
Figure 4 Effect of IgG depletion and tumour necrosis factor (TNF) blockage in the in vitro activation of control polymorphonuclear cells (PMNs)
with sera from patients with antineutrophil cytoplasmic antibody associated vasculitis (AAV) with increased disease activity. Control PMNs were
treated with serum from control subjects (ctr), serum from patients with active AAV before (AAV serum) or after IgG depletion (IgG (� )) or
preincubated with etanercept (aTNF), and levels of tissue factor (TF) bearing (A) and total (B) neutrophil derived (PMN microparticles (MPs)) were
measured using flow cytometry. (C) Effect of TF blockage on MP dependent thrombin generation. MPs were isolated from culture supernatants from
control neutrophils incubated with medium, control serum (ctr) or serum from patients with active disease (AAV serum). MPs were further incubated
with MP depleted serum from control subjects and thrombin–antithrombin (TAT) complex levels were measured by ELISA. TF neutralising antibody
(AAV serum–aTF) inhibited MP dependent thrombin generation. Data extracted from four independent experiments and presented as mean±SD are
shown in (A)–(C) (*p<0.05, Student’s t test). (D) Effect of IgG depletion in neutrophil extracellular trap (NET) release from control PMNs incubated
with serum from patients with active AAV. TF (green) and LC3 (red) staining were analysed by confocal microscopy (z stack analysis, 0.3 μm per
plane). DNA (blue) is labelled with 4’,6-diamidino-2-phenylindole (DAPI). Original magnification 1000×. Scale bar represents 5 μM. (E) Percentage of
NET releasing neutrophils described in (D). Data extracted from four independent experiments and presented as mean±SD (*p<0.05, Student’s t
test). (F) Effect of IgG depletion or treatment with etanercept in the ability of sera from AAV patients to induce TF expression in control PMNs. One
out of four independent experiments is shown. All sera used for stimulations were MP depleted.
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It has been reported previously that MPs released by primed
neutrophils on activation with ANCA are able to activate the
coagulation system.25 To investigate whether TF expression is
responsible for this effect, PMNs were incubated with MP
depleted sera from patients with active AAV. Released MPs incu-
bated with MP depleted control serum and TAT complex levels
were measured. Increased TAT complex levels were generated in
serum incubated with MPs released by PMNs treated with sera
from patients with AAV. Treatment with anti-TF antibody signifi-
cantly attenuated this effect, suggesting a key role for TF in MP
dependent thrombin generation (figure 4C). Moreover, IgG
depletion significantly inhibited the percentage of NET releasing
neutrophils (figure 4E) while TNF blockage had minimal effect
(data not shown). Additionally, TF expression in neutrophils
treated with serum from patients with active disease was attenu-
ated by immunoglobulin depletion or TNF blockage (figure 4F).

Finally, treatment of TNF-α primed PMNs with either iso-
lated ANCA IgG or anti-MPO polyclonal antibody resulted in
the release of TF expressing NETs (figure 5A, B) and elevated
DNA levels in culture supernatants (figure 5C). Moreover, TF
expressing MPs (figure 5D) were also observed in TNF-α
primed PMNs treated with anti-MPO antibody.

DISCUSSION
This study provides evidence for the role of neutrophils in the
hypercoagulability of AAV, through generation and extracellular
delivery of TF expressed in NETs and MPs. Moreover, autop-
hagy was shown to mediate the delivery of TF to NETs. The
correlation between disease activity and TF production further
reinforces the potential role of neutrophil derived TF in the
observed thrombogenicity during active disease.

Several autoimmune and/or inflammatory disorders, including
systemic lupus erythematosus, inflammatory bowel disease and
polymyositis/dermatomyosisis, are linked to increased risk for
the development of VTE.26 Endothelial dysfunction and dis-
equilibrium between inducers and inhibitors of coagulation and
fibrinolysis pathways due to proinflammatory mediators have
been proposed to contribute to hypecoagulability in these
syndromes.26

The increased incidence of VTE in patients with AAV has
been previously reported. Moreover, this risk is significantly ele-
vated during periods of high disease activity, suggesting the
involvement of inflammatory mediators and/or immune cells,
including neutrophils, in this process.6–9 Detection of elevated
D-dimer and TAT complex levels in these patients supports the
activation of the coagulation cascade.27 However, the incidence
of VTE is not correlated with the prevalence of antiphospholi-
pid antibodies or mutations in thrombosis associated factors.28

Even though the presence of antiplasminogen antibodies affect-
ing in vitro fibrinolysis has been previously implicated in the
hypercoagulability of AAV29 and an interplay between endothe-
lial cells and ANCA or activated neutrophils in arterial vessels
has been associated with disease pathogenesis,30 the involve-
ment of the extrinsic coagulation system in AAV related
thrombogenicity has not been completely elucidated.

Even though the involvement of NETs in the infliction of
endothelial injury has been previously suggested in AAV,4 their
role in the thrombogenic tendency that characterises active
disease has not been extensively studied. Recently, Nakazawa
et al31 demonstrated the presence of NETs in a thrombus from
a patient with microscopic polyangiitis and DVT. Herein, we
showed that peripheral PMNs isolated from patients with AAV
during active disease released elevated numbers of NETs that
expressed TF. Deposition of TF expressing NETs in the

vasculature of nasal biopsy specimens and glomeruli and release
of such structures from PMNs isolated from BALF were also
demonstrated. Moreover, circulating DNA levels were used as
an indirect method to study in vivo NET formation. Even
though this approach is limited by the fact that other cell popu-
lations, including damaged endothelium, could contribute to
increased DNA levels,32 33 DNA levels were found to correlate
with disease activity and the ability of serum derived from
patients to induce NET formation. Additionally, the involve-
ment of the inflammatory environment in this process was con-
firmed by in vitro stimulation studies. The direct effect of
ANCA in TF expression and release of TF expressing NETs was
demonstrated using IgG depleted serum and isolated IgG frac-
tion from patients with active disease in the in vitro experimen-
tal procedure.

Even though a randomised, placebo controlled clinical trial
has demonstrated minimal effect of anti-TNF treatment in
patients with granulomatosis with polyangiitis,34 priming with
TNF-α is required for ANCA induced NET release.4 In our
experimental model, serum treatment with etanercept had no
effect on the percentage of NET releasing PMNs. This observa-
tion could be attributed to the presence of other proinflamma-
tory mediators implicated in neutrophil priming. Granulocyte
colony-stimulating factor and C5a could be proposed as candi-
date mediators, considering that they have been implicated both
in neutrophil priming and AAV pathogenesis.35–39

Our findings are in accordance with several lines of evidence
that propose a key role for neutrophils in VTE, either through
NET release or through TF expression.13–16 In vivo experimen-
tal models of sepsis and DVT suggest the critical implication of
NETs in thrombosis either through platelet entrapment and acti-
vation12 13 or through activation of the coagulation cascade.16

The association between elevated levels of circulating nucleo-
somes and elastase-α1–antitrypsin complexes and high risk for
DVT in humans also reinforces the proposed role for neutro-
phils in thrombogenesis.24 Additionally, TF production by neu-
trophils attached to injured endothelium has been detected as
the initiatory event in thrombus formation in a DVT model.15

Furthermore, TF expression has been identified in NETs
released by both murine and human neutrophils.16 17 In human
neutrophils, we identified the localisation of TF in autolyso-
somes in neutrophils from patients with sepsis, prior to delivery
to NETs,17 which was confirmed in the present study.

The contribution of circulating TF bearing MPs derived from
monocytes, platelets or endothelial cells in coagulation and
thrombosis is well characterised in several prothrombotic
disease models.11 Elevated levels of circulating neutrophil MPs
have been previously identified in patients with vasculitis and
end stage renal disease.40 Increased levels of neutrophil MPs,
which were able to induce thrombin generation, were also
observed in paediatric patients with AAV.27 Another study in a
paediatric population further associated TF bearing MPs with
thrombin generation, using in vitro TF blockade.41 However,
the cell origin of TF bearing MPs was not defined. Herein, we
demonstrated the expression of functional TF in neutrophil
MPs, which was correlated with disease activity.

In addition to their essential role in coagulation, thrombin,
factor Xa and TF:factor VIIa complex exert signalling through
PARs. PAR-1 and PAR-2 are prominently expressed on epithe-
lial, mesangial and endothelial cells in the kidney.42 43 Signalling
of thrombin42 and factor Xa43 through PAR-1 and PAR-2,
respectively, has been previously implicated in the development
of crescentic glomerulonephritis in animal models by promoting
fibrin deposition42 43 and glomerular mononuclear cell
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Figure 5 In vitro stimulation of polymorphonuclear cells (PMNs) with disease associated stimuli. Control PMNs, resting or primed with
recombinant tumour necrosis factor (TNF-α), were treated for 3 h with isolated IgG fraction (100 μg/mL) from healthy individuals (HI IgG, n=6) or
from patients with antineutrophil cytoplasmic antibody associated vasculitis (AAV IgG, n=6) or polyclonal antimyeloperoxidase antibody (aMPO).
(A) Localisation of tissue factor (TF; green) in neutrophil extracellular traps (NETs) (z stack analysis, 0.3 μm per plane). Original magnification 600×.
(B) Percentage of NET releasing neutrophils. (C) DNA levels in culture supernatants. (D) Evaluation of total and TF expressing neutrophil derived
microparticles (MPs) in neutrophils treated with polyclonal anti-MPO antibody. Neutrophil derived MPs were identified as Annexin V+/CD66b+

events. TF expression was further evaluated in these MPs. Data presented as mean±SD (*p<0.05; ns, non-significant). Representative data of six
independent experiments are shown.
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infiltration.42 PAR-2 mediated augmentation of renal plasmino-
gen activator inhibitor expression and inhibition of matrix
metalloprotinase-9 activity have been proposed to contribute to
glomerular injury.43 Moreover, studies in human and animal
models demonstrated the involvement of extrinsic coagulation
system and PAR signalling in the inflammatory process that
leads to lung injury.23 44–47 It is conceivable that the glomerular
or alveolar deposition of TF expressing NETs may have a signifi-
cant role in amplification and progression of renal or lung
injury in AAV, which are severe and even fatal disease manifesta-
tions. Our data regarding TF expression in NETs in glomeruli
and NETs released by BALF derived neutrophils further support
this hypothesis.

Even though a clear correlation between active disease state
and neutrophil TF was demonstrated in the present study, the
number of enrolled patients is a limitation for drawing of con-
clusions regarding the role of the detection of neutrophil
derived TF as a biomarker for the characterisation of patients
with an increased risk for VTE. Prospective studies in larger
cohorts are needed to evaluate this issue.

In conclusion, this study described a novel mechanism for the
hypercoagulability and infliction of tissue injury in AAV (see
online supplementary figure S6). Neutrophil activation by
inflammatory mediators and ANCA induces expression of TF
and release of TF expressing NETs and MPs. It is proposed that
the subsequent activation of the extrinsic coagulation cascade
may have a significant pathogenic role in hypercoagulability that
characterises active AAV. Additionally, signalling through PARs
and resulting activation of endothelial, epithelial and/or mesan-
gial cells could be an alternative pathway for the involvement of
neutrophil derived TF in the pathogenesis of AAV. However, the
role of other NET constituents, including histones and MPs
derived from other cell populations, like endothelial cells and
platelets, in the thromboinflammatory response of AAV cannot
be ignored and needs to be further evaluated.
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