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Abstract
Objectives: ANCA-associated vasculitis (AAV) includes granulomatosis with polyangiitis (GPA) and microscopic polyangiitis (MPA). ANCA trig-
gers neutrophil extracellular trap formation, which releases either mitochondrial (mt) DNA or nuclear DNA (n) DNA, contributing to inflammation.
Our aim was to prospectively examine the extent and nature of circulating DNA in AAV and the clinical utility of DNA quantification.

Methods: DNA was isolated from platelet-free plasma of consecutive GPA and MPA patients and healthy controls (HCs). mtDNA and nDNA
copy numbers were quantified by PCR. Clinical data, including the BVAS, were collected.

Results: Ninety-two HCs (median age 51 years, 58.7% female) and 101 AAV patients (80 GPA, 21 MPA, median age 64 years, 50.5% female,
BVAS range: 0–30) were included. Median mtDNA copies were 13-fold higher in patients with AAV than in HCs; nDNA concentrations did not dif-
fer. Patients with active AAV (BVAS>0) had 4-fold higher median mtDNA copies than patients in remission (P¼0.03). mtDNA, unlike nDNA, cor-
related with BVAS (r¼0.30, P¼0.002) and was associated with AAV activity at multivariable analysis. Receiver operating characteristic curve
analysis indicated that mtDNA quantification differentiates patients with active AAV (BVAS>0) from HCs with 96.1% sensitivity and 98.9% spe-
cificity (area under the curve 0.99). In 27 AAV patients with follow-up, mtDNA changes but not CRP or ANCA-titres correlated with BVAS changes
(r¼0.56, P¼0.002).

Conclusions: mtDNA, unlike nDNA, is elevated in the plasma of AAV patients and may contribute to systemic inflammation. mtDNA could be
superior to established biomarkers in the laboratory monitoring of AAV activity.
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Introduction

Granulomatosis with polyangiitis (GPA) and microscopic
polyangiitis (MPA) are two closely related ANCA-associated
vasculitides (AAVs) [1]. In GPA, ANCA are predominantly
directed against the neutrophilic PR3 [2], whereas in MPA,
ANCA are more frequently directed against MPO [3].

ANCA may have a direct role in the pathogenesis of GPA
by activating primed neutrophils to release cell-free (cf) DNA
in the form of neutrophil extracellular traps (NETs) [4, 5], a
process in which DNA is externalized into the extracellular
space [6]. It has been demonstrated recently that endothelial
cell activation also promotes NET formation and that, con-
versely, NETs induce endothelial cell injury [5]. There is an

increasing body of evidence supporting a fundamental role of
NETosis and the consequent release of cfDNA in the patho-
genesis of AAV [7–9]. Polymorphonuclear granulocytes may
either release nuclear DNA (nDNA) or mitochondrial DNA
(mtDNA) during NETosis. Still, it is so far unclear which of
the two DNA species (nDNA or mtDNA) is more abundant
in the systemic circulation and whether DNA quantification
in plasma can be exploited clinically.

mtDNA is a dsDNA molecule phylogenetically derived
from bacteria and rich in hypomethylated CpG sequences
[10], and therefore is able to trigger a broad range of pro-in-
flammatory signalling pathways, including the endosomal
toll-like receptor (TLR)-9 and a series of cytosolic sensors
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• mtDNA quantification could become clinically relevant in supporting AAV diagnosis and monitoring of disease activity.
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[11–13]. mtDNA released by neutrophils in AAV could there-
fore be particularly well suited to promote disease flares and
systemic immune-mediated organ injury [11, 13, 14]. The
mechanisms governing the release of nDNA or mtDNA by
NETosis are not well defined. AAV pathogenesis may there-
fore be driven by either circulating cf nDNA or mtDNA, or
both DNA species in combination [15, 16].

To better understand the pathogenic and clinical role of
cfDNA species in AAV, we aimed to quantify the abundance of
mtDNA and nDNA in AAV patient plasma and, furthermore,
to assess whether cell-free nucleic acid quantification may be
helpful in the diagnosis and monitoring of AAV patients.

Methods
Study design and subjects

The study was approved by the ethics committee of
Northwest and Central Switzerland (No. 2019–01693) and
by the ethics committee of the University of Freiburg (No.
507/16). After ethics committee approval, adult patients clas-
sified as having AAV (GPA or MPA) [2, 3] and attending our
tertiary care centres were consecutively recruited, provided
that written informed consent was obtained. Active systemic
infections, recent major trauma or surgery, malignancy, and
concomitant secondary systemic autoimmune diseases were
excluded as potential confounders of circulating DNA levels
[17, 18]. AAV activity was scored by means of the BVAS (ver-
sion 3) [19], and anti-PR3 and anti-MPO autoantibody levels
were measured. We also prospectively collected patient
plasma at follow-up visits scheduled independently from AAV
activity. Adult volunteer blood donors, consecutively
recruited from the Basel University Hospital blood bank and
hospital staff deemed free of inflammatory disease, served as
healthy controls (HCs). The study was approved by the re-
gional ethical committees, and all procedures were under the
Declaration of Helsinki [20]. Clinical information and refer-
ence standard results were available to the performers of the
quantitative real-time (q) PCR testing. The Standards for
Reporting of Diagnostic Accuracy (STARD) checklist for this
study is provided in Supplementary Table S1, available at
Rheumatology online [21].

Isolation of total DNA from plasma and

quantification of circulating DNA copy numbers

In all subjects, 7 ml of peripheral venous blood was collected
in an ethylenediaminetetraacetic acid (EDTA) tube and proc-
essed following previously established guidelines [22]. Briefly,
platelet-poor plasma was obtained up to 4 h after blood col-
lection using two centrifugation steps at room temperature
(1200 g for 10 min followed by 16 000 g for another 10 min)
[23]. The platelet-poor plasma was collected without disturb-
ing or aspirating the buffy coat, and aliquoted and stored at
–80�C until further processing.

Total DNA was extracted from 500 ll of platelet-poor
plasma utilizing the QIAamp DNA Blood Mini kit (QIAgen,
Hilden, Germany). The concentration and purity of the
obtained total cell-free (cf) DNA were spectrophotometrically
quantified with a NanoDrop ND-1000 (Nano-Drop
Technologies, Wilmington, DE, USA). Eluates were stored at
–20�C prior to analysis by qPCR.

mtDNA and nDNA copy numbers were quantified by
qPCR as described [24]. Briefly, a PCR protocol utilizing

SYBR Green DNA intercalating dye on an Applied
Biosystems StepOne Plus Real-Time PCR system (Thermo
Scientific, Wilmington, DE, USA) was applied in 96-well
plates. The mtDNA ATP-6 gene was amplified between nucle-
otide positions 8981 and 9061. For the detection of nDNA,
we selected exon number 8 of the glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) gene between nucleotide positions
4280 and 4342. The specificity of the PCR products was
assessed with a melting curve. All measurements were per-
formed in triplicates. A negative ‘no template’ control was in-
cluded, and two standard curves were generated by
amplifying mtDNA- and nDNA-containing vectors with
known copy numbers. Absolute mtDNA and nDNA copy
numbers in the PCR template were calculated from the stan-
dard curves. DNA plasma concentrations were calculated, ac-
counting for the initial volume of plasma from which DNA
was extracted, the elution volume, the DNA concentration in
the eluate and the amount of DNA template used in each
qPCR reaction. A DNA sample from the same specific HC do-
nor was repeatedly included in each PCR plate to assess the
inter-assay coefficient of variation (CV).

Statistical analysis

The required sample size was evaluated as previously de-
scribed [25]. GraphPad Prism software for macOS, V.9.0
(GraphPad Software, Inc., La Jolla, CA, USA), was utilized
for statistical analysis. Non-parametric values were expressed
as the median and interquartile range (IQR). One-way analy-
sis of variance combined with the Mann–Whitney U test or
unpaired t test was used to evaluate statistically significant
differences between groups, as appropriate. Spearman’s rank
tests were applied to analyse correlations. Within groups, var-
iables were assessed for their predictive power through linear
regression analysis utilizing MATLAB R2018a (The
Mathworks, Natick, MS, USA). Multiple variable analysis
was performed by applying all variables with a P-value below
0.1 into a generalized linear regression model.

Results
Study subjects

One hundred and one patients with AAV were recruited.
Eighty (79.2%) of these patients were classified as having
GPA, and 21 as having MPA (20.8%) [2, 3]. The median age
of the patients with AAV was 64 years (range 19–89 years),
their median disease duration was 8 years (range 1–46 years),
and 51 patients (50.5%) were female. The median BVAS at
the time of blood collection was 0 (range: 0–30). Twenty-one
patients presented with active AAV (BVAS>0); in 8 patients
(7.9%), the vasculitis was highly active at the time of blood
sampling, as indicated by a BVAS of >10 [26]. Sixty-three
patients (62.4%) were on prednisone therapy; these patients
were receiving a median daily prednisone dose of 5.0 mg
(range: 1–250 mg; IQR: 7.0 mg). Only 15 AAV patients had a
daily prednisone dose of >10 mg. Moreover, a series of other
immunosuppressive drugs was also administered (Table 1).
Nineteen patients (18.7%) did not receive any additional im-
munosuppressive drug. At the time of plasma collection, 62
patients (61.4%) had anti-PR3 IgG antibodies above the up-
per limit of normal (ULN 3 IU/ml), and 15 patients (14.8%)
had elevated anti-MPO IgG antibodies (ULN 5 IU/ml). Serum
creatinine was above the ULN (107 lmol/l) in 21 patients
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(20.8%). Details about other study subjects’ demographics
and disease characteristics are given in Table 1.

Circulating DNA concentrations

In HCs, the median total cfDNA plasma concentrations mea-
sured by spectrophotometry was 2.3 ng/ml (IQR: 1.5), rang-
ing from 0.9 ng/ml to 13.4 ng/ml. In the AAV patients, the
median cfDNA concentration was 3.3 ng/ml plasma (IQR:
3.7; range: 0.8–18.1 ng/ml), 43% higher than that in HCs,
(P¼ 0.0003, Fig. 1A).

To gain information about the biological nature of the
cfDNA, we determined circulating nDNA and mtDNA copy
numbers. The intra-assay CV for nDNA copy number meas-
urements was 1.0%, while the inter-assay CV was 3.6%.

Conversely, the intra-assay CV of mtDNA copy number
quantification was 1.1%, and the inter-assay CV was 2.5%.

The median nDNA copy numbers in AAV plasma
(4.1�106 copies/ml, IQR: 8.6�106) were not significantly
different from those in HCs (3.3� 106 copies/ml, IQR:
6.1� 106, P¼ 0.32, Fig. 1B). mtDNA copy numbers in con-
trast were on average 13.0 times higher in AAV plasma (me-
dian 8.8�107 mtDNA copies/ml, IQR: 2.2� 108) than in
HC plasma (6.7� 106 copies/ml, IQR: 8.8�106, P< 0.0001,
Fig. 1C).

Diagnostic potential of quantifying plasma DNA

concentrations

We next examined in our total study population of 193 sub-
jects the utility of circulating plasma DNA quantification to

Table 1. Demographics and disease characteristics of the study subjects

Parameter (unit) AAV (n¼101) HC (n¼92)

Age, years; median (IQR) 64.0 (34.7) 51.9 (26.0)
Female, n (%) 51 (50.5) 36 (58.7)
AAV duration, years; median (IQR) 8 (11) na
BVAS, points; median (IQR) 0 (1) na
Active organ manifestations at blood sampling

ENT involvement, n (%) 16 (15.4) na
Lung involvement, n (%) 12 (14.4) na
Kidney involvement, n (%) 6 (10.6) na
Skin involvement, n (%) 6 (6.7) na
Peripheral nervous system involvement, n (%) 3 (3.8) na

Immunosuppression at blood sampling
Any prednisone, n (%) 63 (62.4) na
Rituximab within the last 12 months, n (%) 47 (46.5) na
CYC within the last 3 months, n (%) 8 (7.9) na
MTX, AZA, LEF or MMF, n (%) 27 (26.7) na
No immunosuppression other than prednisone 19 (18.8) na

Laboratory parameters RR
CRP, mg/l; median (IQR) <10 3.1 (4.7) nd
Serum creatinine, mmol/l; median (IQR) 49–97 75 (87) nd
ANCA positive, n (%) na 85 (86.1) nd
anti-PR3 antibody titre, U/ml; median (IQR) <3 10.0 (31.0) nd
anti-MPO antibody titre, U/ml; median (IQR) <5 2.5 (19.2) nd

AAV: ANCA associated vasculitis; HC: healthy controls; IQR: interquartile range; na: not applicable; nd: not done; RR: reference range.
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Figure 1. AAV patients demonstrate high circulating mtDNA levels compared with healthy controls. Circulating nDNA copy numbers (B) are similar in

patients diagnosed with AAV (n¼ 101) compared with healthy controls (HC, n¼ 92), whereas median total cfDNA levels (A) are elevated 3-fold, and

mtDNA plasma concentrations (C) are elevated 13-fold. Boxes represent IQR, whiskers represent the 5th and 95th percentiles, and individual dots

represent outliers. P values are indicated above each graph. AAV: ANCA-associated vasculitides; cfDNA: cell-free DNA; IQR: interquartile range; mtDNA:

mitochondrial DNA; nDNA: nuclear DNA
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discriminate between all AAV patients and HC individuals.
For mtDNA quantification, the receiver operating characteris-
tic (ROC) curve determined a sensitivity of 88.5% and a spe-
cificity of 89.1%, with an area under the curve (AUC) of 0.94
with an optimal cut-off value of 1.3�107 mtDNA copies/ml
plasma (Fig. 2). Utilizing this cut-off, 90 out of 101 patients
were correctly classified as having AAV, while 17 out of 92
HCs were falsely classified as having AAV (Supplementary
Fig. S1, available at Rheumatology online). This performance
(Supplementary Fig. S2, available at Rheumatology online)
was notably superior to that of total plasma cfDNA concen-
trations (AUC 0.65; P¼ 0.0003) and nDNA copy numbers
(AUC 0.54; P¼0.32, Fig. 2). Even when comparing HCs
with AAV patients without any AAV activity (BVAS¼0), the
ability of mtDNA quantification to identify patients with
AAV remained high (sensitivity 85.3%, specificity 82.6%,
AUC 0.92, P< 0.0001).

cfDNA and nDNA plasma levels did not differ between ac-
tive and inactive AAV (Fig. 3A and B). nDNA copy numbers
were 4.8�106/ml in active AAV and 3.7� 106/ml in remission
(P> 0.99). mtDNA plasma concentration in contrast was al-
most 4-fold elevated in patients with active AAV (BVAS� 1,
n¼24) compared with AAV patients in remission (BVAS¼ 0,
n¼77) (Fig. 3C). Patients with active AAV had a median of
2.5� 108 mtDNA copies/ml plasma, and AAV patients in re-
mission had 6.2� 107 copies/ml (P¼ 0.03). This significant dif-
ference between mtDNA levels in patients with active AAV
and patients in remission was also reflected in the respective
AUC calculated via ROC analyses for cfDNA, nDNA and
mtDNA (Fig. 3D–F, respectively). mtDNA quantification dif-
ferentiated between patients with active AAV and HCs with
96.3% sensitivity, 98.9% specificity and an AUC of 0.998 at a
cut-off value of 2.9� 107. According to this cut-off, 20 out of
21 patients were correctly classified as having active AAV. In
contrast, 1 out of 92 HCs was falsely classified as such, result-
ing in a sensitivity of 95%, specificity of 99%, precision (posi-
tive predictive value) of 95%, negative predictive value of 99%
and accuracy of 98%, in our study population (Supplementary
Fig. S3, available at Rheumatology online).

mtDNA concentrations were associated with AAV

activity

We subsequently analysed the clinical factors associated with
the elevated DNA plasma concentrations. Within the AAV

patients and the HC group, there were no differences in total
plasma cfDNA concentrations, nDNA or mtDNA copy num-
bers between sexes, and no association with age (data not
shown). Furthermore, the plasma mtDNA concentrations did
not differ between patients treated with rituximab, patients
receiving other immunosuppressive drugs, and patients receiv-
ing no DMARD (data not shown).

We next analysed factors associated with AAV activity. In
Spearman rank correlations, plasma mtDNA levels correlated
significantly with AAV activity in terms of BVAS (r¼ 0.30,
P¼ 0.002). There were, however, no such correlations be-
tween BVAS and nDNA or cfDNA plasma concentrations. By
univariable linear regression analysis (Table 2), mtDNA con-
centrations, unlike nDNA plasma levels, were associated with
AAV activity, as were anti-PR3 antibody titres, CRP, neutro-
phil counts, and age. After multivariable linear regression
analysis of all laboratory parameters with a P-value of below
0.1, the association of mtDNA copy numbers with BVAS per-
sisted in addition to that of neutrophil counts and CRP serum
concentration, with the highest statistical significance among
variables for mtDNA plasma concentrations (P¼ 0.005,
Table 2).

Follow-up visits were organized for 27 AAV patients (me-
dian follow-up time: 6.5 months; IQR: 6.3 months). At the
time of follow-up, 5 out of 24 patients with GPA and 2 out of
3 patients with MPA had a BVAS>0. The immunosuppres-
sive drugs administered to the patients during follow-up in ad-
dition to glucocorticosteroids were rituximab (11/27), CYC
(1/27), MTX (6/27), AZA (3/27) and LEF (1/27), while 5 out
of 27 patients (18.8%) did not receive any additional treat-
ment. In this context, we examined whether or not longitudi-
nal changes of mtDNA levels in AAV patients’ plasma
correlated with the evolution of the BVAS at follow-up.
Indeed, a strong correlation was present between the shift in
BVAS and the change in mtDNA (r¼ 0.56, P¼ 0.002, Fig. 4),
while cfDNA and nDNA changes did not correlate with the
shift in BVAS over time (Fig. 4).

Interestingly, the changes in CRP serum concentrations and
ANCA titres did not connect with the evolution of BVAS at
follow-up (P¼0.24 and P¼ 0.23, respectively), indicating
that mtDNA measurement could offer benefits as a biomarker
to monitor AAV activity.

Finally, we assessed whether additional clinically helpful in-
formation could be obtained by calculating the ratio of
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Figure 2. mtDNA plasma quantification at enrolment exhibits exceptional diagnostic potential for AAV. Receiver operating characteristic (ROC) curve

analyses for the ability of total cfDNA (A), nDNA (B) and mtDNA (C) plasma quantification to discriminate between HCs (n¼ 92) and patients with AAV

(n¼ 101). AAV: ANCA-associated vasculitides; AUC: area under the curve; cfDNA: cell-free DNA; mtDNA: mitochondrial DNA; nDNA: nuclear DNA
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mtDNA and nDNA copy numbers in each plasma sample.
The median mtDNA/nDNA copy ratio was 2.0 (IQR: 4.9) in
HC individuals and 22.6 (IQR: 41.3) in AAV patients
(P< 0.0001). The mtDNA/nDNA ratio distinguished AAV
patients from HCs with a sensitivity of 81.5% and a specific-
ity of 83.7% (AUC: 0.89; cut-off: 6.4), but there was no cor-
relation between the ratio and the AAV activity. These results
indicate that the determination of the mtDNA/nDNA copy ra-
tio provides no diagnostic advantage over measuring mtDNA
copy numbers alone.

Discussion

The present study documents a marked increase in circulat-
ing cfDNA in the plasma of patients with AAV compared
with HCs, mainly due to a substantial increase in mtDNA,
while nDNA copy numbers did not differ significantly. Our
data are well matched with the observation that neutrophils
release mtDNA as a structural component of NETs [27, 28],
which were also reported in kidney biopsies and thrombotic

vessels of patients with AAV [8, 29, 30]. The lack of a differ-
ence in nDNA plasma levels between AAV patients and HCs
argues against the possibility that patients with AAV
patients have impaired DNA scavenging mechanisms similar
to those described in SLE [31] and reasonably supports an
enhanced mtDNA release as the pathobiological mechanism
in AAV.

Although mtDNA plasma concentration measurements
were able to differentiate patients with active AAV from HCs
with extraordinary sensitivity, elevated mtDNA plasma levels
are not specific to AAV. Recent studies have also observed
high mtDNA amounts in the blood circulation of patients
with SLE, trauma, malignancy, preeclampsia, and infections,
the extent of which was mostly moderate [24, 32, 33].
Significantly, however, some of these reports are confounded
by the use of serum instead of plasma, with serum being an in-
adequate analyte due to the in vitro release of mtDNA from
platelets during coagulation [23]. As a technical annotation,
the platelet-poor plasma isolation procedure used in our study
removes platelets, mitochondria and microaggregates; it,

Figure 3. mtDNA plasma quantification at enrolment distinguishes patients with active AAV from patients with AAV in remission. Circulating mtDNA copy

numbers (C), as well as total cfDNA levels (A), are elevated in patients diagnosed with active AAV (n¼ 24; dark green bar) compared with HCs (n¼ 92);

nDNA copy numbers (B) are comparable between HCs and patients with AAV, regardless of disease activity. ROC curve analysis for the ability of total

cfDNA (D), nDNA (E) and mtDNA (F) plasma quantification to discriminate between HCs and 24 AAV patients with active AAV (dark green), and between

HCs and 77 AAV patients in remission (light green). Boxes represent IQRs, whiskers represent the 5th and 95th percentiles, and individual dots represent

outliers. P values are indicated above each graph. AAV: ANCA-associated vasculitides; AUC: area under the curve; cfDNA: cell-free DNA; IQR:

interquartile range; mtDNA: mitochondrial DNA; nDNA: nuclear DNA
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however, does not remove microparticles and exosomes.
Therefore, it is unclear whether some mtDNA may also origi-
nate from these extracellular vesicles.

It was previously shown that in vitro stimulation of pri-
mary human leukocytes with anti-PR3 and anti-MPO anti-
bodies boosts TLR9 expression and promotes the release of
cytokines upon stimulation with microbial components [34].
The direct pathogenic role of ANCA is also supported by ani-
mal models [35] and in vitro studies demonstrating that PR3-
and MPO-ANCA can activate neutrophils to produce reactive
oxygen species (ROS) and proteolytic enzymes [36]. Anti-PR3
and anti-MPO-ANCA are found in the majority of patients
with active GPA or MPA [37], rendering them essential as di-
agnostic tools. ANCA levels, however, do not conclusively
predict AAV relapse [38], and there is an unmet need for bio-
markers for this purpose.

Because anti-PR3 and anti-MPO antibodies prime neutro-
phils for NETosis in vitro, we were somewhat surprised that
we failed to detect a strong relationship between mtDNA and
ANCA titres in our study. The lack of such correlation could
be merely attributed to low patient numbers, suggest additional
regulators of mtDNA release, or also support non-neutrophil
sources of mtDNA liberation [39]. Platelets, for example, con-
tain mtDNA, are also activated in AAV [40] and represent an-
other possible source of mtDNA in AAV [41].

The involvement of mitochondria in the pathobiology of au-
toimmunity is lately gaining attention. These organelles resem-
ble bacteria by carrying a circular genome with hypomethylated
CpG islands, formylated proteins, and cardiolipin-containing
membranes [42]. Under certain cellular stress, mitochondria
and their inner components are released into the extracellular
space, potentially eliciting proinflammatory autoimmune

Table 2. Univariable and multivariable predictors of BVAS in patients with active AAV (n¼ 24)

Univariable analysis

Parameter (unit) BVAS

b (beta) 95% CI P R2

Age (years) –0.008 –0.013, –0.002 0.008 0.07
Female sex 0.08 –0.08, –0.25 0.32 0.01
Laboratory parameters

Neutrophil count (109 cells/ml) 0.050 0.025, 0.075 0.0001 0.14
CRP (mg/l) 0.0075 0.0022, 0.0127 0.005 0.07
Serum creatinine (mmol/l) 0.0005 –0.00037, –0.00138 0.25 0.01
ANCA titre 0.002 0.0004, –0.003 0.01 0.06
anti-PR3 Ab titre (IU/ml) 0.0015 9.32 3 10–6, 0.0031 0.04 0.04
anti-MPO Ab titre (IU/ml) 0.002 –0.0008, 0.0054 0.15 0.02
Total cfDNA (ng/ll) –0.008 0.034, 0.017 0.51 0.004
mtDNA (copies/ml plasma) 3.11 3 10–11 2.19 3 10–10, 6.01 3 10–10 0.03 0.04
nDNA (copies/ml plasma) –3.32�10–10 –2.77�10–5, 2.10�10–8 0.78 0.0007

Multivariable analysis
(Intercept) 0.26 –0.15, 0.68 0.21
Age (years) –0.005 –0.011, –0.0001 0.06
CRP (mg/l) 0.005 0.0008, 0.01 0.02
ANCA titre 0.0009 –0.0006, 0.002 0.23
Neutrophil count (109 cells/ml) 0.035 0.009, 0.06 0.009
mtDNA (copies/ml plasma) 3.68 3 10–11 0, 0 0.005
Adjusted R2: 0.27, P-value: <0.0001

The linear regression coefficient b represents the additive increase or decrease in the outcome variable per unit increase of BVAS. Significant parameters are
highlighted in bold. AAV: ANCA-associated vasculitides; cfDNA: cell-free DNA; mtDNA: mitochondrial DNA; nDNA: nuclear DNA.

Figure 4. mtDNA plasma levels correlate to AAV disease activity at follow-up. Changes (delta) in total cfDNA (A) or nDNA (B) levels in AAV patients’

plasma (n¼ 27) do not correlate with the evolution of AAV activity at follow-up (delta BVAS). In contrast, delta-mtDNA levels (C) correlate significantly with

delta BVAS. AAV: ANCA-associated vasculitides; AUC: area under the curve; cfDNA: cell-free DNA; mtDNA: mitochondrial DNA; nDNA: nuclear DNA; r:

Spearman’s rank correlation coefficient
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responses [42, 43]. Moreover, it was recently demonstrated that
during ANCA-induced NET formation, the regulated opening
of mitochondrial pores might release mitochondrial ROS and
induce cellular and nuclear membrane vulnerability [5, 44].
In this context, mtDNA could be differentially released, acting
as a proinflammatory damage-associated molecular pattern
(DAMP) [10].

While only a relatively minor proportion of patients in our
cohort had high AAV activity, mtDNA levels strongly and inde-
pendently of other markers corresponded to disease activity at
inclusion and follow-up. These observations also support the
proinflammatory role of circulating mtDNA in the pathogenesis
of AAV. mtDNA is a ligand of both TLR9 and cyclic GMP-
AMP synthase (cGAS), which appear to trigger the type I IFN
signature and autoantibody formation in autoimmunity [10,
15, 45, 46]. Neutrophils can be activated per se by circulating
mtDNA via TLR9 and the cGAS-STING-pathway, closing a vi-
cious circle that perpetuates the delivery of cfDNA [46, 47] and
elicits systemic inflammation and organ injury [10, 48].

Lastly, the observed correlation of the longitudinal changes
of mtDNA levels with the changes in BVAS also suggests that
circulating mtDNA levels may become a useful adjunct in the
long-term monitoring of AAV activity. More extensive studies
must, however, replicate the utility of clinical mtDNA testing
and also evaluate whether mtDNA measurements could sup-
port the prediction of AAV flares.

In summary, we demonstrate that circulating mtDNA copy
numbers are vastly elevated in AAV patient plasma. Even more
importantly, plasma mtDNA copy numbers are associated with
vasculitis activity. In contrast, other indicators of disease activ-
ity, such as CRP and PR3-ANCA levels, either have a weaker
or no correlation with BVAS [49, 50]. Despite the limitation of
our study due to the small sample size, circulating mtDNA con-
centrations distinguish AAV patients from non-inflammatory
controls with high sensitivity and represent a novel independent
biomarker of AAV activity. Future work is needed to determine
and evaluate the origin of mtDNA in AAV plasma.
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