DC interaction

PFA-fixed skin biopsies from 6 patients diagnosed with microscopic
polyangiitis, 5 patients diagnosed with SLE, and 5 patients diagnosed with
psoriasis (supplemental Table 1, available on the Blood Web site; see the
Supplemental Materials link at the top of the online article), were selected
for in situ analysis of NETotic PMN-DC interaction. Four-micrometer-thick
sections were cut and mounted onto slides. Sections underwent either
double-immunohistochemistry or double-immunofluorescence staining for
the PMN marker MPO and for the mDC marker DC-Sign (CD209). Double
immunostainings were performed as previously reported.!® Briefly, sections
underwent antigen retrieval with pH 6 citrate buffer and were subsequently
treated with blocking buffer (Novocastra). Two consecutive rounds of
immunostaining were then performed using unconjugated primary antibodies
against MPO (mouse-anti-human monoclonal antibody, clone 59A5, Novocas-
tra) and DC-Sign (rabbit anti-human polyclonal antibody, Abcam). For
immunohistochemistry, binding of primary antibodies was detected by
species-specific secondary antibodies and revealed by the peroxidase
(LSAB™ kit HRP, Dako Denmark) or alkaline phosphatase (LSAB™ kit AP,
Dako Denmark) method. Immunostained sections were then counterstained
with hematoxylin and evaluated under a Leica DM 2000 optical microscope
using 20X (numeric aperture 0.4) and 40X (numeric aperture 0.65) objective
lenses. Microphotographs were collected using a Leica DFC 320 digital
camera and the Leica IM50 imaging software (Leica Microsystems).
Double immunofluorescence was performed using secondary antibodies
conjugated with Alexa-488 and Alexa-546 fluorochromes and the nuclear
dye Draq5. Sections were analyzed with the confocal microscope Microra-
diance 2000 (Bio-Rad Laboratories) equipped with Ar (488 nm), HeNe
(543 nm) and Red Laser Diode (638 nm) lasers. Confocal images
(512 X 512 pixels) were obtained using a 20X, 0.5 NA Plan Fluor DIC or
60X, 1.4 NA oil immersion lens and analyzed using ImagePro 7.0.1 software.
Immersion oil (ISO 8036) was from Merck.

Statistical analysis

Continuous and categorical variables were compared using the Mann-
Whitney U test, using Prism Version 5.0d software (GraphPad).

Correlation between variables was assessed using Pearson and Spear-
man correlation coefficients using the Statistical Package for the Social
Sciences Version 13.0 (IBM) software. Analysis of the effects of different
types of immunization on generation of autoantibodies was performed by
1-way ANOVA with posttest Dunn correction, using Prism Version 5.0d
software (GraphPad).
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Results
Inflammatory skin-elicited PMNs are prone to NETosis

We used our previously described agar trap method to collect
elicited neutrophils from subcutaneous implants.'> With this method,
leukocytes could be easily recovered over 5 days, and PMN
enriched up to 95% (supplemental Figure 1). These PMNs are
activated, produce reactive oxygen species (ROS), and die within
24 hours by apoptosis, and NETosis (Figure 1A), NETosis could be
detected by seeding PMNs onto poly-lysine—coated glasses for the
visualization of extruded DNA threads decorated with the antimi-
crobial proteins MPO, PR3, and elastase (supplemental Figure 2).
To quantify NETosis and to distinguish NETosis from apoptosis,
the cell-impermeable DNA dye SYTOX green was added to PMNs
such to measure the size of released nuclear contents from
micrographs, using the software-assisted technique described by
Metzler et al?® (supplemental Figure 3). Figure 1B and C shows that
agar-PMNs spontaneously and even more efficiently formed NETs
than PMA treated PMNs isolated from the spleen® (Figure 1A).
Spontaneous NET formation from ex vivo—isolated PMNs physio-
logically depends on the inflammatory microenvironment in which
granulocytes are generated. Indeed, granulocytes obtained from
agar plugs subcutaneously implanted into TNF-KO and IFNvy-KO
mice were unable of NETosis (supplemental Figure 4) in line with
in vitro data showing that TNF can directly activate neutrophils?!
and that IFNs act as priming factors on mature neutrophils for NET
formation.?? Notably, both IFNy-KO and TNF-KO mice did not
show defective PMN recruitment. On the contrary, the absence of
IL-6, which was associated with an increased PMN recruitment
(not shown), did not impair NET formation (supplemental Figure
4). Thus, we showed that the agar-trap method is adequate for the
ex vivo collection of NETosis-prone PMN (from here and thereaf-
ter referred as NETotic PMN).

BM-derived mDC uptake PMN components after interaction
with NET

The breakdown of tolerance to neutrophil components, such as
MPO and PR-3, occurring during ANCA-associated systemic
vasculitis,?® requires the transfer of neutrophil-derived antigens to
professional antigen-presenting cells, their activation, and antigen
cross-presentation to T and B cells. To evaluate whether NETotic
PMNs were able to interact with mDCs, live cell imaging
experiments were performed coculturing mDCs, stained with the
vital dye PKH-26, with inflammatory PMNs prone to NETosis, in
which the dsDNA of NETs was stained with the SYTOX green dye.
During the coculture, NETotic PMNs were found to stably interact
with mDCs, whereas intact PMNs and PMNs dying of apoptosis
only tethered mDCs transiently (Figure 2A; supplemental Movie
1). Notably, on overnight coculture, such interaction resulted in
mDC uploading with NET components, including DNA (not
shown), and neutrophil proteins, such as PR3 and MPO (Figure
2B). To evaluate the different efficacy of antigen uploading into
mDCs by NETotic and apoptotic PMNs, mDCs were also cocul-
tured with apoptotic PMNs obtained by incubating naive PMNs in
the presence of a Fas-triggering Ab. Although not present in our
PMN culture, necrotic PMNs, obtained by freeze and thaw, were
used as further control because described by others as potential
vehicle of neutrophil autoantigens.?* Confocal microscopy and
software-assisted micrograph quantification and analysis showed
efficient uploading of both PR3 and MPO from agar-elicited
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Figure 1. Inflammatory, agar-elicited neutrophils spontaneously die of NETosis ex vivo. (A) PMN cell death was evaluated by annexin V/7-AAD staining of CD11b*Gr-1*
cells. Early apoptotic cells (annexin V*/7-AAD™), apoptotic cells (annexin V*/7-AAD™), necrotic cells (annexin V=/7-AAD"), and live cells (annexin V~=/7-AAD~) were identified.
Representative forward scatter (FSC) and side scatter (SSC) plots are shown. (B) Activation of NADPH oxidase in PMNs from agar and in PMA-treated naive PMNs seeded
onto poly-D-lysine—coated glasses. Activation of NADPH oxidase was qualitatively evaluated using the nitroblue tetrazolium (NBT) reduction test. Contrast-phase pictures
obtained under a light microscope show that both agar-PMNs and naive PMNs treated with PMA produce ROS (blue precipitate). (C) Representative IF analysis shows a more
efficient NETosis in agar-collected than PMA-treated spleen-derived PMNs (original magnification X20). SYTOX green DNA dye was added to PMN after their fixation with
4% PFA. (D) Quantification of NET formation in agar-collected and PMA-treated neutrophils. Nuclear area of agar-PMN and PMA-treated neutrophils is plotted against the
percentage of SYTOX-positive cells corresponding to a given nuclear area. PMNs undergoing NETosis have a broad range of nuclear areas, whereas apoptotic neutrophils
show smaller nuclear areas, less distributed and composed within a narrow peak (top panel). In line, agar-PMNs showed higher mean nuclear area compared with
PMA-treated spleen PMN (bottom panel). In this experiment, the SYTOX green DNA dye was added to PMNs after PFA fixation 18 hours later. Experiments comparing

agar-PMNs with PMA-treated PMNs were repeated 6 times with PMNs from at least 3 donor mice each. Number of nuclei analyzed/experiment = 200.

NETotic PMNs, which were detectable as dotted green fluores-
cence (Figure 2C). The interaction between DCs and apoptotic
PMNss allowed the uptake of both PR3 and MPO by mDCs, but the
transfer of these antigens was less conspicuous than that occurring
in the presence of NETotic PMNs, as visualized by staining the
coculture with specific Alexa-488—conjugated anti-PR3 and MPO
antibodies (Figure 2C-E). Moreover, PMN cytoplasmic antigens
derived from apoptotic PMNs showed predominant localization
within large apoptotic bodies (Figure 2F).?> By contrast, necrotic
PMNss failed to transfer detectable amounts of PR3 and MPOs to
mDCs (Figure 2C-E). Therefore, the formation of NET threads
represents the most effective form of PMN cell death for the
transfer of cytoplasmic antigens to mDCs toward potential antigen
processing and presentation. To further confirm this finding,
mDC/NETotic-PMN interaction was tested in the presence of
DNAse, which selectively digests NET DNA threads (Figure
3A-B) without affecting PMN activation and ROS production
(supplemental Figure 5)* and leaving intact the vast majority of
apoptotic cells and PR3-containing apoptotic bodies (Figure 3B
arrows; and annexin V' cells in Figure 3C).2> We found that
DNAse prevented PR3 and MPO uploading into mDCs (Figure
3D-F), indicating that NET integrity is required for efficient
transfer of PMN autoantigens to mDCs.

These experiments highlight a relevant difference among NE-
Totic, apoptotic, and necrotic PMNSs in the capacity of transferring
neutrophil autoantigens to mDCs. Such a difference, probably
relevant for the development of autoimmunity, would not be

appreciated by the sole analysis of phenotypic changes associated
with mDC maturation/activation because comparable up-regulation
of mDC activation markers (eg, CD40) and similar mDC migration to
mesenteric lymph nodes on intraperitoneal injection in vivo (supplemen-
tal Figure 5) occurred regardless the type of PMN death.

Immunization with NET-loaded DCs induces ANCA and
autoimmune vasculitis in mice

The experiment providing clear-cut information on which type of
PMN death is relevant for ANCA induction is the immunization of
naive mice with mDCs cocultured with apoptotic, necrotic, or
NETotic PMNs in the presence or in the absence of DNAse. The
use of DNAse allowed discerning the contribution of NET, whose
DNA threads carrying cytoplasmic antigens is disrupted by DNAse
activity (Figure 3A-B), from that of apoptotic PMNs (Figure 3B
arrows, and annexin V7 in Figure 3C), which are not affected by
DNAse. Thus, mice were repeatedly (6 times) immunized by
intraperitoneal injection of mDCs that underwent coculture with
NETotic PMN, also in the presence of DNAse, or that have been
cultured with apoptotic or necrotic neutrophils. As further controls,
mice were immunized with unloaded mDCs or NETotic PMNs,
separately. Three months after the last immunization, mice were
evaluated for development of autoantibodies in the serum and for
signs of autoimmune vasculitis in the kidney and lung parenchyma.

We found that mice immunized with mDCs loaded with NET
content showed a significant induction of ANCA and anti-dsDNA
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Figure 2. mDCs interact with NETotic PMNs and are loaded with proteins from NET. (A) NETs persistently interact with mDCs. In this live imaging experiment, agar-PMNs
were seeded onto culture dishes and allowed to adhere 30 minutes before adding mDCs previously labeled with the membrane vital dye PKH-26. The cocultures were also
performed in the presence of the DNA dye SYTOX green, which stains only PMNs undergoing NETosis. The coculture was maintained o/n in a humidified chamber under
confocal microscope, acquiring a picture every 10 minutes to highlight any interaction between PMNs and mDCs. PMNs in the cellular mixture form NETs (turquoise arrows)
and NETs interact with mDCs (red arrows). Black arrows indicate naive neutrophils. Scale bars represent 5 um. (B) Uploading of mDCs with NET components. After NET
interaction, mDCs are uploaded with the neutrophil protein PR3 and MPO. In this live imaging experiment, labeled PKH-26 mDCs were added to agar-PMN in the presence of a
mAb to PR3 or MPO directly conjugated with Alexa-488 dye. After 18 hours, cells were fixed with PFA 4% and observed under a confocal microscope. Scale bars represent
10 pm. One representative experiment of 5 performed. (C) Uploading of PR3 and MPO by mDCs tested in the presence of different type of PMN death. Apoptotic PMNs,
generated by Fas triggering Ab and necrotic PMNs obtained by freeze and thaw, were compared with NETotic PMNs for their capability to transfer PR3 and MPO to mDCs in
coculture experiments. Representative confocal IF analysis showing that necrotic PMNs almost failed to transfer neutrophil PR3 or MPO to mDCs; on the contrary, PR3 and
MPO were detectable as dotted green fluorescence in mDCs that interacted with NETotic PMNs and, to a lesser extent, in mDCs cultured with apoptotic PMNs.
(D-E) Software-assisted micrograph quantification of mDCs uploading of PR3 (D) and MPO (E) performed on a total of 200 cells that were imaged by confocal microscopy. DCs
cultured with naive PMNs, maintained alive by incubating them in the presence of 30% of FCS and DCs alone. were the negative controls for PR3 transfer and MPO. Scale bars
represent 30 um. (F) Appearance of PR3+ apoptotic bodies that are taken up by mDCs cocultured with apoptotic cells.
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Figure 3. DNAse treatment of mDC-PMN coculture
abrogates DC uploading with neutrophil proteins.
(A) Quantification of NET formation by agar-elicited
neutrophils seeded onto poly-D-lysine—coated glasses in
the presence of DNAse. Nuclear areas of PMNs are
plotted against the percentage of SYTOX-positive cells
corresponding to a given nuclear area. In the presence of
DNAse, nuclear areas appear smaller and show a narrow
peak compared with untreated PMNs in which nuclear
area has a broad distribution. Number of nuclei analyzed/
experiment = 200. One representative experiment of
3 performed. (B) IF analysis of agar-PMN seeded onto
poly-D-lysine-coated glasses in the presence of DNAse
(100 U/mL) and DNA dye SYTOX green. Twenty-four
hours later, PMNs were fixed and stained with a poly-
clonal Ab to elastase. Scale bars represent 10 pm. One
representative experiment of 3 performed is shown.
(C) Forward scatter (FSC)/side scatter (SSC) and an-
nexin V/7-AAD representative plots for CD11b*GR-1*
agar-PMNs treated or not with DNAse, showing the
presence of annexin V* apoptotic cells in agar-PMNs
that have been cultured onto poly-D-lysine—coated
glasses also in the presence of DNAse. (D-F) Incorpora-
tion of PR3 and MPO in mDCs was prevented by DNAse
treatment. (D) Confocal microscopy analysis of mDCs
(PKH-26", red) cocultured o/n with NETotic PMN in
absence (left panels) or presence (right panels) of DNAse
and Abs to PR3 or MPO conjugated with Alexa-488 dye.
The vital DNA dye Draq 5 (blue) shows that only the DNA
o of PMNs but not of DCs is degraded by DNAse. Notably,

PMNs treated with DNAse retain both PR3 and MPO

staining. Scale bars represent 10 um. One representa-

tive experiment of 5 performed. Quantification of PR3

(E) and MPO (F) incorporation by mDCs performed on
s confocal microscopy micrographs using the software-
To assisted technique. Number of cells analyzed = 200. One

o representative experiment of 3 performed.
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autoantibodies in the serum compared with those immunized with
mDCs or NETotic PMNs alone (Figure 4). Mice immunized with
DCs loaded with apoptotic PMNs displayed a similar pattern of
autoantibodies to that of mice immunized with mDCs loaded with
NET content (Figure 4). In these mice, however, a less conspicuous
development of MPO-ANCA was observed along with a higher
titer of anti—ss-DNA Abs (Figure 4C). Grippingly, the induction of
ANCA was associated with the development of an autoimmune
vasculitis detectable in the renal (Figure 5) and pulmonary
parenchyma (supplemental Figure 6) of the mice immunized with
mDCs loaded with NET content. In these mice, the autoimmune
damage in the renal parenchyma ranged from moderate to severe
(Figure 5A) and was characterized by signs of extracapillary
glomerulonephritis and/or tubulointerstitial nephritis with vascular
neutrophilic infiltration (Figure 5; supplemental Figure 7) and

complement and IgG deposition (supplemental Figure 8). The renal
damage observed in mice immunized with NET-loaded mDCs is
evocative of an autoimmune SVV characterized by a pleomorphic
inflammatory infiltration dominated by neutrophil accumulation,
whose intensity correlates with the amount of serum MPO-ANCA
(supplemental Figure 9). In addition, a minority of mice also
developed alopecia (supplemental Table 1). The autoimmune
features observed in immunized mice, which are summarized in
supplemental Table 1, are shared by human autoimmune systemic
vasculitides, including ANCA-related paucimmune vasculitides
and lupus vasculitis, in line with the development of overlapping
autoantibody patterns in these systemic autoimmune diseases.
Consistent with the in vitro results of the coculture experiments, the
autoimmune phenotype observed in mice immunized with mDCs
cocultured with NETotic PMNSs, including the induction of ANCA

20z ke Lz uo 3sanb Aq ypd°200£00Z 1 L ¥08UZ/8686SE L/L00€/S /02 4Pd-8]oiE/POO|g/8U suoledlqndyse//:diy wouy papeojumoq



BLOOD, 11 OCTOBER 2012 - VOLUME 120, NUMBER 15

Figure 4. In vivo injection of NET-loaded mDCs A
induces autoantibody production. Level of anti-MPO-
ANCA (A), PR3-ANCA (B), ss-DNA (C), and ds-DNA
(D) Ab in mice immunized with DCs loaded with NET
contents in the presence or absence of DNAse, as well
as in mice immunized with mDCs cocultured with apopto-
tic or necrotic PMNs. The induction of MPO and PR3-
ANCA as well as of anti-ds-DNA autoantibodies in mice
immunized with NET-loaded DCs was significantly re-
duced by the use of DNAse in the coculture. Immuniza-
tion of mice with DCs cocultured with apoptotic PMNs
induced PR3 and MPO-ANCA development but less
efficiently than DCs loaded with NETotic PMNs. On the
contrary, DC/apoptotic PMN immunization generated the
highest titer of anti-ss-DNA Ab. Other controls were
obtained by immunizing mice with DCs or PMNs alone.
Each dot represents a single mouse. Median values are
given. *P < .05 (1-way ANOVA with posttest Dunn correc-
tion). **P < .01 (1-way ANOVA with posttest Dunn correc-
tion). ***P < .001. Fas mutant lpr-lpr mice were used as

ng/ml MPO-ANCA
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autoantibodies, was impaired by DNAse treatment (Figures 4 and
5; supplemental Figure 6), further supporting that the NET
structural integrity is required for the transfer of NET antigens to
mDCs and the induction of autoimmunity. Interestingly, mice
immunized with mDCs cocultured with apoptotic PMNs, despite
the development of detectable levels of ANCA, did not develop
kidney or lung vasculitis (Figure 5; supplemental Figure 6). In line,
Patry et al have shown that rat immunization with syngenic
apoptotic neutrophils induced ANCA but not vasculitis.?” Although
the immunization protocol adopted by Patry et al differs from our
own, the outcome is rather concordant, indicating that the antigen
transfer from apoptotic PMNs to DCs is not sufficient to induce
vasculitis despite the ability of breaching the tolerance to some
cytoplasmic neutrophil antigen.

Correlation between ANCA, vasculitis, and spontaneous
NETosis in Ipr/lpr mice

In SLE, the chronic inflammatory and autoimmune condition is
associated with the presence of a varied pattern of autoantibodies
that are, for the majority, directed against nuclear components. A
minority of SLE patients has been reported to develop ANCA
(mainly MPO-ANCAs) but, differently from SVV, the pathogenic
role of these autoantibodies in SLE is not clear. Contrasting works
have reported the presence?® or the absence®-* of correlation
between serum ANCA levels and disease activity in SLE. In a large
cohort of SLE patients, serum ANCA levels were found to be
correlated with specific clinical manifestations, such as serositis,
livedo reticularis, and arthritis.?! Nevertheless, the direct role of
ANCA in the vascular damage that may occur in SLE patients,??
although postulated,® still remains debated. According to our

hypothesis of NET triggering ANCA and autoimmune vasculitis, a
direct correlation among NETosis, ANCA, and vasculitic lesions,
but not among NETosis, ss-DNA/ds-DNA Abs, and nephritic
lesions, could be envisaged in the SLE pathologic setting. To verify
this hypothesis, Ipr/Ipr mice, which spontaneously develop a
SLE-like disease, were analyzed for the development of ANCAs.
We found that, similarly to the human condition, 30% of these mice
developed ANCAs, whereas almost all mice developed comparable
levels of ss-DNA/ds-DNA Abs (Figure 6). To correlate the
development of ANCA with NETosis, 8 [pr/lpr mice with variable
ANCA but similar ss-DNA/ds-DNA Abs levels were analyzed for
spontaneous NETosis of spleen-purified PMN as described in
Figure 1. PMNs from [pr/I[pr mice showed a distribution of
SYTOX™ nuclear area that varied from low values indicative of
apoptosis to high values, suggestive of NETosis (Figure 6). To test
the association between NETosis and ANCAs or ss-DNA/ds-DNA
Abs levels, the total SYTOX™ area calculated > 200 cells for each
mouse, was correlated with the amount of individual mouse
antibodies through a linear regression analysis. NETosis positively
correlated with MPO-ANCA (r? = .9048, P = .046) and PR3-
ANCA (r> = .7857, P = .0279) but not with ss-DNA/ds-DNA Abs.
We subsequently analyzed the renal and pulmonary parenchyma of
the same Ipr/Ipr mice, to further correlate ANCA and NETosis with
the development of autoimmune vasculitis. Although these mice
showed similar overall histopathologic score of renal damage, only
mice with the highest ANCA levels displayed more intense renal
tubulointerstitial lesions, particularly vasculitic lesions. Cases in
which the pattern of autoantibodies was dominated by ss-DNA/ds-
DNA Abs rather than ANCA prevalently showed glomerular
nephritic lesions (Figure 6).
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Figure 5. NET-loaded mDCs injected in mice induce renal damage. (A) Histopatho-
logic grading of renal damage in mice immunized with mDCs loaded with NET
contents, in the presence or absence of DNAse, as well as in mice immunized with
mDCs loaded with apoptotic or necrotic PMNs, mDCs, or PMNs alone (n = 9/group).
**P < .01 (1-way ANOVA with posttest Dunn correction). ***P < .001. Data are
mean * SD. (B) Histopathology showing renal damage in mice immunized as in
panel A. Figure shows hematoxylin and eosin staining and IHC for neutrophil
infiltration (GR-1 Ab), and C3 deposition. Only kidneys from mice immunized with
DCs loaded with NET components showed extended parenchymal damage with
vascular and periglomerular neutrophilic infiltration and complement deposition. This
phenotype was prevented in mice immunized with mDCs cocultured with NETs in the
presence of DNAse. One representative mouse/group. Scale bars represent 50 pm.
Representative autoimmune fas mutant /pr-lpr mice used as positive control for renal
damage showing the typical glomerular and interstitial nephritis.

We then reasoned that, if NETs were the true source of
autoantigens triggering ANCAs, the sera from mice in which
vasculitis has been induced should recognize NET in vitro.
Consistently, sera from mice immunized with mDC + NETotic
PMN or from Ip#/lpr mice and characterized by ANCA and
vasculitic lesions, stained NET induced in vitro by PMA. DNAse
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treatment of PMA-exposed PMN abolished the specific recognition
of NET structures but not the staining of non-NETotic PMNs and
debris observed in the presence of high ss-DNA/ds-DNA Ab titers
characterizing most /p#/[pr immune sera (supplemental Figure 10).

Thus, ANCA recognized PMN antigens made available through
NETosis. This suggested that not only the immunogenicity of
PMN-associated proteins but also their recognition by ANCA was
strictly dependent on their conformational status associated with
NET formation.

Considering that Ab from [pr/lpr mice are polyreactive and
capable to recognize human proteins, we tested whether sera from
mice immunized with DC + NETotic PMNs also stained human
peripheral blood leukocytes. We found that sera from both
DC + NETotic PMNs immunized and Ipr/lpr mice reacted with
human PMNs, although with a different pattern. Sera from
DC + NETotic PMNs immunized mice showed a diffuse cytoplas-
mic staining according to their enrichment in ANCAs, whereas sera
from Ipr/lpr mice showed a nuclear and perinuclear pattern
according to the prevalence of ss-DNA/ds-DNA Abs over ANCAs
(supplemental Figure 10).

DC interaction with NETotic PMNs can be visualized in human
autoimmune disease

We next evaluated whether the above-demonstrated pathogenic
role of NET in inducing ANCA through the interaction with mDCs
could find a potential correlative picture in human pathology. To
this end, we evaluated skin lesions from 6 patients diagnosed with
MPO-ANCA-associated microscopic poliangiitis (MPA), 5 pa-
tients with SLE, and 5 patients with psoriasis, for the presence of
mDCs interacting with MPO™ PMNs (supplemental Table 2). In
MPA samples, mDCs intermingling with MPO™ neutrophils were
detected along with scattered mDCs showing cytoplasmic reactiv-
ity for MPO, which suggested their uploading of neutrophil
antigens (Figure 7A). Moreover, within the vascular inflammatory
infiltrates of these cases, which were rich in MPO™ neutrophils, we
detected extracellular MPO suggestive of NET in close contact
with DC-SIGN™ cells (Figure 7B black arrows). A similar picture
of NET structures in close contact with DC-SIGN™ mDCs was
observed in samples from SLE patients, which also clearly showed
mDCs loaded with PMN apoptotic bodies (Figure 7B green
arrows). By contrast, in skin samples from psoriatic patients, the
formation of NET structures was inconspicuous and the direct
interaction between PMN and mDCs was not observed (Figure
7B). The in situ spatial interaction between NETs and mDCs was
also visualized by double immunofluorescence on confocal micros-
copy using MPO and DC-SIGN (Figure 7C arrows) in MPA
samples. Overall, these data strongly suggest an interaction be-
tween NETs and mDCs in the pathologic setting of human SVV,
which might underlie the above-demonstrated dynamics of ANCA
induction in mice.

Discussion

Herein, we show, for the first time, that NETs are able to transfer
PMN cytoplasmic antigens to DCs, which are in turn responsible
for triggering adaptive immune responses characterized by patho-
genic ANCA production.

Although neutrophils have been directly implicated in autoim-
mune tissue damage through the release of ROS, their actual role in
ANCA development and associated autoimmunity was still unclear.
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Figure 6. Correlation between NETosis, ANCAs, and autoimmune vasculitis in lupus-prone mice. (A) Spleen PMNs isolated from 8 /pr/lpr mutant mice were tested for
spontaneous NETosis. PMNs were seeded onto polylysine-coated glasses without PMA or any type of stimuli, fixed and stained with the SYTOX green DNA dye. PMNs from
every single mouse were imaged through confocal microscopy. Spleen purified PMNs normally die of apoptosis when cultured o/n in the absence of any stimuli (as shown in
Figure 1), whereas PMNs from the same /pr/lpr mice showed enrichment in NETosis other than dying of apoptosis. Grippingly, PMNs from mice #44, 47, 48, and 50 only showed
apoptosis, whereas PMNs from mice #43, 49, 52, and 54 clearly showed signs of NETosis. (B) Quantification of NET formation was performed by plotting SYTOX* nuclear

areas against the percentage of SYTOX™ cells corresponding to a given nuclear area. Number of nuclei analyzed/experiment

= 200. (C) Level of MPO-ANCA, PR3-ANCA,

ss-DNA, and ds-DNA Abs in the same Ipr/lpr mutant mice analyzed in panel A. (D) Correlation between NETosis and MPO and PR3-ANCA. NETosis correlated with both MPO
and PR3-ANCA (r2 = .9040, P = .046; and r2 = .7857, P = .0279, respectively) but not with the different types of ANA. (E) Histopathologic grading of the overall renal damage
in the same Jpr/lpr mutant mice described in panel A. (F) Hematoxylin and eosin staining shows intense renal tubulointerstitial lesions, particularly vasculitic lesions, in mice with
higher ANCA titers (lpr/lpr 43 and 54), whereas in cases with lower ANCA titers, in which autoantibody patterns were dominated by ds- and ss-DNA ANA antibodies, glomerular

nephritic lesions are prevalent (jpr/lpr 48 and 50).

Immune cells dying of apoptosis or necrosis are promptly
eliminated by macrophages. An excess of cell death or defective
macrophage scavenging allows uptaking of cell remnants by
immature DCs for degradation, processing and presentation that in
the presence of proper costimulatory signals allows T-cell activa-
tion.* Impaired clearance of apoptotic neutrophils has been
implicated in several autoimmune diseases, such as SLE, in

humans®>-¢ and mice,?” whereas its role in ANCA development is
less established. The unsolved issue is the break of tolerance
toward proteins that are normally retained within neutrophil
cytoplasm. PR3 and MPO are the 2 major immunogenic proteins
recognized by ANCA. This implies that these proteins should
become available for antigenic recognition by immune cells. The
reactivity of ANCA with the surface of unprimed apoptotic
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Figure 7. mDC-neutrophil interaction in skin biopsies from patients with
MPO-ANCA-associated microscopic poliangiitis. (A) Double immunostaining
with anti—-DC-SIGN (purple) and anti-MPO (brown) shows mDCs intermingling with
PMNs and populating the inflammatory infiltrate (top panels, black arrows; scale bars
represent 25 um). Higher magnifications highlight mDCs loaded with MPO (bottom
panels, black arrows; scale bars represent 10 um). (B) Within the inflammatory
infiltrate involving dermal vessels of ANCA-associated MPA patients or in the skin of
SLE patients, extracellularly located MPO, suggestive of NETs (black arrows), can be
detected in close proximity with DC-SIGN™ cells (left panel, scale bar represents
25 pm; right panel, scale bar represents 10 um). SLE skin biopsies also showed
mDCs loaded with PMN apoptotic bodies (green arrows). On the other hand, in skin
biopsies from psoriasis, DC-SIGN™ cells are not in contact with the few MPO™* cells
that are present. (C) In situ immunofluorescence microscopy on the same samples
highlighted the presence of NET (white arrows) in damaged areas as detected by
DAPI nuclear staining (blue) and MPO (red; top panels). One representative biopsy
from 1 of the 6 MPA patients analyzed is shown (original magnification x40).

neutrophils and the translocation of PMN cytoplasmic granules to
the cell surface of apoptotic PMNs?>38 have suggested the idea that
apoptotic cells might represent an effective source of neutrophil
autoantigens. Accordingly, rat immunized with apoptotic neutro-
phils showed ANCA but unexpectedly failed to develop autoim-
mune vasculitis.?” In line, we observed ANCA induction without
vasculitis in mice immunized with mDCs loaded with apoptotic
PMN:ss. In this light, it could be hypothesized that apoptotic PMNs
may promote the development of nonpathogenic ANCA. In
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addition, in SVV, the prototypical ANCA-related autoimmune
disease, elevated levels of granulopoiesis-related transcription
factors (eg, CEBP-) and cytokines (eg, G-CSF) have been
recently implicated in the decreased rate of PMN apoptosis, which
suggests a role for the types of PMN death other than apoptosis in
the pathogenesis of ANCA-associated autoimmunity.’* Would the
factors involved in the enhanced granulopoiesis of SVV patients
also be responsible for skewing PMN death from apoptosis to
NETosis, the arousal of pathogenic ANCA may find an explanation.
Here we show that NETosis, is both immunogenic and pro-
inflammatory whereas apoptosis is known to be poorly effective in
inducing inflammation.*® Accordingly, impaired NET formation
occurs in TNF- and IFN+vy-KO mice, suggesting that inflammation
is an effective inducer of NETosis also in the absence of pathogen
infections. In addition, primary and secondary necrosis, differently
from apoptosis, are endowed with more significant immunogenic-
ity because of the release of DAMPs and danger signals, such as
HMGB-1#! promoting DC maturation. On this line, TLRs have
been consistently involved in the pathogenesis of SLE and
SV V.44 However, in necrotic PMNS, proteins undergo structural
changes that altering epitope conformation render MPO and PR3
unsuitable for DC cross-presentation of relevant epitopes. In
NETtosis, the cytoplasmic proteins are extruded in association with
a nucleic acid thread that preserves their conformation to grants
their antimicrobial activity.

Thus, NET immunogenicity stems from the integrity of the
DNA backbone that encloses and preserves the conformation of
relevant antigens. Consistently, DNA digestion left untouched
apoptotic/necrotic cells, whereas destroyed NET threads such to
prevent mDC uploading of conformational preserved neutrophil
antigens in vitro and consequently ANCA production and autoim-
munity in vivo. This finding is relevant considering that most
autoantibodies to neutrophil proteins PR3 and MPO recognize
conformational epitopes.'>!* Indeed, PR3-ANCAs from Wegener
granulomatosis patients bind epitopes within the active site of PR3
and interfere with its enzymatic activity.*> Similarly, MPO-ANCA
can interfere with the interaction between MPO and its inhibitor
ceruloplasmin, a notion supporting the conformation-dependent
binding of epitopes for such autoantibodies. In agreement with our
results demonstrating the necessity to preserve the integrity of NET
DNA to promote mDC activation and loading, Lande et al recently
showed that the NET-associated antimicrobial peptide LL37 pro-
tects DNA from extracellular degradation allowing NET DNA-
mediated activation of pDCs.® The immune system is normally
protected from the exposure and recognition of self-DNA. Excess
release of nucleic acids or mutation in the DNAse gene could result in
escape from protection.*® Indeed, mutation in the DNAse gene was
found associated with autoimmune disease as in humans SLE.#7

In SLE, neutrophils are highly prone to form NET on binding to
anti-RNP autoantibodies, a hallmark of this disease.!? It has been
recently shown that pDCs are able to respond to the DNA
component of NET and to produce abundant type I IFN, an event
that eventually promote further immune system activation.!? Inter-
estingly, a fraction of SLE patients develop ANCA in addition to
autoantibodies against nuclear antigens,?$-3! which allows speculat-
ing that NETotic neutrophils may serve as a source of both
cytoplasmic and nuclear antigens in this disease. We analyzed
spontaneous NETosis in lupus prone lpr/Ipr mice and correlated the
rate of NETosis with ANCA development. We found that, similarly
to the human setting, only a portion of /pr/Ipr mice developed
ANCA and these mice had an increased spontaneous NETosis of
naive PMNs. We also tried to correlate ANCA development with
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features of autoimmune vasculitis in these same mice and found
that, despite the prominent development of a glomerular lupus-like
nephritis, mice with the highest ANCA titers clearly showed more
conspicuous interstitial vasculitic lesions.

Herein we have extended the correlation between ANCA
induction of NETosis and autoimmune vascular damage in human
pathology,'? demonstrating the primary role of NET in pathogenic
ANCA induction through mDC cross-presentation in mice. In
addition, we corroborated this finding in humans, showing mDCs
loaded with MPO and directly interacting with NET structures in
skin lesions from patients diagnosed with MPO-ANCA-associated
microscopic poliangiitis and SLE. Our study contributes to the idea
that NET, although conceived as weapon to defeat extracellular patho-
gens, may operate hostilely by inducing and fostering autoimmunity.
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