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Platelet CXCL4 mediates neutrophil
extracellular traps formation
in ANCA-associated vasculitis

Kotaro Matsumoto?, Hidekata Yasuoka’?, Keiko Yoshimoto?, Katsuya Suzuki® &
Tsutomu Takeuchi'™

Neutrophils form neutrophil extracellular traps (NETs), which are involved in the pathogenesis of
ANCA-associated vasculitis (AAV). Recent reports suggest that platelets stimulated via toll-like
receptor (TLR) pathways can induce NETs formation. However, the mechanism underlying the
involvement of platelets in NETs formation in AAV is unknown. We investigated the role of platelets
in the pathogenesis of AAV. Platelets from AAV patients and healthy controls (HCs) were co-cultured
with peripheral neutrophils, and NETs formation was visualized and quantified. The expression levels
of TLRs on platelets were examined by flow cytometry. Platelets were treated with a TLR agonist,
platelet-derived humoral factor, CXCL4 (platelet factor 4: PF4), and/or anti-CXCL4 antibody to
investigate the effects of TLR-CXCL4 signaling on NETs formation. Platelets from AAV significantly
upregulated NETs formation in vitro. Flow cytometric analysis revealed that the proportion of TLR9
positive platelets was significantly higher in AAV than HCs. CXCL4 released from TLR9 agonist-
stimulated platelets was significantly enhanced in AAV, which subsequently increased NETs
formation. Further, neutralizing anti-CXCL4 antibody significantly inhibited NETs formation enhanced
by platelets from AAV. TLR9 signaling and CXCL4 release underlie the key role that platelets play in
NETs formation in the pathogenesis of AAV.

ANCA-associated vasculitis (AAV) is an autoimmune disease that affects small- to medium-sized blood vessels
and causes vascular inflammation and multiple organ damage!=. AAV is primarily managed with high-dose
glucocorticoid in combination with cyclophosphamide or rituximab*. Despite improvements following the
introduction of cyclophosphamide- or rituximab-based treatments, however, patients often experience disease
relapses®®. While the pathogenesis of AAV remains unclear, several reports have shown that vascular endothelial
dysfunction due to neutrophil extracellular traps (NETs) may be an important trigger in the disease process’.

NETs, chromatin-derived fibers released from neutrophils, exhibit antimicrobial functions by trapping and
killing extracellular pathogens in circulation and peripheral tissues'®-'2. While NETSs plays a critical role in host
defense, excessive formation or persistence of NETs may lead to adverse effects. For example, NETs formation
has been commonly observed in connective tissue diseases such as AAV, systemic lupus erythematosus (SLE),
rheumatoid arthritis (RA) and systemic sclerosis”!*~!*>. NETs have been confirmed in patients and rodent models
of AAV'®Y In addition, improvement of vasculitis by NETs suppression has been reported improving vasculitis
in mice models'®". Although the regulatory mechanisms of NETs have not been sufficiently clarified, platelets
have been reported as one of cellular regulators of NETs***!. Moreover, Clark et al. showed that platelets were
involved in NETs formation via toll-like receptor 4 (TLR4) pathways in a mouse model*. These studies suggest
that TLR pathways in platelets may be involved in the activation and regulation of neutrophils and NETs forma-
tion in human disease.

Recent reports have shown that platelet activation contributes to the progression of AAV pathogenesis by
triggering the alternative complement pathway or release of proinflammatory microparticles**. The mecha-
nisms governing the acceleration of NETs formation in AAV are not fully understood. Given recent evidence that
TLR signaling pathways may play an important role in the development of chronic inflammation in rheumatic
diseases®, we hypothesized that activation of neutrophils by TLR signaling-activated platelets may contribute
to the acceleration of NETs formation in patients with AAV.
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Here, we investigated the role of platelets in the pathogenesis of AAV, particularly in NETs formation, and
the involvement of TLR signaling.

Methods
Patients and healthy controls. Patients with AAV who visited Keio University Hospital and fulfilled the
2012 Revised International Chapel Hill Consensus Conference Nomenclature for granulomatosis with polyangi-
itis (GPA) and microscopic polyangiitis (MPA) were consecutively enrolled between August 2017 and January
2020. Patients with SLE and RA?%-%, and healthy controls (HCs) were also included. HCs were confirmed to have
no autoimmune diseases, severe allergic disorders, malignancies or infections.

This study was approved by the research ethics committee of Keio University School of Medicine (#20140335)
and was conducted according to the Declaration of Helsinki. Informed consent was obtained from all patients
and HCs.

Clinical assessment. Disease activity of AAV was determined using BVAS together with clinical signs
of activity?. Clinical information was obtained from patients’ records. Organ involvement of ear, nose, throat
(ENT), lung, kidney and CNS, and laboratory parameters such as white blood cell counts, platelet counts,
C-reactive protein (CRP), ANCA positivity, ANCA-titer (by chemiluminescent enzyme immunoassay), and
Krebs Von Den Lungen-6 (KL-6) in serum were also assessed.

Isolation of neutrophils and platelets. Neutrophils were isolated from heparinized blood samples using
Mono-Poly Resolving Medium (DS Pharma Biomedical, Osaka, Japan) and suspended in culture medium con-
taining DMEM at 8 “C. The proportion of neutrophils was determined using Wright-Giemsa staining. In order
to clarify the role of platelets and platelet-associated humoral factors in the process of NETs formation, neutro-
phils from HCs, which was not primed or affected by the immunological environment, were selected to use in
most of the experiments. To evaluate platelets that were as fresh as possible, we compared the effects between
platelet-poor plasma (PPP) and platelet-rich plasma (PRP), according to previously published method*®. PRP,
containing a large number of platelets from the subject’s blood, and PPP, the supernatant of PRP were prepared
by precipitating platelets by centrifugation at room temperature?’.

Analysis of NETs formation. We examined NETs formation visually using a live-cell imaging system as
reported previously *.. Briefly, neutrophils on a 35-mm glass dish (Matsunami, Tokyo, Japan) were incubated
with 500 nM Picogreen (Thermo Fisher Scientific, San Jose, CA, USA) for staining extracellularly-released DNA
and 500 nM HySOx (Goryo chemical, Sapporo, Japan) for probing hypochlorous acid. Confocal fluorescence
microscopy (FV-10; Olympus, Tokyo, Japan) was performed in a CO, incubator at 37 “C and the area of posi-
tive signal of Picogreen was quantified using Image] processing software (U. S. National Institutes of Health,
Bethesda, MD, USA). NETs formation was also quantified by measuring the fluorescence intensity of Picogreen-
labeled extracellular DNA from 1 x 10° neutrophils in 300 pL culture medium. In some experiments, anti-MPO
(Clone 2C7; BIO-RAD, Hercules, CA, USA) and anti-Histone H3 (Abcam, Cambridge, UK) antibodies were
used to stain NETs components.

Platelet-neutrophil co-culture assay. To examine the effect of platelets on NETs formation, a platelet-
neutrophil co-culture system was established. Neutrophils and platelets were prepared and co-cultured in an
allogenic manner. The number of platelets was adjusted to 5 x 10° per 10 uL using autologous PPP. Neutrophils
were seeded onto 96-well plates (Corning, NY, USA) at 1x 10° cells per well and incubated with pre-stimulated
PPP, PRP or culture supernatant for 1 h. We defined the difference of DNA concentration as platelet-mediated
NETs. The difference of DNA concentration was calculated in stimulation with PPP and PRP. A trans-well assay
kit (Corning) with 0.4 um pore size was used to evaluate the effect of platelet adhesion to neutrophils.

To examine the effect of TLR signaling, CpG oligodeoxynucleotides (Novus Biologics, Littleton, CO, USA) as
a TLR ligand or control oligodeoxynucleotides (Novus Biologics) were used. In order to evaluate humoral factors
released from CpG-stimulated platelets, we need to test under the condition that plasma effect on neutrophils is
small. Based on product information and previous report®?, 5 pL of PRP was stimulated with 50 pL of CpG/CpG
control (0, 10, 20 ug/mL) solution for 16-18 h at 37 °C, and their supernatants were used for further analysis.
We hypothesized that NETs-DNA stimulates platelets via TLR9, and constructs positive loop to enhance NETs
formation in AAV. To test our hypothesis, we isolated NETs-DNA as published previously ** and stimulated
platelets with NETs-DNA (20 pg/mL), then measured NETs formation and CXCL4 release. To determine the
role of platelet TLRs on NETs formation, the TLR9 inhibitory oligodeoxynucleotide, ODN TTAGGG (A151)
(InvivoGen, San Diego, CA, USA) was used.

A recombinant chemokine (C-X-C motif) ligand (CXCL) 4 (platelet factor 4: PF4) protein (PeproTech, Rocky
Hill, NJ, USA) was used to ascertain whether CXCL4 directly induced NETs formation. Recombinant CXCL4-
mediated NETs formation was assessed by measuring the NETs area and quantifying Picogreen fluorescence
intensity. To determine the role of platelet-derived humoral factors on NETs formation, an anti-CXCL4 antibody
(US Biological, Salem, MA, USA) was used.

Flow cytometry. To identify the cellular phenotype of platelets, expression of surface molecules was exam-
ined by flow cytometry. For gating purposes, the platelet population was verified using anti-CD41a-VioBlue
(Clone REA386; Miltenyi Biotec, Auburn, CA, USA) monoclonal antibody (mAb) staining. Antibodies used to
probe surface molecules included anti-P-selectin-FITC (Clone CLBThromb/6; Beckman Coulter, Westbrook,
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Parameter AAV (n=22)
Baseline characteristics

Age, years 69+17
Male, n (%) 11 (50)
GPA/MPA, n 13/9

BVAS 7.6+7.4
Newly diagnosed/under treatment, n (%) 18 (82)/4 (18)
Characteristics of patients under treatment

Disease duration, months 11+35
Prednisolone dose, mg 10+5.4
Laboratory tests

WBC, cells/uL 9300+3937
Neutrophils, cells/uL 7368 £3343
Lymphocytes, cells/uL 1250+ 824
Monocytes, cells/uL 426+253
Eosinophils, cells/uL 211+424
Basophils, cells/uL 41+41
Platelets, x 10* cells/uL 31+14
Creatinine, mg/dL 0.8+0.5
eGFR, mL/min/1.73 m? 77 +24
CRP, mg/dL 52+4.7
MPO-ANCA positive, n (%) 14 (64)
PR3-ANCA positive, n (%) 7 (32)
MPO/PR3-ANCA titer, IU/L 71+£89
Rheumatoid factor positive, n (%) 13 (59)
KL-6, U/mL 414+298
Organ involvement

Ear, nose, throat, n (%) 12 (55)
Lung, n (%) 11 (50)
Kidney, n (%) 6(27)
Central nervous system, n (%) 4(18)

Table 1. Clinical characteristics of patients with AAV. AAV ANCA-associated vasculitis, GPA granulomatosis
with polyangiitis, WBC white blood cell, KL-6 Krebs Von Den Lungen-6.

ME, USA), anti-TLR2-Alexa Fluor 488 (Clone T2.5; Abcam), anti-TLR4-APC (Clone HTA125; Abcam) and
anti-TLR9-FITC (Clone 5G5; Abcam) mAbs. Isotype-matched control IgGs for each mAb were used to set nega-
tive populations. Platelets were analyzed on a MACS Quant Analyzer (Miltenyi Biotec) and data were analyzed
using FlowJo v.7.6.4 software (Tree Star, Ashland, OR, USA). Details of the gating strategies of platelets are
shown in Fig. S1. As shown in Fig. S1, TLR9 is found in intracellular domains, though it has been reported that
TLRY could migrate to the outer membrane after activation®®. TLR9 expression was measured after permeabili-
zation of the cells using cytofix/cytoperm permeabilization kit (BD Biosciences, San Jose, CA, USA).

Measurement of secreted proteins. Level of CXCL4 in plasma and culture supernatant was determined
using a human CXCL4 ELISA kit (R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s pro-
tocol. Plasma samples and culture supernatants stored at —80 °C prior to ELISA were used in the assay.

Statistical analysis. Continuous data are expressed as mean +SD, and categorical data as number and/or
percentage. The Mann-Whitney U test was used to examine differences between 2 groups and the chi-squared
test for nominal variables. Multiple comparison was assessed using the Kruskal-Wallis test and post-hoc Mann-
Whitney U test. Pearson’s correlation coefficient was used for correlation analysis. P values less than 0.05 were
considered significant. All analyses were performed using JMP version 13.0 (SAS Institute, Cary, NC, USA) or
GraphPad Prism software version 8.0 (GraphPad, La Jolla, CA, USA).

Results
Baseline characteristics of patients. Patients with AAV (Total: n=22, GPA: n=13, MPA: n=9), SLE
(n=10), RA (n=12) and HCs (n=20) were consecutively enrolled. Patients’ baseline characteristics are sum-
marized (Table 1 and S1).

All patients with AAV were Japanese, and the median age and male to female ratio was 69+ 17 years and 1:1
(11:11), respectively. The median BVAS score at baseline was 7.6 7.4 and 95% (21/22) of patients were ANCA
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Figure 1. Platelets from AAV patients enhanced NETs formation. Representative images of NETs formation
with (A) platelet-rich plasma (PRP) and (B) platelet-poor plasma (PPP) stimulation. Time-lapse images (0,

30, 60 min) obtained using confocal microscopy of (a) extracellular DNA and (b) reactive oxygen species. (c)
Neutrophils immunohistochemically-stained with MPO and citrullinated histone (citH3). Scale bar: 20 pm. (C)
Concentrations of DNA released from neutrophils from healthy controls (HCs) were measured. The difference
of DNA concentration was calculated in stimulation with PPP and PRP from HCs (n=20) and ANCA-
associated vasculitis (AAV) (n=22), systemic lupus erythematosus (SLE) (n=10) and rheumatoid arthritis (RA)
(n=12) patients. (D) Associations of the level of platelet-mediated NETs with (a) organ involvement, (b) BVAS,
(c) ANCA titer and (d) CRP. *p<0.05 **p<0.01 **p<0.001 for analysis using Mann-Whitney U test.

positive. Average CRP level and ANCA titer were 5.2+ 4.7 mg/dL and 71 + 89 IU/mL. Involved organs included
the ENT (55%; 12/22), lung (50%; 11/22), kidney (27%; 6/22) and CNS (18%; 4/22). The higher proportion of
patients with lung involvement compared to other organs is consistent with previous epidemiological study
from Japan®.

Platelets from AAV patients strongly induced NETs formation. To investigate the effect of platelets
from AAV patients on NETs formation, we used a co-culture system comprising neutrophils and PPP or PRP.
The difference in stimulation with PPP and PRP was used to define platelet-mediated NETs formation to reduce
the effects of platelet activation due to enrichment of the platelet fraction.

Representative time-lapse images obtained using confocal microscopy of extracellular DNA following co-
culture of peripheral neutrophils with PPP or PRP from AAV patients are shown (Fig. 1A-a,B-a). Since the gen-
eration of reactive oxygen species (ROS) is one of the characteristics for NETosis*®, hypochlorous acid-labeled
ROS production is also shown (Fig. 1A-b,B-b). In addition, neutrophils immunohistochemically-stained with
MPO and citrullinated histones are shown (Fig. 1A-c,B-c). PRP from AAV patients significantly enhanced
neutrophils from HCs to form NETs.

Representative images showing DNA released from NETs following co-culture of peripheral neutrophils with
PPP or PRP from AAV patients or HCs are shown (Fig. S2A). Neutrophils from AAV patients spontaneously
induced NETs formation in vitro even in the absence of PPP or PRP stimulation, while neutrophils from HCs did
not (a, b). PPP or PRP from HCs (c, d) and AAV patients (e, f) were used to investigate the effect of platelets on
neutrophils from HCs promoting NETs formation. Neutrophils from HCs markedly enhanced NETs formation
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Figure 2. The expression level of TLR9 on platelets is associated with clinical features of patients with AAV. The
expression levels of toll-like receptor (TLR) 2, 4, 9 and P-selectin on platelets from ANCA-associated vasculitis
(AAV) patients (n=17) and healthy controls (HCs) (n =8) were analyzed by flow cytometry. (A) Proportion

of platelets expressing TLR2 (a), TLR4 (b), TLRY (c) and P-selectin (d). (B) Proportion of TLR9* platelets in
AAV patients with or without selected organ involvement (ENT, 11:6; CNS, 4:13; kidney, 5:12; lung, 10:7). (C)
Correlation between the proportion of TLR9* platelets and serum Krebs Von Den Lungen-6 (KL-6) level in
AAV patients. *p <0.05 **p <0.01 ***p <0.0001 for analysis using Mann-Whitney U test. NS: not significant.

in the presence of platelets from AAV patients (f), whereas platelets from HCs did not induce NETs formation
(d). We excluded the transfer with their PPP and PRP pool (g, h). These results show that platelets from AAV
patients had NETSs formation-promoting effects; however, the mechanism was not clear. To determine whether
direct contact between platelets and neutrophils is necessary for activation of neutrophils, we cultured neutrophils
and platelets separately using a trans-well insert. As shown in Fig. S2A (i), platelets from AAV patients induced
NETs formation in the absence of adhesion to neutrophils. These data suggest that platelets induce NETs forma-
tion via not only cell-to-cell contact with neutrophils but also humoral factors produced by platelets.

Association of platelet-mediated NETs with clinical parameters. Results of the quantification
of NETs formation in HCs (n=20) and patients with AAV (n=22), SLE (n=10) and RA (n=12) are shown
(Fig. S2B). Level of NETs formation induced by PRP from AAV patients was significantly higher than PPP from
AAV patients, and that induced by PPP from AAV patients was higher than PPP from HCs. Since the effect of
PPP from AAV patients was dominantly observed, the difference of DNA concentration in stimulation with PPP
and PRP was calculated (Fig. 1C). Kruskal-Wallis test revealed that the levels of NETs formation induced by
platelet-fraction were statistically different among HCs, and patients with AAV, SLE and RA (p=0.015). Post-
hoc test revealed that platelet-mediated NETs formation from AAV patients (5.4 ng/mL) was higher than those
from HCs (0.0026 ng/mL, p=0.025), SLE (- 0.90 ng/mL, p=0.047) and RA patients (-0.37 ng/mL, p=0.0047).

Comparison among patients with selected organ involvement demonstrated that several patients with MPO-
ANCA* MPA who had lung involvement but not ENT and CNS involvement had higher levels of platelet-
mediated NETs. Among organ involvements, patients with AAV with lung lesion had significantly higher level
of platelet-mediated NETSs than in those without (2.9 vs 0.0077 ng/mL, p=0.020) (Fig. 1D-a), while there was no
difference in NETs formation among patients with and without organ involvements with ENT and CNS. Correla-
tion analysis showed no significant association of platelet-mediated NETs with BVAS (Fig. 1D-b), ANCA titer
(Fig. 1D-c) or CRP (Fig. 1D-d). Figure 1D-c showed no difference between platelets from PR3- and MPO-ANCA
patients. Comparison of the levels of platelet-mediated NETs between treatment naive and under treatment were
not significantly different in patients with SLE and RA (Table S2).

Elevated TLR9 expression in platelets is correlated with clinical features of AAV patients. Var-
ious TLRs are preferentially expressed on human platelets, such as TLR2, 4 and 9°”%, and are involved in pro-
duction of chemokines and cytokines from platelets. In addition, P-selectin is a well-known activation marker
of platelets®. As shown in Fig. 2A, we examined the expression of platelet-associated surface molecules such
as TLR2 (a), 4 (b), 9 (c) and P-selectin (d) to identify the phenotype of platelets (AAV: n=17, HCs: n=38). The
expression levels of TLR9 and P-selectin on platelets from AAV patients was higher than HCs (1.3% vs 4.6%,
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Figure 3. A TLRO ligand induced CXCL4 release from platelets and NETs formation from neutrophils

via CXCLA4. Neutrophils and platelets from healthy controls (HCs) were cultured in the presence of CpG
oligodeoxynucleotide, control nucleotide or NETs-DNA, and/or toll-like receptor (TLR) 9 antagonist. We used
platelets in the platelet-rich plasma (PRP) form. Summary of 4 independent experiments using 4 different
samples from HCs was shown. (A) Fluorescence intensity of Picogreen-labeled DNA release was measured after
1 h of incubation. (B) CXCL4 levels in supernatant of CpG-stimulated platelets were measured. (C) Neutrophil
extracellular traps (NETs) formation induced by neutrophils from HCs (n=4) in the presence of recombinant
human CXCL4 was assessed by quantification of (a) the fluorescence intensity and (b) the positive signal area of
Picogreen-labeled extracellular DNA. (c) Correlation between the fluorescence intensity and the positive signal
area was shown. *p <0.05 **p <0.01 **p <0.0001 for analysis using Wilcoxon Signed-rank test (A,B), Kruskal-
Wallis test (C-a,C-b) and Pearson’s correlation test (C-c).

p=0.0002 and 1.9% vs 8.4%, p=0.0071, respectively), whereas no significant difference was observed in the
expression levels of TLR2 and TLR4 between AAV patients and HCs (24% vs 24%, p=0.97 and 30% vs 31%,
p=0.92, respectively). Comparison of the proportion of TLR9" platelets between patients with selected organ
involvement demonstrated that the proportion was significantly higher in AAV patients with lung lesions than
in those without (3.5% vs 5.3%, p=0.043) (Fig. 2B). Moreover, the proportion of TLR9* platelets was correlated
with the serum KL-6 level (r*=0.27, p=0.034) (Fig. 2C). These data suggest that elevated TLR9 expression in
platelets, in particular, may contribute to the principal process of pulmonary lesions in AAV.

Activation of TLR9 signaling pathways in platelet-induced NETs formation by CXCL4. Next,
we focused on the role of TLRY in the process of platelet-mediated NETs formation. Because platelets can store
various humoral factors in granules®, we hypothesized that platelets can be activated by TLR9 and release
humoral factors from granules to promote NETs formation. CXCL4 (platelet factor 4: PF4), a major chemokine
in platelets, have been reported to activate neutrophils in vitro*”. We examined whether TLR9 signaling could
induce CXCL4 release from platelets and contribute to NETs formation using platelets from HCs.

As shown in Fig. 3A, stimulation of platelets with CpG oligodeoxynucleotides, a TLR9 agonist, significantly
enhanced NETs formation compared to stimulation with control oligodeoxynucleotides, and did so in a dose-
dependent manner (0.11 vs 2.6 vs 37 ng/mL, p=0.0002). NETs-DNA enhanced NETs formation as well. In addi-
tion, a TLRY antagonist inhibited CpG- and NETs DNA-induced DNA release, suggesting that TLR9 signaling
pathways in platelets are involved in NETs formation by neutrophils. We also examined the possible involvement
of TLR9 pathways in the release of humoral factors from platelets, especially CXCL4. As shown in Fig. 3B, CXCL4
levels in culture supernatant were increased following stimulation of platelets with CpG in a dose-dependent
manner (3.0 vs 9.6 vs 14 ng/mL, p=0.026). NETs DNA-stimulated platelets enhanced CXCL4 release as well.
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Figure 4. TLR9-CXCL4 signaling axis is upregulated and involved in NETs formation in AAV patients.

(A) Neutrophils from healthy controls (HCs) were cultured with platelets from ANCA-associated vasculitis
(AAV) patients (n=17) or HCs (n=38) treated with CpG or CpG control in an allogenic manner. Neutrophil
extracellular traps (NETs) formation was analyzed by measuring the fluorescence intensity of Picogreen-labeled
DNA release. We used platelets in the platelet-rich plasma (PRP) form. (B) The amounts of CXCL4 in the
culture supernatants was measured by ELISA. (C) Plasma levels of CXCL4 in HCs (n=8) and AAV (n=17), SLE
(n=10) and RA (n=12) patients were measured by ELISA. (D) NETs formation induced by PRP from AAV
patients (n=>5) in the presence of anti-CXCL4 antibody or control IgG was monitored by positive signal area

of Picogreen-labeled DNA. (A-C) p <0.05 for Kruskal-Wallis test. p <0.1 *p <0.05 **p <0.01 **p <0.0001 for
analysis using Mann-Whitney U test.

Interestingly, CXCL4 production by CpG- and NETs DNA-stimulated platelets was suppressed by a TLR9 antago-
nist. These data indicate that TLR9 stimulation, in part, enhanced CXCL4 production by platelets, which may
subsequently contribute to NETs formation by neutrophils.

To determine whether CXCL4 promote NETs formation, we cultured neutrophils with a recombinant CXCL4
protein. Picogreen-labeled DNA was quantified by measuring the area of label and determining fluorescence
intensity. We confirmed that recombinant human CXCL4 promoted NETs formation in a dose-dependent man-
ner (Fig. 3C-a,C-b). Further, results from the two quantification methods were correlated (Fig. 3C-c) (r*=0.57,
p=0.0070).

TLR9-stimulation enhanced CXCL4 release by platelets and NETs formation in patients with
AAV. Next, we investigated the role of TLRY signaling in NETs formation induced by platelets from AAV
patients. As shown in Fig. 4A, the concentration of extracellularly-released DNA was higher following exposure
to CpG-stimulated platelets from AAV patients than from HCs (18 vs 61 ng/mL, p<0.0001). The amount of
CXCLA4 released into supernatants was also greater from CpG-stimulated platelets from AAV patients than from
HCs (26 vs 70 ng/mL, p=0.00060) (Fig. 4B), suggesting that CXCL4 released from TLR9-activated platelets may
induce NETs formation in AAV.

We also measured plasma concentrations of CXCL4 in HCs and patients with AAV, SLE and RA. Plasma
concentrations of CXCL4 were higher in AAV (112 ng/mL, p=0.0010), SLE (54 ng/mL, p=0.0060) and RA
(48 ng/mL, p=0.019) patients than in HCs (26 ng/mL) (Fig. 4C). Further, plasma concentrations of CXCL4 were
higher in AAV than in SLE (p=0.077) or RA (p=0.033) patients. Interestingly, plasma CXCL4 concentrations
correlated with level of platelet-mediated NETs shown in Fig. 1C (r*=0.62, p=0.00050) in AAV patients (Fig. S3).

To determine whether CXCL4 have role in platelet-mediated NETs formation in AAV patients, we treated
neutrophils with a neutralizing CXCL4-specific antibody in the presence of platelets from AAV patients. Rep-
resentative confocal microscopy images of Picogreen-labeled extracellular DNA (Fig. S4A) and images pro-
cessed using Image] software (Fig. S4B) were shown. CXCL4 neutralizing antibody significantly inhibited NETs
formation by normal neutrophils co-cultured with platelets from AAV patients measuring the area of positive
signals as described in “Methods” (3.6% vs 0.077%, p =0.0079) (Fig. 4D). Taken together, our data suggest that
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the TLR9 — CXCL4 signaling axis is upregulated in AAV patients, promotes NETs formation and contributes to
the pathogenesis of AAV.

Discussion

We showed that activation of platelets through TLR signaling pathways contributes to NETs formation and the
progression of AAV. We first demonstrated that platelets from AAV patients co-cultured with neutrophils induced
NETs formation. We further examined the mechanisms for enhancement of NETs formation in AAV and found
that phenotype of platelets of patients with AAV was altered including upregulation of TLR9 and associated with
activation of platelets. Interestingly, even with platelet and neutrophils from healthy donors, both CXCL4 release
from platelets and NETs formation in the co-culture system were enhanced via TLR9 stimulation. Furthermore,
TLR9-CXCL4 axis is upregulated and NETs formation was also enhanced in AAV patients compared with HCs.
Our data suggest that activation of TLR9 pathways in AAV platelets enhances CXCL4 release and NETs forma-
tion and contributes to the pathogenesis of AAV. In our study, platelet-mediated NETs and plasma CXCL4 were
higher in AAV patients with interstitial lung disease (ILD) as compared to those without. Since patients with
SLE and RA enrolled in this study did not have ILD, the involvement of platelet-mediated NETs formation in
the pathogenesis of ILD in patients with SLE or RA remains to be unclear.

NETs plays a substantial role in the pathogenesis of AAV. Since NETs was observed in stimulation with PPP
from patients with AAV, plasma components, such as ANCA, were considered as inducer of NETs. As Kraaij et al.
reported, plasma from MPO-ANCA* MPA patients induced higher levels of NETs formation*. Although ANCA
activity is a well-known inducer of NETs, its expression is not always consistent with disease activity*'. There is
therefore a need to identify other NETs inducers. In our study, comparison of PPP and PRP suggests that platelets
may be another regulator of NETs in AAV. Considering the level of platelet-mediated NETs is not associated with
ANCA titer or ANCA subtypes of patients, activation of neutrophils by platelets may not be mainly mediated
by ANCA-IgG, even though we do not rule out the possibility that ANCA-IgG affects platelets by stimulating Fc
receptors on platelets. We demonstrated that platelets from AAV patients induced NETSs formation via not only
cell-to-cell contact with neutrophils but also humoral factors produced by platelets. While NETs formation in
mouse models is induced by P-selectin-dependent platelet-neutrophil aggregation*?, NETs formation in humans
is not suppressed by blocking P-selectin®, indicating that P-selectin pathways are not involved in human platelet-
induced NETs formation. However, a clinical study reported that serum levels of platelet-derived soluble proteins
such as P-selectin and soluble CD40 ligand are positively correlated with AAV disease activity*.

TLRs, which are expressed on various immune cells such as platelets, neutrophils, lymphocytes and dendritic
cells, play a central role in the detection of bacterial and viral pattern recognition, which facilitates enhanced
cell-mediated inflammation®. TLR stimulation have been reported to induce NETs formation and to trigger
the development of autoimmune diseases, including vasculitis**. We demonstrated here that the proportion
of TLRY" platelet was significantly elevated in AAV patients compared to HCs. Our data suggest that TLR9
signaling pathways in platelets are involved in NETs formation and the development of AAV. Previous reports
have also shown that TLR9 is involved in the pathogenesis of AAV. For example, immunization with a TLR9
ligand enhanced MPO-ANCA-induced vasculitis and increased immune response and organ damage in a mouse
model*. Moreover, TLR9 ligands promote ANCA production via peripheral B lymphocytes from AAV patients
in vitro®®. Given that TLR9 recognizes DNA from apoptotic cells'’, DNA production by NETs formation may
activate TLR9 on platelets, which in turn accelerates the contribution of neutrophils to NETs formation.

In addition, we revealed that stimulation of platelets with a TLR9 ligand led to the release of CXCL4, which
is abundant in platelets. Our findings suggest that CXCL4 itself promotes NETs formation in a dose-dependent
manner, consistent with the previous study *°. Thus, it is possible that TLR9 signaling leads to the release of
CXCL4, which subsequently induces NETs formation. A previous report demonstrated that CXCL4 induced
neutrophil- and platelet-dependent lung injury in a mouse model*, suggesting that CXCL4 derived from TLR9
ligand-activated platelets may contribute to lung involvement in AAV. Consistent with this, we found that the
proportion of TLR9* platelets was upregulated in AAV patients with lung involvement. While TLR9* platelets
exist in all types of tissues, platelets are especially abundant in lung tissue and activated by respiratory stimulant*.
Regarding the stimulation of TLRY, respiratory tract infection may trigger TLR9 activity.

While our data thus far have demonstrated the role of platelets in the pathogenesis of AAV, neutrophils
themselves might also contribute to the development of AAV. Several lines of evidence have demonstrated that
neutrophils in AAV patients express the antigenic targets of MPO on their surface and that MPO/PR3-ANCA
stimulation induces NETs formation . Another report has suggested that stimulation by TLR ligands leads to
neutrophil activation and upregulation of the membrane expression of MPO/PR3%. Thus, stimulation of TLR9
can directly affect neutrophils and act as a primer to induce neutrophil degranulation.

Some limitations of this study warrant mention. First, because we used platelets in the PRP form, plasma
components may have contributed to the observed NETs formation. Second, DNA concentration we measured
may not exactly synonymous with quantification of NETs. Third, the effect of TLR9 stimulation on platelets is
greater than expected based on the relatively small difference in TLR9 expression. The results of genome-wide
association studies suggest that polymorphisms of TLR9 are associated with the development of AAV*. SNPs,
in addition to expression level, may be involved in TLR9-CXCL4 axis, although further study is needed to
confirm this. Fourth, our sample size was too small to conduct comparisons between patients in the active and
remission phases. At last, platelet-mediated signals such as DAMP or HMGB1 were not described in this study.
Confirmation of our findings awaits further investigation.

In conclusion, our findings suggest that activation of platelets through TLR9 signaling pathways contributes to
NETs formation by releasing CXCL4 and the progression of AAV. We demonstrated that the TLR9-CXCL4 sign-
aling axis was upregulated and NETs formation was enhanced in AAV patients compared with HCs. Moreover,
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Figure 5. Schematic illustration of the proposed mechanism of platelet-mediated NETs formation in AAV.
CXCLA4 released from TLR9 agonist-stimulated platelets from AAV patients markedly increased NETs
formation. TLRY signaling and CXCL4 release are essential mediators of NETs formation in AAV, with the
effects of these mediators being inhibited by a TLR9 antagonist or anti-CXCL4 antibody.

we found that activation of TLRY pathways in AAV platelets enhances CXCL4 release and NETSs formation. As
shown in Fig. 5, we hypothesize that enhanced TLR9-CXCL4 axis results in inducing NETs formation and is
involved in the pathogenesis of AAV. Further evidence on the mechanisms of the crosstalk between platelets and
neutrophils will aid in the identification of novel therapeutic targets for the treatment of AAV.

Received: 17 May 2020; Accepted: 21 December 2020
Published online: 08 January 2021

References
1. Jennette, J. C. et al. Nomenclature of systemic vasculitis. Proposal of an international consensus conference. Arthritis Rheum. 37,
187-192. https://doi.org/10.1002/art.1780370206 (1994).
2. Matsumoto, K. et al. Significant association between clinical characteristics and immuno-phenotypes in patients with ANCA-
associated vasculitis. Rheumatology (Oxford) 59, 545-553. https://doi.org/10.1093/rheumatology/kez327 (2020).
3. Matsumoto, K. et al. Longitudinal immune cell monitoring identified CD14"* CD16" intermediate monocyte as a marker of relapse
in patients with ANCA-associated vasculitis. Arthritis Res. Ther. 22, 145. https://doi.org/10.1186/s13075-020-02234-8 (2020).
4. Yates, M. et al. EULAR/ERA-EDTA recommendations for the management of ANCA-associated vasculitis. Ann. Rheum. Dis. 75,
1583-1594. https://doi.org/10.1136/annrheumdis-2016-209133 (2016).
5. Jones, R. B. et al. Rituximab versus cyclophosphamide in ANCA-associated renal vasculitis. N. Engl. J. Med. 363, 211-220. https
://doi.org/10.1056/NEJM0a0909169 (2010).
6. Stone, J. H. et al. Rituxivas versus cyclophosphamide for ANCA-associated vasculitis. N. Engl. J. Med. 363, 221-232. https://doi.
0rg/10.1056/NEJM0a0909905 (2010).
7. Flossmann, O. et al. Long-term patient survival in ANCA-associated vasculitis. Ann. Rheum. Dis. 70, 488-494. https://doi.
org/10.1136/ard.2010.137778 (2011).
8. Alberici, E. et al. Long-term follow-up of patients who received repeat-dose rituximab as maintenance therapy for ANCA-associated
vasculitis. Rheumatology (Oxford) 54, 1153-1160. https://doi.org/10.1093/rheumatology/keu452 (2015).
9. Kessenbrock, K. et al. Netting neutrophils in autoimmune small-vessel vasculitis. Nat. Med. 15, 623-625. https://doi.org/10.1038/
nm.1959 (2009).
10. Brinkmann, V. et al. Neutrophil extracellular traps kill bacteria. Science 303, 1532-1535 (2004).
11. Urban, C. E, Reichard, U., Brinkmann, V. & Zychlinsky, A. Neutrophil extracellular traps capture and kill Candida albicans yeast
and hyphal forms. Cell Microbiol. 8, 668-676. https://doi.org/10.1126/science.1092385 (2006).
12. Apel, E, Zychlinsky, A. & Kenny, E. E The role of neutrophil extracellular traps in rheumatic diseases. Nat. Rev. Rheumatol. 14,
467-475. https://doi.org/10.1038/s41584-018-0039-z (2018).
13. Lande, R. et al. Neutrophils activate plasmacytoid dendritic cells by releasing self-DNA-peptide complexes in systemic lupus
erythematosus. Sci. Transl. Med. 3, 73ral9. https://doi.org/10.1126/scitranslmed.3001180 (2011).
14. Khandpur, R. et al. NETs are a source of citrullinated autoantigens and stimulate inflammatory responses in rheumatoid arthritis.
Sci. Transl. Med. 5, 178ra40. https://doi.org/10.1126/scitranslmed.3005580 (2013).
15. Maugeri, N. et al. Platelet microparticles sustain autophagy-associated activation of neutrophils in systemic sclerosis. Sci. Transl.
Med. 10, eaa03089. https://doi.org/10.1126/scitranslmed.aa03089 (2018).

Scientific Reports |

(2021) 11:222 https://doi.org/10.1038/s41598-020-80685-4 natureresearch


https://doi.org/10.1002/art.1780370206
https://doi.org/10.1093/rheumatology/kez327
https://doi.org/10.1186/s13075-020-02234-8
https://doi.org/10.1136/annrheumdis-2016-209133
https://doi.org/10.1056/NEJMoa0909169
https://doi.org/10.1056/NEJMoa0909169
https://doi.org/10.1056/NEJMoa0909905
https://doi.org/10.1056/NEJMoa0909905
https://doi.org/10.1136/ard.2010.137778
https://doi.org/10.1136/ard.2010.137778
https://doi.org/10.1093/rheumatology/keu452
https://doi.org/10.1038/nm.1959
https://doi.org/10.1038/nm.1959
https://doi.org/10.1126/science.1092385
https://doi.org/10.1038/s41584-018-0039-z
https://doi.org/10.1126/scitranslmed.3001180
https://doi.org/10.1126/scitranslmed.3005580
https://doi.org/10.1126/scitranslmed.aao3089

www.nature.com/scientificreports/

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Xiao, H. et al. Antineutrophil cytoplasmic autoantibodies specific for myeloperoxidase cause glomerulonephritis and vasculitis
in mice. J. Clin. Invest. 110, 955-963. https://doi.org/10.1172/JCI15918 (2002).

Nakazawa, D. et al. Enhanced formation and disordered regulation of NETs in myeloperoxidase-ANCA-associated microscopic
polyangiitis. . Am. Soc. Nephrol. 25, 990-997. https://doi.org/10.1681/ASN.2013060606 (2014).

Prendecki, M. & McAdoo, S. P. New therapeutic targets in ANCA-associated vasculitis. Arthritis Rheumatol. https://doi.org/10.1002/
art.41407 (2020).

Khan, M. A. et al. JNK activation turns on LPS- and Gram-negative bacteria-induced NADPH oxidase-dependent suicidal NETosis.
Sci. Rep. 7, 3409. https://doi.org/10.1038/s41598-017-03257-z (2017).

Carestia, A., Kaufman, T. & Schattner, M. Platelets: New bricks in the building of neutrophil extracellular traps. Front. Immunol.
7, 271. https://doi.org/10.3389/fimmu.2016.00271 (2016).

Kazzaz, N. M., Sule, G. & Knight, J. S. Intercellular interactions as regulators of NETosis. Front. Immunol. 7, 453. https://doi.
org/10.3389/fimmu.2016.00453 (2016).

Clark, S. R. et al. Platelet TLR4 activates neutrophil extracellular traps to ensnare bacteria in septic blood. Nat. Med. 13, 463-469.
https://doi.org/10.1038/nm1565 (2007).

Miao, D., Li, D. Y., Chen, M. & Zhao, M. H. Platelets are activated in ANCA-associated vasculitis via thrombin-PARs pathway and
can activate the alternative complement pathway. Arthritis Res. Ther. 19, 252. https://doi.org/10.1186/s13075-017-1458-y (2017).
Miao, D., Ma, T. T., Chen, M. & Zhao, M. H. Platelets release proinflammatory microparticles in anti-neutrophil cytoplasmic
antibody-associated vasculitis. Rheumatology (Oxford) 58, 1432-1442. https://doi.org/10.1093/rheumatology/kez044 (2019).
Joosten, L. A., Abdollahi-Roodsaz, S., Dinarello, C. A., O’'Neill, L. & Netea, M. G. Toll-like receptors and chronic inflammation in
rheumatic diseases: New developments. Nat. Rev. Rheumatol. 12, 344-357. https://doi.org/10.1038/nrrheum.2016.61 (2016).
Jennette, J. C. et al. 2012 revised international chapel hill consensus conference nomenclature of vasculitis. Arthritis Rheum. 65,
1-11. https://doi.org/10.1002/art.37715 (2013).

Petri, M. et al. Derivation and validation of the systemic lupus international collaborating clinics classification criteria for systemic
lupus erythematosus. Arthritis Rheum. 64, 2677-2686. https://doi.org/10.1002/art.34473 (2012).

Aletaha, D. et al. 2010 Rheumatoid arthritis classification criteria: An American College of Rheumatology/European League
Against Rheumatism collaborative initiative. Arthritis Rheum. 62, 2569-2581. https://doi.org/10.1002/art.27584 (2010).
Lugmani, R. A. et al. Bimingham vasculitis activity score (BVAS) in systemid vasculitis. Q. . Med. 87, 671-678 (1994).
Semeraro, E. et al. Extracellular histones promote thrombin generation through platelet-dependent mechanisms: Involvement of
platelet TLR2 and TLR4. Blood 118, 1952-1961. https://doi.org/10.1182/blood-2011-03-343061 (2011).

Okubo, K. et al. Lactoferrin suppresses neutrophil extracellular traps release in inflammation. EBioMedicine 10, 204-215. https://
doi.org/10.1016/j.ebiom.2016.07.012 (2016).

Kim, T. H. et al. CpG-DNA exerts antibacterial effects by protecting immune cells and producing bacteria-reactive antibodies. Sci.
Rep. 8, 16236. https://doi.org/10.1038/541598-018-34722-y (2018).

Najmeh, S. et al. Simplified human neutrophil extracellular traps (NETs) isolation and handling. J. Vis. Exp. 52687, https://doi.
org/10.3791/52687 (2015).

Thon, J. N. et al. T granules in human platelets function in TLR9 organization and signaling. J. Cell Biol. 198, 561-574. https://doi.
org/10.1083/jcb.201111136 (2012).

Sada, K. E. et al. Classification and characteristics of Japanese patients with antineutrophil cytoplasmic antibody-associated vas-
culitis in a nationwide, prospective, inception cohort study. Arthritis Res. Ther. 16, R101. https://doi.org/10.1186/ar4550 (2014).
Hakkim, A. et al. Activation of the Raf-MEK-ERK pathway is required for neutrophil extracellular trap formation. Nat. Chem.
Biol. 7, 75-77. https://doi.org/10.1038/nchembio.496 (2011).

Aslam, R. et al. Platelet Toll-like receptor expression modulates lipopolysaccharide-induced thrombocytopenia and tumor necrosis
factor-alpha production in vivo. Blood 107, 637-641. https://doi.org/10.1182/blood-2005-06-2202 (2006).

Semple, J. W, Italiano, J. E. Jr. & Freedman, J. Platelets and the immune continuum. Nat. Rev. Immunol. 11, 264-274. https://doi.
org/10.1038/nri2956 (2011).

Berman, C.L., Yeo, E.L., Wencel-Drake, ].D., Furie, B.C., Ginsberg, M.H. & Furie, B. A platelet alpha granule membrane protein
that is associated with the plasma membrane after activation. Characterization and subcellular localization of platelet activation-
dependent granule-external membrane protein. J. Clin. Invest. 78, 130-7, https://doi.org/10.1172/JCI112542 (1986).

Carestia, A. ef al. Mediators and molecular pathways involved in the regulation of neutrophil extracellular trap formation mediated
by activated platelets. J. Leukoc. Biol. 99, 153-162. https://doi.org/10.1189/jlb.3A0415-161R (2016).

Kraaij, T. et al. Excessive neutrophil extracellular trap formation in ANCA-associated vasculitis is independent of ANCA. Kidney
Int. 94, 139-1409. https://doi.org/10.1016/j.kint.2018.01.013 (2018).

Etulain, J. et al. P-selectin promotes neutrophil extracellular trap formation in mice. Blood 126, 242-246. https://doi.org/10.1182/
blood-2015-01-624023 (2015).

Tomasson, G. et al. Relationship between markers of platelet activation and inflammation with disease activity in Wegener’s
granulomatosis. J. Rheumatol. 38, 1048-1054. https://doi.org/10.3899/jrheum.100735 (2011).

Summers, S. A. et al. Toll-like receptor 2 induces Th17 myeloperoxidase autoimmunity while Toll-like receptor 9 drives Th1l
autoimmunity in murine vasculitis. Arthritis Rheum. 63, 1124-1135. https://doi.org/10.1002/art.30208 (2011).

Lepse, N. et al. Toll-like receptor 9 activation enhances B cell activating factor and interleukin-21 induced anti-proteinase 3
autoantibody production in vitro. Rheumatology (Oxford) 55, 162-172. https://doi.org/10.1093/rheumatology/kev293 (2016).
Hook, J. S. et al. Nox2 regulates platelet activation and net formation in the lung. Front. Immunol. 10, 1472. https://doi.org/10.3389/
fimmu.2019.01472 (2019).

Lefrangais, E. et al. The lung is a site of platelet biogenesis and a reservoir for haematopoietic progenitors. Nature 544, 105-109.
https://doi.org/10.1038/nature21706 (2017).

Hess, C., Sadallah, S. & Schifferli, J. A. Induction of neutrophil responsiveness to myeloperoxidase antibodies by their exposure
to supernatant of degranulated autologous neutrophils. Blood 96, 2822-2827 (2000).

Holle, J. U. et al. Toll-like receptor TLR2 and TLR9 ligation triggers neutrophil activation in granulomatosis with polyangiitis.
Rheumatology (Oxford) 52, 1183-1189. https://doi.org/10.1093/rheumatology/kes415 (2013).

Husmann, C. A. et al. Genetics of toll like receptor 9 in ANCA associated vasculitis. Ann. Rheum. Dis. 73, 890-896. https://doi.
org/10.1136/annrheumdis-2012-202803 (2014).

Acknowledgements
We are very grateful to Ms. Yumi Ikeda, Ms. Yuko Takaishi and Ms. Kumiko Tanaka for their technical supports.

Author contributions
Study conception and design: K.M. and H.Y. Acquisition of data: K.M., H.Y,, K.Y, K.S., and T.T. Analysis and
interpretation of data: K.M., H.Y., and T.T.

Scientific Reports |

(2021) 11:222

https://doi.org/10.1038/s41598-020-80685-4 nature research


https://doi.org/10.1172/JCI15918
https://doi.org/10.1681/ASN.2013060606
https://doi.org/10.1002/art.41407
https://doi.org/10.1002/art.41407
https://doi.org/10.1038/s41598-017-03257-z
https://doi.org/10.3389/fimmu.2016.00271
https://doi.org/10.3389/fimmu.2016.00453
https://doi.org/10.3389/fimmu.2016.00453
https://doi.org/10.1038/nm1565
https://doi.org/10.1186/s13075-017-1458-y
https://doi.org/10.1093/rheumatology/kez044
https://doi.org/10.1038/nrrheum.2016.61
https://doi.org/10.1002/art.37715
https://doi.org/10.1002/art.34473
https://doi.org/10.1002/art.27584
https://doi.org/10.1182/blood-2011-03-343061
https://doi.org/10.1016/j.ebiom.2016.07.012
https://doi.org/10.1016/j.ebiom.2016.07.012
https://doi.org/10.1038/s41598-018-34722-y
https://doi.org/10.3791/52687
https://doi.org/10.3791/52687
https://doi.org/10.1083/jcb.201111136
https://doi.org/10.1083/jcb.201111136
https://doi.org/10.1186/ar4550
https://doi.org/10.1038/nchembio.496
https://doi.org/10.1182/blood-2005-06-2202
https://doi.org/10.1038/nri2956
https://doi.org/10.1038/nri2956
https://doi.org/10.1172/JCI112542
https://doi.org/10.1189/jlb.3A0415-161R
https://doi.org/10.1016/j.kint.2018.01.013
https://doi.org/10.1182/blood-2015-01-624023
https://doi.org/10.1182/blood-2015-01-624023
https://doi.org/10.3899/jrheum.100735
https://doi.org/10.1002/art.30208
https://doi.org/10.1093/rheumatology/kev293
https://doi.org/10.3389/fimmu.2019.01472
https://doi.org/10.3389/fimmu.2019.01472
https://doi.org/10.1038/nature21706
https://doi.org/10.1093/rheumatology/kes415
https://doi.org/10.1136/annrheumdis-2012-202803
https://doi.org/10.1136/annrheumdis-2012-202803

www.nature.com/scientificreports/

Funding
This work was partly supported by grants from Japan Society for the Promotion of Science (JP20K22911 and
JP13242518), Keio University and Okinaka Memorial Institute for Medical Research.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1038/s41598-020-80685-4.

Correspondence and requests for materials should be addressed to T.T.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

ov License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:222 https://doi.org/10.1038/s41598-020-80685-4 nature research


https://doi.org/10.1038/s41598-020-80685-4
https://doi.org/10.1038/s41598-020-80685-4
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Platelet CXCL4 mediates neutrophil extracellular traps formation in ANCA-associated vasculitis
	Methods
	Patients and healthy controls. 
	Clinical assessment. 
	Isolation of neutrophils and platelets. 
	Analysis of NETs formation. 
	Platelet-neutrophil co-culture assay. 
	Flow cytometry. 
	Measurement of secreted proteins. 
	Statistical analysis. 

	Results
	Baseline characteristics of patients. 
	Platelets from AAV patients strongly induced NETs formation. 
	Association of platelet-mediated NETs with clinical parameters. 
	Elevated TLR9 expression in platelets is correlated with clinical features of AAV patients. 
	Activation of TLR9 signaling pathways in platelet-induced NETs formation by CXCL4. 
	TLR9-stimulation enhanced CXCL4 release by platelets and NETs formation in patients with AAV. 

	Discussion
	References
	Acknowledgements


