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Summary

In vasculitis disorders, inflammation affects blood vessels. Granulomatosis 
with polyangiitis (GPA) is a chronic systemic vasculitis distinguished by 
the presence of anti-proteinase-3 autoantibodies (anti-PR3). In this study 
we analyzed the molecular signature of human umbilical endothelial cells 
(HUVECs) in response to neutrophil-derived extracellular vesicles (EVs). 
EVs were obtained from anti-PR3-activated neutrophils, purified and char-
acterized by flow cytometry, nanoparticle tracking and miRNA screening. 
HUVECs were stimulated with EVs and miRNA/mRNA expression was 
measured. Cell culture media proteins were identified by antibody micro-
arrays and selected cytokines were measured. Comparison of differentially 
expressed miRNAs/mRNAs between non-stimulated and EV-stimulated 
HUVECs revealed two regulatory patterns. Significant up-regulation of 
14 mRNA transcripts (including CXCL8, DKK1, IL1RL1, ANGPT-2, THBS1 
and VCAM-1) was accompanied by 11 miRNAs silencing (including miR-
661, miR-664a-3p, miR-377-3p, miR-30d-5p). Significant down-regulation 
was observed for nine mRNA transcripts (including FASLG, CASP8, STAT3, 
GATA3, IRAK1 and IL6) and accompanied by up-regulation of 10 miRNAs 
(including miR-223-3p, miR-142-3p, miR-211-5p). Stimulated HUVECs 
released IL-8, Dickkopf-related protein 1 (DKK-1), soluble interleukin 
(IL)-1 like receptor-1 (ST2), growth differentiation factor 15 (GDF-15), 
angiopoietin-2, endoglin, thrombospondin-1 and vascular adhesion mol-
ecule-1 (VCAM-1). Moreover, transfection of HUVECs with mimics of 
highly expressed in EVs miR-223-3p or miR-142-3p, stimulated production 
of IL-8, ST2 and endoglin. Cytokines released by HUVECs were also 
elevated in blood of patients with GPA. The most increased were IL-8, 
DKK-1, ST2, angiopoietin-2 and IL-33. In-vitro stimulation of HUVECs 
by neutrophil-derived EVs recapitulates contribution of endothelium in 
autoimmune vasculitis. Proinflammatory phenotype of released cytokines 
corresponds with the regulatory network of miRNAs/mRNAs comprising 
both EVs miRNA and endothelial cell transcripts.
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Introduction

Granulomatosis with polyangiitis (GPA) is a rare autoim-
mune disease, with the highest prevalence in northern 
Europeans. Despite unknown aetiology [1], GPA is well 
characterized clinically by symptoms of upper airways 
inflammation, renal involvement and presence of 

circulating autoantibodies against neutrophil serine pro-
tease, proteinase-3 [anti-PR3 immunoglobulin (Ig)G, anti-
neutrophil cytoplasmic antibodies (ANCA)] [2–5]. Blood 
neutrophil is an indispensable component of the immune 
system; importantly, however, it contributes to the patho-
physiology in GPA. In the disease neutrophils are activated 
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by ANCA. The process is initiated by the direct binding 
of PR3 with the Fab region of the antibody and is assisted 
by interaction of the Fc region with FcγRs on the neu-
trophil surface. The consequences of neutrophil activation 
are degranulation, neutrophil extracellular traps formation, 
generation of reactive oxygen intermediates and transmi-
gration through the endothelial cell layer, all described 
in GPA [6–8]. Cellular exosomes, a subclass of extracel-
lular vesicles (EVs), are released together with ANCA-
mediated neutrophil activation [9]. Population of 
extracellular particles bound within a phospholipid bilayer 
is heterogeneous. EVs are divided mainly into exosomes 
and microparticles [10]. Exosomes are smaller (50–120 nm) 
and originate from the endocytic compartment, whereas 
macrovesicles are larger (100–1000  nm) and are produced 
during the process of plasma membrane budding. During 
formation of exosomes, invaginations of the endosomal 
membrane lead to accumulation of intraluminal vesicles, 
described as endosomal multi-vesicular bodies. Following 
fusion with the cell membrane, exosomes are released 
into the extracellular compartment. As well as a smaller 
size, exosomes maintain asymmetric distribution of the 
membrane phospholipids, which is lost in macrovesicles 
[11]. EVs are important contributors to pathophysiology 
of several diseases [12–14]; however, very little is still 
known about their participation in GPA inflammation. 
In our previous study we reported on the activation of 
neutrophils by EVs circulating in plasma of patients with 
GPA [15]. It was also shown that neutrophil-derived 
microparticles activated human umbilical vein endothelial 
cells (HUVECs), providing a rationale for this study [16]. 
Thus, some evidence supported a mechanism of vascular 
inflammation mediated by neutrophil-derived EVs. In the 
current study, we focused on miRNA profile of neutrophil-
derived EVs and miRNA/transcripts/proteins interactions 
in endothelial cells exposed to EVs. To the best of our 
knowledge, this is the first experimental attempt to analyze 
molecular mechanisms of endothelial cell activation by 
neutrophil-derived EVs.

Materials and methods

Anti-PR3 IgG preparation, neutrophil isolation and 
stimulation

Anti-PR3 IgG antibodies were isolated as the total IgG 
fraction from pooled sera of GPA patients (n  =  10, anti-
PR3 IgG  >  200  mU/l; anti-MPO  <  20  mU/l). Total IgG 
fraction was purified stepwise by ammonium sulphate 
precipitation and removal of other serum proteins using 
negative affinity adsorption chromatography (Melon Gel 
IgG purification kits; Thermo Fisher Scientific, Waltham, 

MA, USA). Concentration of purified total IgG was deter-
mined by immunonephelometry (BN II Nephelometer; 
Siemens Dade Behring, Marburg, Germany). Specific anti-
PR3 IgG level was assessed by enzyme-linked immuno-
sorbent assay (ELISA) (anti-PR3 ELISA kit; Euroimmun 
Medizinische Labordiagnostika, Lübeck, Germany).

Neutrophil isolation

Neutrophils were isolated from the citrate anti-coagulated 
blood of healthy donors (n  =  10) by gradient centrifu-
gation (Histopaque-1077; Sigma-Aldrich, St Louis, MO, 
USA) followed by a negative magnetic separation 
(EasySep human neutrophil enrichment kit; Stemcell 
Technologies Inc., Vancouver, Canada). Purity of the 
neutrophil fraction (>  99%) was determined by flow 
cytometry and viability (>  95%) was tested by trypan 
blue exclusion staining. Isolated cells were suspended 
in Hanks’ balanced salts solution (HBSS) with calcium 
and magnesium containing 2% commercially available 
exosome-depleted fetal bovine serum (FBS; Thermo 
Fisher Scientific).

Preparation of neutrophil-derived EVs

Neutrophils (4 × 106 cells/ml) of healthy donors were primed 
with a low concentration of tumour necrosis factor (TNF)-α 
(2 ng/ml; Bio-Techne, Minneapolis, MN, USA) for 20 min 
and next stimulated with IgG anti-PR3 antibodies (50 ng/ml  
of total IgG) for 4 h in HBSS with calcium and magnesium, 
supplemented with 2% exosome-depleted FBS. Neutrophil-
derived EVs were purified from the cell medium. First, 
cellular debris was removed by centrifugation at 1000  g 
for 10  min. Next, the supernatant was diluted with 0·2  µm 
filtered PBS (7  ml total volume) and passed through a 
0·8 µm syringe filter. EVs were collected by ultracentrifuga-
tion in a Sorvall WX 80+  ultracentrifuge equipped with 
T-1270 fixed angle rotor (Thermo Fisher Scientific) at 
100  000  g for 1·5  h. The pellet was washed with 0·2  µm 
filtered PBS and centrifuged again. Eventually, the EV pellet 
was suspended in filtered PBS, aliquoted (10 µl) and stored 
at −80°C for further experiments.

Neutrophil-derived EVs surface markers and size 
distribution

EVs number and size distribution was counted by nano-
particle tracking analysis (NTA) (NanoSight LM10; Malvern 
Instruments, Malvern, UK). EV preparations were diluted 
1  :  1000 with filtered PBS to adjust to the linear range 
of the apparatus, i.e. below 2–10  ×  108/ml. Any presence 
of anti-PR3 IgG (ANCA) carry-over in EVs specimens 
was excluded by an indirect immunofluorescence method 
detecting ANCA (ANCA IFA granulocyte Biochip Mosaic 
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Test; Euroimmun Medizinische Labordiagnostika AG, 
Lübeck, Germany). Analysis of EVs surface markers was 
performed by flow cytometry, as previously described 
[17,18]. In brief, EVs aliquots were diluted in PBS, mixed 
with a 5  µl suspension of aldehyde/sulphate latex beads 
(4  μm diameter; Invitrogen, Carlsbad, CA, USA) and 
incubated at room temperature for 15  min. Next, latex 
binding sites were blocked with 1  ml of 2% BSA in PBS 
overnight with rotation at 4°C. Bead-coupled EV were 
pelleted by centrifugation at 2700  g for 5  min, washed 
with 1  ml of 2% BSA in PBS and centrifuged again. The 
sediment was resuspended in 50 μl of PBS and stained 
with anti-CD63 [fluorescein isothiocyanate (FITC), clone: 
H5C6; BD Biosciences, San Jose, CA, USA] and anti-CD81 
[peridinin chlorophyll (PerCP)-eFluor 710, clone 1D6-
CD81; Thermo Fisher Scientific] antibodies for 30  min 
at room temperature.

Endothelial cells culture, stimulation by extracellular 
vesicles and mimic miRNAs transfection

Human umbilical vein endothelial cells (HUVECs; 
PromoCell, Heidelberg, Germany) were cultured in full 
growth medium (endothelial cell growth medium 2; 
PromoCell) supplemented with exosome-depleted FBS up 
to the third passage. Confluent cells were detached, and 
reseeded on a 24-well plate (3.0  ×  105 cells per well) for 
36 h culture to reach 70–80% confluence. Six hours before 
EVs stimulation, the culture medium was replaced by the 
full growth medium with reduced FBS concentration (1%, 
exosome-depleted). Stimulation of HUVECs with EVs was 
performed by adding prepared neutrophil-derived EVs to 
a final concentration of 1  ×  1010 particles/ml. HUVECs 
were stimulated for 6  h in miRNA/mRNA studies and 
for 12  h to measure secreted proteins.

HUVEC transfection with selected miRNA mimics was 
performed using commercially available reagents: mimic 
miRNAs, Opti-MEM medium and lipofectamine RNAiMAX 
(Thermo Fisher Scientific). HUVECs were seeded on a 24-
well plate (3.0  ×  105 cells per well) and cultured for 12  h. 
Next, cells were transfected with selected miRNAs (miRNA 
mimic negative control 1, mir-223-3p mimic, mir-142-3p 
mimic or both mimics miRNAs, 100  pM each) for 24  h. 
After transfection, the cell culture medium was collected, 
cells were washed three times with PBS and total RNA was 
isolated (samples marked as 24 h) or cells were supplemented 
with the fresh medium and cultured for another day and 
harvested after similar washes marked as 48-h cells.

RNA isolation and miRNA/mRNA profiling

Total RNA was isolated from the EV specimens using 
total exosome RNA and protein isolation kit (Thermo 
Fisher Scientific) or from HUVECs with RNAZol (Sigma-
Aldrich) combined with a microcolumn purification (total 

RNA Zol-Out kit; A&A Biotechnology, Gdynia, Poland). 
Before each isolation, EV and HUVEC samples were 
spiked-in with cel-39 miRNA (0·64  pM; Invitrogen, 
Carlsbad, CA, USA) as an internal standard. Reverse 
transcription was accomplished using the TaqMan 
MicroRNA reverse transcription kit for miRNA analysis 
or the high-capacity cDNA reverse transcription kit for 
HUVEC transcripts (Thermo Fisher Scientific). Profiling 
of miRNA was performed using the TaqMan array human 
MicroRNA card set version 3.0 or the pre-designed TaqMan 
assay in experiments involving miRNA mimics. HUVEC 
mRNAs were analyzed using TaqMan human apoptosis 
arrays and TaqMan human inflammation panel (TLDA 
format; Thermo Fisher Scientific). Two transcripts (DKK-1 
and GATA6) were added using a predesigned TaqMan 
expression primer/probe following bioinformatics analysis 
and protein profiling experiments (Proteome Profiler 
Human XL Cytokine Array Kit; Bio-Techne). Data on the 
real-time polymerase chain reaction (PCR) quantification 
cycle were normalized to cel-39 and RNU-44 for miRNA 
or 18S rRNA and glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) for mRNA. Results were calculated using 
the 2−ΔΔCt (fold change) formula from these endogenous 
controls [19]. Absolute quantification of the most up-
regulated two miRs was performed using a five-point 
calibration curve within the range of 0·064 to 640  pM 
concentration of cel-39 (r2  =  0·9987).

EV uptake by endothelial cells

EV aliquots were stained with PKH67 fluorescent tracker 
dye (PKH67 fluorescent cell linker kit; Sigma-Aldrich) 
for 5  min at 37°C. Staining reaction was stopped by 
dilution with PBS and 1% bovine serum albumin (BSA) 
and three cycles of wash-ultrafiltration with Amicon 
Ultra 0·5  ml centrifugal filters (100  K; EMD Millipore, 
Burlington, MA, USA). After the last centrifugation, EV 
concentrates were restituted to their initial volume. EV 
uptake by HUVECs was assessed at five time-points: 
0·5, 1, 3, 6 and 24  h after incubation at 37°C. Presence 
of PKH67-labelled EVs in HUVECs was measured by 
flow cytometry (BD FACSCanto II; BD Biosciences, San 
Jose, CA, USA) and confirmed by fluorescence micros-
copy (Leica Microsystems DMI 3000B, Wetzlar, 
Germany). To detach cells after stimulation and remove 
surface-attached EVs, HUVECs were trypsinized [0·25% 
(w/v) trypsin, 0·53  mM ethylenediamine tetraacetic acid 
(EDTA) solution; Lonza, Basel, Switzerland] and then 
centrifuged at 200  g for 6  min. As a negative control, 
HUVECs were stimulated on ice with EVs for up to 
3 h to exclude passive cell membrane fusion of exosomes. 
Adherent HUVECs were analyzed by fluorescence micros-
copy after surface-attached EVs were removed by three 
cycles of cold PBS/EDTA solution washes.
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Endothelial cells vascular adhesion molecule-1 
(VCAM-1) expression

Flow cytometry was used to assess VCAM-1 on HUVECs 
stimulated with neutrophil-derived EVs. HUVECs were 
stimulated by adding EVs at a final concentration of 
1·6  ×  1010 particles/ml for 12  h. Next, cells were detached 
using Accutase solution (BD Biosciences) and stained with 
FITC mouse anti-human CD106 (clone 51-10C9; BD 
Biosciences). Isotype control was included in the 
analysis.

Cell culture and serum protein measurements

The profile of the proteins secreted by endothelial cells 
stimulated with EVs was evaluated using the Proteome 
Profiler Human XL cytokine array kit (Bio-Techne), accord-
ing to the manufacturer’s procedure. In brief, 100  µl of 
HUVEC culture supernatant (control or after EV stimula-
tion) from five different experiments were pooled, diluted 
(final volume 1·5  ml) and incubated overnight with array 
membranes spotted with capture antibodies. After washing, 
membranes were incubated with detection antibodies and 
then developed with chemiluminescent reagent. Membranes 
image were collected with C-DiGit Blot Scanner (Li-Cor 
Bioscience, Lincoln, NE, USA). Results from the Proteome 
Profiler Human XL cytokine array kit were used to select 
proteins thereafter measured in the HUVEC culture 
medium following EV stimulation or miRNAs mimic 
transfection. These proteins were also measured in sera 
of GPA patients and health controls using xMAP technol-
ogy Luminex assays (Bio-Techne) and the Luminex 200 
System (Luminex, Austin, TX, USA).

GPA patients and healthy controls

In this observational non-randomized study we collected 
serum samples from 55 patients with GPA (26 in the 
active stage of disease and 29 in remission). Healthy vol-
unteers (n = 31) were matched by age and sex as a control 
group (for details see Table 1). GPA was diagnosed accord-
ing to American College of Rheumatology (ACR) 1990 
criteria [20]. All GPA patients were positive for IgG anti-
PR3 antibodies and negative for anti-MPO IgG antibodies. 
Disease activity was graded using the Birmingham 
Vasculitis Activity Score (BVAS, version 3), while organ 
damage was measured using the Vasculitis Damage Index 
(VDI) scale. Remission was defined as the absence of 
clinical signs of active disease (BVAS  =  0), whereas exac-
erbation/relapse of the disease was defined as the presence 
of new or re-emerging clinical symptoms due to vasculitis 
(confirmed by the BVAS  >  6) requiring intensification of 
immunosuppressive therapy, according to European League 
Against Rheumatism (EULAR) recommendations for con-
ducting clinical studies [21]. Patients with co-existing 
infection or with kidney failure requiring dialysis were 

excluded from the study. Basic laboratory tests [complete 
blood count (CBC), C-reactive protein (CRP), anti-PR3 
IgG level] were performed in all participants of the study 
at the time of collection of the peripheral blood. All 
patients with the active stage of GPA had blood samples 
collected before onset of high-dose corticosteroid or immu-
nosuppressive therapy. Written informed consent was 
obtained from all participants in the study and the study 
protocol was accepted by the Jagiellonian University Ethic 
Committee.

Statistical and bioinformatics analysis

Statistical analysis was performed using GraphPad Prism 
version 5.0 software (GraphPad Software Inc., San Diego, 
CA, USA). All comparisons were performed with the 
Mann–Whitney U-test or one-way analysis of variance 
(anova) with Tukey’s post-hoc or Kruskal–Wallis tests for 
non-parametric distributed variables with Dunn’s post-hoc 
test. Descriptive statistics was presented as mean  ±  stand-
ard deviation or median ± interquartile range. Correlations 
between analyzed factors were calculated by Spearman’s 
rank method. MiRNA/mRNA expression results were ana-
lyzed using Expression Suite Software (Thermo Fisher 
Scientific). A type I statistical error P  <  0·05 was 

Table 1. Selected characteristics of the study participants

Active stage 
of GPA Remission Control

n 26 29 31
Age (mean ± s.d.) 56·1 ± 13·2 53·2 ± 13·1 52·1 ± 12·3
Gender (F/M) 14/12 16/13 16/15
BVAS (min–max) VDI 6–32 0 –
VDI (min–max) 0–5 1–7 –
GC treatment (yes/no) 15/11 25/4 –
GC dose (mg/day) 

(min–max)
3–20 2–8 –

CYC cumulative dose† 0–33 10–25 –
IgG anti-PR3 (RU/ml) 

(min-max)
20–200 < 20–140 < 20

CRP (mg/ml) < 5·0–130 < 5·0–6·9 < 5·0
Procalcitonin (ng/ml) < 0·05 < 0·05 < 0·05
PBMC (103/µl) 10·9 ± 3·8* 8·3 ± 1·9 6·2 ± 3·5
PMN (103/µl) 7·69 ± 4·8* 5·8 ± 2·5 3·9 ± 2·6
PLT (103/µl) 255 ± 231·6* 221·6 ± 70·9* 209·9 ± 33·5
LDH U/l 550 ± 156 506 ± 226 360 ± 48

BVAS  =  Birmingham Vasculitis Activity Score; VDI  =  Vasculitis 
Damage Index, *P < 0·05 in comparison with controls; GC = glucocorti-
costeroids; GPA = granulomatosis with polyangiitis; PBMC = periph-
eral blood mononuclear cells; CRP  =  C-reactive protein; 
PMN = polymorphonuclear cells; PLT = platelet; Ig = immunoglobulin; 
s.d. = standard deviation. Platelet count results presented as median and 
interquartile range. †Nine patients in the active-GPA group were treated 
with cyclophosphamide (cumulative dose 25 g [9,17–32]); all patients 
with inactive-GPA previously received cyclophosphamide.



Neutrophil microvesicles mediate vasculitis

© 2021 British Society for Immunology, Clinical and Experimental Immunology, 204: 267–282 271

considered significant. Bioinformatics pathway analyses 
were performed using freely available webtools: DAVID 
Bioinformatics Resources 6.7, EVEX databases, miRTar-
getLink Human, miRPath DB 2.0 and miRandola 2017 
[22–26].

Results

Neutrophil-derived extracellular vesicles 
characteristics and miRNA profiling

We used NTA analysis to evaluate size distribution and 
concentration of EVs isolated from the culture medium 
of healthy donors’ neutrophils stimulated with anti-PR3 
IgG. Average size of the EVs was 110  ±  50  nm and 
concentration: 2·2  ×  1011  ±  7  ×  109 particles/ml (Fig.  1a). 
Both CD81 and CD63 EV markers were expressed (Fig. 1b). 
Next, using the quantitative (q)PCR method we evaluated 

the miRNA cargo of EVs. Of 728 miRNAs targets, in all 
EV samples expression was confirmed for 48 miRNA 
(Supporting information, Table S1)  –  with the highest 
expression of miR-223-3p (90·9 pM), miR-142-3p (1·8 pM) 
and miR-19b-3p (Fig.  1c).

EVs uptake by endothelial cells

To determine if extracellular vesicles can be taken up by 
HUVECs we used flow cytometry and fluorescence micros-
copy. Endothelial cells were cultured in the presence of 
PKH67-stained EVs for up to 24  h and analyzed at five 
time-points. Increased fluorescence was observed at the 
first time-point (0·5  h), then rose steadily to the end of 
stimulation (24  h, Fig.  2a). The possibility that passive 
transfer of the PKH67 could produce this result was 
excluded by comparison of HUVECs cultured in normal 
conditions (37°C) or on ice (for up to 3  h). Figure  2b 
shows that HUVECs cultured on ice did not increase 

Fig. 1. Characteristics of neutrophil-derived extracellular vesicles (EVs). (a) Representative histogram of a size distribution of extracellular vesicles; 
(b) expression of extracellular vesicles markers (white = isotype control, dark gray = CD81 or CD63); (c) top 10 miRNAs expressed in neutrophil-
derived EVs.
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fluorescence intensity at any time-point. Fluorescence 
microscopy observations (Fig.  2c) were in agreement with 
the results of the flow cytometry.

Endothelial cell protein evaluation

We used semi-quantitative protein arrays to analyze the 
secretome of HUVECs stimulated by neutrophil-derived 
EVs. HUVECs were capable to release growth differentia-
tion factor 15 (GDF-15), Dickkopf-related protein 1 (DKK-1), 
thrombospondin 1(THBS-1), soluble IL receptor-like 1 (ST2), 

endoglin, angiopoietin-2 (ANGPT-2) and IL-8 (Supporting 
information, Fig. S1). These findings were confirmed by 
quantitative multiplex immunoassay. All selected proteins 
were increased in the cell culture medium of HUVECs 
after EVs stimulation (12  h, all measurements in pg/ml) 
when compared to non-stimulated cells: GDF-15 = 3020 
± 252 versus 1144  ±  155  pg/ml, P  <  0·05; DKK-1 = 2900 
± 219 versus 1741  ±  115  pg/ml, P  <  0·05; THBS-1 = 66·3 
± 16·7 versus 13·9 ± 1·8 pg/ml, P < 0·05; ST2 = 22675 ± 670 
versus 12509 ± 1208 pg/ml, P < 0·05; endoglin = 920 ± 162 

Fig. 2. Uptake of neutrophil-derived extracellular vesicles (EVs) by endothelial cells. (a) Human umbilical endothelial cells (HUVECs) cultured in 
normal conditions (37°C, 5% CO2), stimulated with PKH67-stained EVs for up to 24 h and analyzed with the use of flow cytometry. (b) HUVECs 
cultured in normal conditions (37°C, 5% CO2) or on ice, stimulated with PKH67-stained EVs for up to 3 h and analyzed with the use of flow 
cytometry. (c) HUVECs cultured in normal conditions (37°C, 5% CO2) or on ice, stimulated with PKH 67-stained EVs for 1 h and analyzed with the 
use of fluorescence microscopy (blue = nuclei stained with Hoechest 33342; green = EVs stained with PKH67 dye). A control of the cells treated with 
EV not stained with PKH67 was used. In each experiment HUVECs were stimulated with pooled EVs isolated from two different neutrophil donors. 
Results represent mean ± standard deviation of MnFI of five independent experiments. *P < 0·05 in comparison with control cells, analysis of variance 
(anova) with Tukey’s post-hoc test.
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Fig. 3. (a) Cell culture supernatant levels of selected proteins released by human umbilical endothelial cells (HUVECs) stimulated with neutrophil-
derived extracellular vesicles (EVs). Control medium = full growth medium supplemented with exosome-depleted fetal bovine serum (FBS) (1%) and 
neutrophil-derived EVs, collected before stimulation. Results for control medium were extrapolated from the standard curve, but were below the 
detection limit specified by the reagent manufacturer (Bio-Techne). (b) Surface expression (mean ± standard deviation of MnFI, five independent 
experiments, Mann–Whitney U-test) of vascular adhesion molecule-1 (VCAM-1) on HUVECs stimulated with EVs. (c) Representative histograms of 
surface VCAM-1 expression on HUVECs stimulated with EVs. HUVECs were cultured in full growth medium supplemented with exosomes-depleted 
fetal bovine serum (FBS) (1%) and stimulated (6 h) with extracellular vesicles isolated form the culture medium of neutrophils activated by 
immunoglobulin (Ig)G anti-proteinase 3 (PR3) antibodies. In each experiment HUVEC cells were stimulated with pooled EVs isolated from two 
different neutrophil donors.
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versus 460 ± 66 pg/ml, P < 0·05; ANGPT-2 = 29734 ± 1672 
versus 14701  ±  1916  pg/ml, P  <  0·05; IL-8  =  1100  ±  301 
versus 510  ±  172  pg/ml, P  <  0·05 (Fig.  3a). Flow cytometry 
showed that stimulation of HUVECs with EVs increased 
expression of VCAM-1 (Fig.  3b,c).

MiRNA/mRNA profile and regulatory network of 
EV-stimulated HUVECs

Of 728 miRNA analyzed in HUVECs stimulated with EVs, 
we confirmed expression of 450 transcripts. Eleven miRNAs 
were down-regulated (fold change < 0·5 in comparison with 
non-stimulated cells, P  <  0·05): miR-27a-3p, miR-29a-5p, 
miR-30d-5p, miR-149-3p, miR-361-3p, miR-377-5p, miR-661, 
miR-664a-3p, miR-1180-3p, miR-1233-3p and miR-1275, 
whereas 10 miRNAs were up-regulated (fold change  >  2 
in comparison with non-stimulated cells, P  <  0·05): miR-
15a-5p, miR-22-3p, miR-101-3p, miR-138-5p, miR-142-3p, 
miR-223-3p, miR-362-3p, miR-409-5p, miR-484-3p and miR-
211-5p, Fig.  4a). Results of mRNA quantification revealed 
the presence of 512 transcripts of 679 analyzed. Nine mRNAs 
were down-regulated (fold change  <  0·5 in in comparison 
with non-stimulated cells, P < 0·05): STAT3, GATA6, IRAK1, 
IL6, HRK, CASP8, KLKB1, HTR3A and FASLG, whereas 

14 were up-regulated (fold change  >  2 in comparison with 
non-stimulated cells, P  <  0·05): MyD88, GDF15, THBS1, 
IL1RL1, DKK1, CXCL8, NALP1, BIRC2, BIRC1, BCL2, 
VCAM-1, KLK14 and IL1R2, Fig.  4b).

Bioinformatics analyses suggested that stimulation of 
HUVECs with neutrophil-derived EVs selectively altered the 
processes of Toll-like receptor signalling, nuclear factor kappa 
B (NF-κβ) signalling, nucleotide-binding oligomerization 
domain (NOD)-like receptor signalling, apoptosis and cell 
death, cytokine-mediated signalling, cell proliferation or 
inflammatory response (Fig.  5a). Gene ontology terms of 
differentially expressed genes revealed mutual interactions of 
studied genes transcripts and miRNAs, aggregated into two 
regulatory patterns: (1) up-regulated mRNA/down-regulated 
miRNA: DKK1, VCAM-1, THBS1, GDF-15, BCL2, CXCL8, 
ANGPT2, IL1RL1/miR-377-3p, miR-661, miR-664-a3p and 
miR-30d-5p and (2) down-regulated mRNA/up-regulated 
miRNA: STAT3, NR3C1, GATA6, IL6, FASLG, IRAK1 , 
KLKB1/miR-223-3p, miR-211-5p and miR-142-3p (Fig.  5).

Transfection of HUVECs with mimic miRNAs

Two miRNAs with the highest expression in EV samples 
(miR-223-3p and miR-142-3p) were investigated for their 

Fig. 4. (a) miRNA profile of human umbilical endothelial cells (HUVECs) stimulated with neutrophil-derived extracellular vesicles (EVs); (b) gene 
expression in HUVECs stimulated with EVs. HUVECs were cultured in full growth medium supplemented with exosomes-depleted fetal bovine 
serum (FBS) (1%) and stimulated (6 h) with extracellular vesicles isolated form the culture medium of neutrophils activated by immunoglobulin (Ig)G 
anti- anti-proteinase 3 (PR3) antibodies. In each experiment HUVEC cells were stimulated with pooled EVs isolated from two different neutrophil 
donors. Data represent five independent experiments. MiRNA/mRNA expression was calculated with 2−ΔΔCt formula from glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) and 18SRNA endogenous controls (mRNA) or spiked-in cel-39 and RNU-44 (miRNA) and are presented as 
median of a fold change (2−ΔΔCt) compared to expression in non-stimulated HUVECs. Significantly down-regulated miRNA/mRNA (fold 
change < 0·5, P < 0·05) are marked light gray and significantly up-regulated miRNA/mRNA (fold change > 2, P < 0·05) are marked dark gray. 
Differences between studied groups analyze.
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Fig. 5. (a) Molecular pathways of human umbilical endothelial cells (HUVECs) stimulated with neutrophil-derived extracellular vesicles (EVs); (b) 
miRNA/mRNA/protein network in endothelial cells stimulated with the neutrophil-derived extracellular vesicles. Circles = proteins released from the 
cells stimulated with EVs; rectangles = predicted miRNA/mRNA interactions in HUVECs stimulated with EVs. Left side of the panel: down-regulated 
mRNA and up-regulated miRNA; right side of the panel: down-regulated miRNA and up-regulated mRNA/proteins. Interaction network is based on 
the results of miRNA/mRNA/protein profiling of EVs stimulated HUVECs and were constructed using data bases: miRPathDB 2.0, miRTargetLink 
Human and miRandola 2017 [22,25,26].
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effects on HUVEC release of IL-8, DKK-1, THBS-1, 
ANGPT-2, ST2, endoglin and GDF-15. In the transfection 
experiments we used commercially available miRNA mim-
ics, where effective cellular entry was documented by a 
significantly higher expression of miR-223-3p and mR-
142-3p in transfected HUVECs (fold change  >  100 versus 
non-transfected cells, Supporting information, Fig. S2). 
Cells transfected with negative control random mimic 
miRNA did not show any differences in expression of the 
analyzed miRNAs. Experiments with mimic miRNAs 
showed their impact upon HUVEC secretome (Fig.  6). 
The cells transfected with miR-223-3p mimic produced 
IL-8 (24  h  =  998·7  ±  88·2 versus 287  ±  12·3 negative 
control miRNA mimic and 276 ± 16 pg/ml non-transfected, 
P  <  0·05; 48  h  =  5237·7  ±  771·2 versus 387  ±  80·3 nega-
tive control miRNA mimic and 347  ±  46·9  pg/ml 

non-transfected, P  <  0·05, Fig.  6). However, ST2 and 
endoglin elevated only on the second day after transfec-
tion (ST2, 48  h  =  18414·7  ±  621·2  pg/ml versus 
14574  ±  305·3 negative control miRNA mimic and 
14190  ±  713·9  pg/ml non-transfected cells; endoglin, 
48  h  =  757·3  ±  75·2 versus 391  ±  31·3 negative control 
miRNA mimic and non-transfected cells 452  ±  52·4 pg/ml,  
P  <  0·05). Analogous transfection of HUVECs with miR-
142-3p mimic showed similar significant increases of 
measured proteins: IL-8, 24 h = 1749·7 ± 204·2 pg/ml; 
IL-8, 48 h = 4292·7 ± 199·8 pg/ml; ST2, 48 h = 23601·3 
± 1088·9 pg/ml; endoglin, 24 h = 764 ± 64·4 pg/ml and 
endoglin, 48 h = 918·7 ± 62·3 pg/ml. There were no dif-
ferences in DKK-1, THBS-1, GDF-15 and ANGPT-2 release 
from HUVECs transfected with mimics or non-transfected 
cells.

Fig. 6. Selected proteins released by human umbilical endothelial cells (HUVECs) transfected with mimic miRNAs. Transfection was performed with 
miR-223-3p mimic (100 pM), miR-142-3p mimic (100 pM) or a combination of both miR-223-3p and miR-142-3p mimics (both 100 pM). As a 
negative control, commercial miRNA mimic negative control #1 was used (100 pM). The proteins were measured using a custom Luminex assay 
(Bio-Techne) after 24 and 48 h post-transfection in triplicate. Data presented as the median with interquartile range and differences were tested with 
the use of Kruskal–Wallis non-parametric analysis of variance (anova) with Dunn’s post-hoc test.
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Clinical blood sample results

In the group of patients with active GPA, 15 patients 
were newly diagnosed, whereas remaining patients had 
disease exacerbation. However, no patients with active GPA 
received immunosuppressive treatment with rituximab, 

cyclophosphamide or high-dose corticosteroids before 
blood sample collection. Laboratory results of circulating 
blood cell counts showed elevated peripheral blood mono-
nuclear cells (PBMC) and neutrophils in the group of 
patients with active GPA (P < 0·05 versus healthy controls), 

Fig. 7. Blood levels of selected proteins in granulomatosis with polyangiitis patients (active GPA n = 26, remission of GPA n = 29) and healthy controls 
(n = 31). (a) Serum levels of selected proteins in patients, data presented as median with interquartile range, differences tested with the use of 
Kruskal–Wallis non-parametric analysis of variance (anova) with Dunn’s post-hoc test; (b) correlation between serum levels of ST2 or DKK1 and 
disease activity score (BVAS) in patients with active GPA, Spearman’s rank correlation.
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while the platelet number was elevated in all GPA patients 
(Table  1). In all subjects of this study, serum levels of 
IL-8, GDF-15, DKK-1, THBS-1, ST2, ANGPT-2 and IL-33 
(the ligand to ST2) were measured (Fig.  7a). GPA patients 
had significantly increased levels of all the following 
cytokines: IL-8, DKK-1, ST2, GDF-15, THBS-1, ANGPT-2 
and IL-33. THBS-1 was increased both in the active phase 
and in remission (609  ±  38  ng/ml and 643  ±  8·40  ng/
ml), compared with thrombospondin in healthy controls 
(437·5  ±  28  ng/ml, P  <  0·05). A similar increase was 
observed for GDF-15: 993  ±  121·5  pg/ml in active disease 
and 863  ±  114  pg/ml in remission versus 301  ±  32  pg/
ml in healthy controls. IL-8, ST2, IL-33 and DKK-1 were 
highest in active GPA (IL-8  =  4·94  ±  0·9  pg/ml; 
ST2  =  17173  ±  2596  pg/ml; IL-33  =  1·8  ±  0·3  pg/ml; 
DKK-1  =  632  ±  102  pg/ml) but not in remission 
(IL-8  =  1·5  ±  0·24  pg/ml; ST2  =  10  932  ±  796  pg/ml; 
IL-33  =  0·9  ±  0·06  pg/ml; DKK-1  =  406  ±  40  pg/ml) or 
in healthy controls (IL-8  =  0·7  ±  0·12  pg/ml; 
ST2  =  5810  ±  399  pg/ml, IL-33  =  1·03  ±  0·07  pg/ml, 
DKK-1=  301  ±  19  pg/ml, P  <  0·05). Moreover, DKK-1 
and ST2 levels correlated with the disease activity score 
(DKK-1, σ  =  0·73, P  <  0·05; ST2, σ  =  0·53, P  <  0·05, 
Fig.  7b). However, we did not observe any correlation 
between measured serum proteins and clinical parameters 
such as blood PMN and PLT count, corticosteroids dose 
or VDI. Receiver operator characteristics (ROC) demon-
strated the best discrimination between GPA patients versus 
controls for ST2 (area under ROC = 0.87; 95% confidence 
interval 0·81–0·94), whereas discrimination based on 
DKK-1 was inferior to ST2 (Supporting information,  
Fig. S3).

Discussion

Interaction between neutrophils and vascular endothelium 
was previously studied in GPA [27]. Despite the fact that 
endothelial cells did not produce PR3 constitutively, Muller 
et al. [28] showed that anti-PR3 antibodies could bind 
to HUVECs and induce E-selectin expression on their 
surface. In the current study we wondered if neutrophil-
derived EVs could transfer mediators to explain these 
findings. There have been relatively few studies published 
on neutrophil-derived microparticles. Mesri et al. [16] first 
showed that overnight incubation of HUVECs with neu-
trophils microparticles (NeuMPs) resulted in HUVEC 
activation which indicated that NeuMPs played an impor-
tant role in vascular inflammation. Hong et al. [9] observed 
that stimulation of neutrophils with anti-PR3 IgG antibodies 
isolated from patients with GPA caused release of NeuMPs, 
which could activate endothelial cells and stimulate release 
of IL-8 and IL-6. Results presented in our study are in 
line with these observations. Stimulation of HUVECs with 

neutrophil-derived EVs up-regulated both CXCL8 mRNA 
and IL-8 release. Increased IL-8 release was also observed 
when cells were transfected with miRNA mimics miR-
223-3p or miR-142-3p, highly expressed in both purified 
EV specimens and EV-stimulated HUVECs. Surprisingly, 
we noticed down-regulation of IL-6 expression in HUVECs 
after stimulation with EVs. Moreover, Pitanga et al. [29] 
reported that NeuMPs led to endothelial damage, while 
our observations indicated decreased expression of pro-
apoptotic genes such as CASP8, HRK or FASLG. A pos-
sible explanation for these discrepancies could be related 
to the methodological approach  –  in both referenced 
studies [9,29] microparticles rich with large extracellular 
vesicles were used, while in our experiments small extra-
cellular vesicles (exosomes) were isolated for stimulation. 
Several reports indicated that exosomes vary from microves-
icles in their protein cargo because of a different biogenesis. 
Namely, exosomes originate from the endocytic compart-
ment, whereas microparticles derive from budding plasma 
membranes of the cell. [11,30]. In our study we did not 
analyze the protein cargo of EVs; however, it was described 
that NeuMPs contained MPO, cathepsin G, elastase and 
other proteins potentially damaging endothelial cells [31]. 
Small and large extracellular vesicles can also have dif-
ferent miRNA profile [32]. In our study, based on bio-
informatics we targeted miRNAs which could interfere 
with expression of differentially expressed genes: IL-6, 
STAT3, NR3C1, KLKB1, CASP8, GATA6 and FASLG in 
HUVECs. Two of these (miR-223-3p and miR-142-3p) 
showed the highest expression in both EVs samples and 
EV-stimulated HUVECs. The third miR-211-5p was unde-
tectable in EVs but was up-regulated in stimulated 
HUVECs. MiR-223-3p regulates IL-6 expression [33] but 
also modifies biosynthesis of two transcription factors 
NR3C1, signal transducer and activator of transcription 
(STAT)-3 and kallikrein KLKB1 [26]. Moreover, down-
regulation of IL-6 can suppress expression of NR3C1, 
STAT3 and KLKB1 [34,35]. Among predicted targets for 
miR-211-5p are also both transcription factors STAT3 and 
NR3C1, which regulate mRNA level of FASLG [26]. We 
did not focus upon any miRNA targeting CASP8, but 
levels of this pro-apoptotic gene could be modified by 
STAT3 and FASLG activities [36,37].

MiR-223-3p and miR-142-3p can suppress expression 
of transcription factor GATA binding protein 6 (GATA6) 
[26]. This protein is highly expressed in the vascular wall 
[38–40]. Zhong et al. reported that GATA6 modulated 
the WNT/β–catenin pathway by inhibition of DKK-1 
translation [41]. Our results confirmed this observation, 
as we observed down-regulation of GATA6 expression 
and up-regulation of DKK-1 in HUVECs mRNA and the 
secretome. We also observed elevated levels of circulating 
DKK-1 in GPA patients. Despite the lack of published 
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data on DKK-1 levels in serum of patients with vasculitis, 
this protein was increased in rheumatoid arthritis or sys-
temic lupus erythematosus patients [42,43]. Moreover, in 
our study, serum DKK-1 levels correlated with disease 
activity score (BVAS) in active GPA patients, indicating 
that DKK-1 could be of use as a biomarker of GPA exac-
erbation. Expression of DKK-1 is suppressed by IL-6, at 
least in synovial fluid of rheumatoid arthritis patients [44]. 
We also suggest a possible link between miR-223-3p and 
miR-142-3p over-expression and the WNT/β–catenin path-
way. The WNT/β–catenin pathway is crucial during embry-
onic development and in adult homeostasis [45]. It is 
de-regulated in several cancers, but its involvement in 
endothelial function is unclear. Guo et al. [46] and Malhotra 
et al. [47] reported on interactions of DKK-1 with another 
protein over-expressed in our experiments  –  VCAM-1. 
VCAM-1 is an essential endothelial sialoglycoprotein medi-
ating leucocyte adhesion and endothelial transmigration 
[48]. Elevated levels of soluble VCAM-1 were reported 
in rheumatoid arthritis [49]. Furthermore, VCAM-1 is 
regulated by another vasoactive protein angiopoietin-2 
[50]. Both can be modulated by IL-6 [51,52], which was 
suppressed, and by elevated IL-8 in our study following 
EV stimulation [53,54]. Of note, miR-661 and miR664a-3p 
were suppressed in our study. These miRNAs can silence 
VCAM-1 and ANGPT-2 [26]. ANGPT-2 is a classical 
mediator of angiogenesis and inflammation activating the 
angiopoietin/Tie (tyrosine kinase with Ig and EGF homol-
ogy domains) signalling pathway [55]. Lomas-Neira et al. 
[56] reported that during neutrophil–endothelial interac-
tion, endothelial cells can produce ANGPT-2. Inhibition 
of ANGPT-2 decreases neutrophils influx. In our experi-
ments, a higher secretion of ANGPT-2 and up-regulation 
of ANGPT2 mRNA was present in HUVECs stimulated 
with neutrophil-derived EVs. Thus, our results corroborate 
the published observation [57] reporting elevated levels 
of circulating ANGPT-2 in serum of GPA patients with 
exacerbation of the disease.

Because miR-661 and miR-664a-3p expression was 
decreased in HUVECs after EV stimulation, this could 
explain over-expression of the IL1RL1 transcript encoding 
ST2. This is a receptor for IL-33, and ST2/IL-33 axis is 
well recognized as a positive regulator of neutrophil chemo-
taxis [58] and migration [59]. Focusing upon GPA patho-
physiology, Van der Windt et al. [60] reported that ST2 
can stimulate neutrophils to release neutrophil extracellular 
traps (NET). In our previous studies we found increased 
levels of NETs biomarkers (DNA–MPO complexes, 
mtDNA) in patients with active GPA [61,62]. Consistently, 
elevated secretion of ST2 by HUVECs stimulated with 
EVs or by specific miRNAs mimics, seems to establish a 
paradigm involving interaction of neutrophils with endothe-
lial cells via EVs in the pathophysiology of GPA. Elevated 

serum levels of ST2 and IL-33 in GPA patients observed 
in this study and reported by other groups [63,64] along 
with the positive correlation between ST2 and BVAS, were 
supportive for validity of our in-vitro findings.

In conclusion, we designed and accomplished experi-
ments to test for interaction between EVs released from 
neutrophil by anti-PR3 IgG antibodies and endothelial 
cells. By quantitative assessment of miRNA/mRNA/proteins 
in HUVECs, we found a profound response of the endothe-
lial cell line stimulated with EVs, which recapitulated many 
elements of GPA pathophysiology. Results from our in-
vitro model were in agreement with clinical measurements 
of serum cytokines in GPA patients. Apparently, a switch 
of HUVEC phenotypes following exposure to neutrophil-
derived EVs evokes a miRNA/mRNA profile, suggesting 
prosurvival, and is permissive for neutrophil interactions 
properties, marked by a release of several proteins involved 
in immune cell adhesion, chemotaxis and migration.

There are, however, limitations of this study as a con-
sequence of the experimental approach. A simplified model 
was used to screen for neutrophil-derived EV function. 
In our study we used neutrophils isolated from the healthy 
donors, whereas we and others have reported that neu-
trophils from GPA patients are intrinsically different [65,66], 
thus their EV cargo could instigate a different response 
of endothelial cells. Experiments with miRNA transfection 
at least partly supported EV delivery of miR-223-3p and 
miR-142-3p, stimulating endothelial cells to produce IL-8, 
ST2 and endoglin. However, the complexity of the miRNA 
regulatory network remains unexplained, and warrants 
future studies. Ultimately, the prothrombotic phenotype 
of endothelial cells was another important feature of GPA 
pathophysiology, which was not investigated in the current 
study.
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