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Introduction

Summary

Neutrophil is a key cell in pathophysiology of granulomatosis with
polyangiitis. Recently, neutrophil extracellular traps were described in this
disease. Mitochondrial DNA is also released during traps formation. We
measured circulating cell-free mitochondrial and genomic DNA in serum
of patients with granulomatosis with polyangiitis. Subjects with the
disease (14 active and 11 in remission stage) and 10 healthy controls were
enrolled. Quantitative real-time polymerase chain reaction (PCR) was
used to measure 79 base pairs (bp) and 230 bp mtDNA fragments. Alu
repeats were quantified to evaluate abundance of nuclear DNA in serum
at the presence of plasmid control. Both fragments of mtDNA (79 bp and
230 bp) and genomic DNA were elevated significantly in granulomatosis
with polyangiitis compared to controls. Only the shorter 79bp mtDNA
correlated with active stage of granulomatosis with polyangiitis and
clinical symptoms. A mechanism of extracellular release of mitochondrial
DNA accompanies the active stage of the disease. Circulating mtDNA is
extremely high in untreated patients. This suggests that biomarker
properties of mtDNA are useful for monitoring of treatment.
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can enhance its anti-microbial capacity. NET formation

Neutrophils are the key cells participating in the inflam-
of granulomatosis with polyangiitis
(GPA). The presence of circulating autoantibodies against
cytoplasmatic neutrophil proteins (cANCA), especially
reactive with the neutrophil serine protease, proteinase 3
(PR3), is detectable in approximately 85% of GPA
patients [1]. ANCA-mediated neutrophil activation seems
to involve both Fc and Fab fragments of the antibody,
but the exact mechanism of this process is not completely
understood [2—4]. Ohlsson et al. reported that neutro-
phils in patients with ANCA-associated vasculitis exhib-
ited an increased propensity for activation by cANCAs
[5]. Studies by Pankhurst et al. showed that different
immunoglobulin G subclasses of ANCA had different
abilities for neutrophil activation [6].

The lifespan of non-activated blood neutrophils is 5-6

matory process

days on average. In addition to activation, a unique and
irreversible transformation of the neutrophil has been
described. By active release of chromatin fibre traps,
named neutrophil extracellular traps (NETs) [7], the cell

involves the rearrangement of nuclear and granular archi-
tecture. It requires dissolution of internal cell membranes
followed by chromatin decondensation and cytolysis.
Besides infectious diseases, NETs formation has been
described in pre-eclampsia [8] and small-vessel vasculitis
[9]. Kessenbrock et al. described neutrophil activation fol-
lowed by in-vitro NET formation in response to c-ANCA
stimulation. ¢-ANCA-induced NETs contained DNA and
cytoplasmatic antigens for c-ANCA antibodies, potentially
perpetuating the autoimmune process [9]. Studies by
Yousefi et al. and more recently by Keshari et al. proved
that neutrophil extracellular traps contain mitochondrial
DNA [10,11]. Elevated levels of circulating cell-free
genomic DNA (ccf nDNA) were observed in autoimmune
diseases [12,13]. In addition, mitochondrial DNA (ccf
mtDNA) have been described in several types of cancer
and proposed as a promising non-invasive diagnostic or
prognostic biomarker [14,15]. However, diagnostic per-
formance of ccf mtDNA measurements in autoimmune
diseases has not been well studied. The hypothesis of this
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study was that ccf mtDNA could compare with the cur-
rent laboratory assays in monitoring the activity of GPA.
Moreover, by quantification of ccf mtDNA we aimed to
explain if findings of activated blood neutrophils could
link the disease with an extracellular traps formation.

Materials and methods

Patients and sample collection

In an observational non-randomized study we enrolled 25
consecutive subjects with GPA: 14 subjects in the active
stage of the disease (10 exacerbated and four new
treatment-naive cases) and 11 subjects in remission of the
disease. A control group included 10 healthy volunteers
matched by age and sex. Disease activity was ascertained
using the Birmingham Vasculitis Activity Score (BVAS).
Peripheral blood samples were collected without anti-
coagulant, using the same collection system (S-Monovette,
Sarstedt, Niumbrecht, Germany). Serum was separated
using a standard laboratory method, aliquoted and frozen
in —80°C for further analysis. Other laboratory tests [com-
plete blood count (CBC), C-reactive protein (CRP) level,
anti-proteinase 3 (PR3) immunoglobulin (Ig)G level, pro-
calcitonine, creatinine, lactate dehydrogenase (LDH)] were
performed in all participants using validated assays. Writ-
ten informed consent was obtained from all participants in
the study. The protocol was approved by the Jagiellonian
University Bioethical Committee.

DNA isolation

Total ccf DNA was isolated from serum by the phenol/
chloroform method. Briefly, 500 pl of serum was added
as an internal standard of DNA [pGEM-3Zf(+) plasmid,
0-34 ng; Promega, Madison, WI, USA] to compensate for
errors in the sample processing, diluted with 1 m of
ultrapure water, and extracted four times with equal vol-
ume of phenol/chloroform mixture. DNA was recovered
by precipitation using 1 : 10 v/v 3 M sodium acetate and
2 : 1 v/v ice-cold 96% ethanol. After rinsing in 70% etha-
nol and drying the pellet, DNA was resuspended in 20 pl
of water.

Genomic and mitochondrial DNA quantification

The abundance of circulating-cell free genomic (ccf
nDNA) and mitochondrial DNA (ccf mtDNA) was meas-
ured by a quantitative real-time polymerase chain reac-
tion (qPCR) (ABI Prism 7900HT Real-Time PCR System;
Applied Biosystems, Foster City, CA, USA). Conditions
for qPCR and sequences of primers used for amplification
of mitochondrial gene encoding 16s-RNA (mtDNA79 and
mtDNA230) and genomic DNA [Alu repetitive sequence
124 base pairs (bp) product] have been described previ-
ously [15,16]. Quantification of internal standard plasmid
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was performed using M13 primers, as recommended by
the manufacturer (Promega, Madison, WI, USA). Amplifi-
cations were performed using SYBR Green Master Mix
(Life Technologies, Carlsbad, CA, USA), 1 uM forward/
reverse primer and 5 pl of ccf DNA sample. nDNA,
mtDNA79 and mtDNA230 quantification cycle values were
adjusted to the internal standard and calculated as relative
expression (RE) using the 274 formula [17]. To confirm
specificity of PCR amplification products, melting curve
analysis was used (Supporting information, Fig. S1).

Statistical analyses

Data are presented as mean and standard deviation or
median and 25-75th percentile depending on the distri-
bution. A non-parametric Mann-Whitney U-test and
Kruskal-Wallis with post-hoc Dunn’s tests were used to
compare between the studied groups because of their
small size. Correlations between serum ccf DNA and clin-
ical or laboratory data were calculated by Spearman’s
rank method. Calculations were performed using Graph-
Pad Prism 5 software (GraphPad Software, Inc., La Jolla,
CA, USA). A type I statistical error P<0-05 was consid-
ered significant.

Results

Demography and clinical characteristics of GPA and con-
trol subjects are summarized in Table 1. The two frag-
ments of mitochondrial genome, mtDNA79 and
mtDNA230, had a significantly higher abundance in GPA
subjects than in controls [RE mtDNA230: GPA-0-16
(0-07-0-26) versus HC-0-04 (0-03-0-09); P<0-05; RE
mtDNA79: GPA-1-35 (0-42-3-05) versus HC-0-40 (0-27—
0-76); P<0-05; median (25-75th percentile)]. The longer
mtDNA230 fragment did not differ between subjects with
active and remission GPA [RE: 0-18 (0-11-0-35) wversus
0-11 (0-05-0-19); Fig. 1C]. The highest level of
mtDNA230 was detected in treatment-naive GPA [RE:
0-32 (0-12-2.0); Fig. 1C]. The short mtDNA79 fragment
was more abundant in subjects with active GPA than in
remission of the disease or in controls [RE: 2-0 (1-4-2-8)
versus 0-4 (0-3-0-9) or 0-4 (0-2-0-70; P < 0-05; Fig. la].
The highest expression of mtDNA79 was observed in
serum of four treatment-naive GPA subjects [RE: 66-2
(10-8-131-0)]. The integrity index calculated as
mtDNA230 to mtDNA79 was significantly lower in
patients ~ with  treatment-naive or active = GPA
(0019 =0-013 or 0-1*0-05) than in remission
(0-22 £0-1; P<0-05; Fig. 1d). The highest level of ccf
nDNA was observed in serum of treatment-naive GPA
[RE: 16-4 (8-0-106-7)]. nDNA level was significantly
higher both in serum of active and remission GPA [RE:
2-15 (1-0—4-3) and 1-66 (0-6—4-43)] than in controls (RE:
0-37 (0-17-0-46); P<0-05). nDNA serum level did not
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discriminate between active GPA or remission GPA
(P>0-05; Fig. le). A correlation between abundance of
ccf DNA (mtDNA or nDNA) and BVAS was present only
for the short mtDNA79 in active disease (p = 0-89;
P=0-001; Fig. 1b). No other clinical or laboratory data
correlated with ccf mtDNA or nDNA.

Discussion

Despite advances in understanding the pathophysiology
of GPA, the disease treatment is still difficult and progno-
sis uncertain. Since the discovery of ANCA, and identifi-
cation of PR3 as their highly specific target, diagnostics
of GPA have improved, but the clinical assessment and
longitudinal management remain complex. A major prob-
lem involves discriminating between damage caused by
GPA activity or treatment adverse effects. ANCA can be
found in the serum of more than 80% patients with GPA,
but seems not particularly useful as a biomarker of dis-
ease activity because it does not predict flares or remis-
sion [1]. Consequently, the gold standard in defining
these end-points is based on evaluation of consensus-
derived clinical scores, possibly biasing estimation of the

repeats in the study subgroups. <& = patients
treated with GC.

disease activity [18]. Therefore, a search for more accom-
plished biomarkers of GPA activity remains one of the
top investigative priorities.

Circulating cell-free genomic DNA was shown to be an
universal diagnostic marker in several malignancies
[19,20]. Recent studies have demonstrated that mitochon-
drial DNA fragments might have biomarker properties
[14,21]. In this preliminary study we analysed the serum
level of ccf nDNA and mtDNA in patients with GPA. We
used validated methods to quantify ccf nDNA and two
different sizes of mtDNA. In conclusion, ccf DNA levels
in the serum of GPA patients are elevated; however, the
active stage of GPA is accompanied exclusively by a high
serum level of mtDNA79, almost four times greater than
in remission or in healthy controls. The highest levels of
mtDNA79 were observed in four treatment-naive GPA
patients, surpassing healthy controls by two orders of
magnitude (164-fold increase). Moreover, we observed
that serum ccf mtDNA79 correlated with disease activity
evaluated as BVAS. The diagnostic performance of nDNA
fragments measured as an abundance of Alu repeats or
the long mtDNA230 fragment was inferior to mtDNA79,
although both treatment-naive and active-stage GPA
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Table 1. Selected characteristics of the study participants

Circulating mtDNA in GPA

Naive GPA Active GPA Inactive GPA Control
n 4 10 11 10
Age (mean * s.d.) 52:6 = 10-9 49-7 * 12-6 48-1 = 13-4 50-7 £ 12-6
Gender (female/male) 3/1 5/5 5/6 4/6
BVAS (min-max) 14-24 6-28 0 0
GC treatment (yes/no) 0/4 4/6 6/5 -
GC dose (mg/day) (min-max) 0 10-20 4-8 -
¢ANCA (RU/ml) (min-max) 64-156 37-200 <20-140 <20
CRP (mg/ml) 108 = 82-6 20+ 14 5-8 +3-8 <5-0
PBMC (IOS/ul) 139*+74 10-5 +4-3% 7-03 =274 54*2
PMN (10°/pl) 11-6+73 5.9 & 5.4% 4.73+3 283+ 1.5
PLT (103/111) 416-7 = 155-6 2945 = 102-3* 235+ 80 207 =457
Procalcitonine (ng/ml) <0-05 <0-05 <0-05 <0-05
Creatinine (pmol/1) 230-3 =62 103 =79 136-2 =110 99 +24
LDH (U/LI) 645 *+ 250 505 * 149-5% 512-5 * 128* 370 =52

Naive GPA = patients with newly diagnosed not treated GPA; active GPA = patients with BVAS>2; inactive GPA = patients with BVAS = 0;
BVAS = Birmingham Vasculitis Activity Score; *P < 0-05, in comparison with controls; GC = glucocorticosteroids.

subjects had higher serum levels than controls. In our
study, the active phase of GPA, and especially treatment-
naive subjects, had the highest fragmentation of mito-
chondrial DNA (lowest integrity index), whereas their
shorter ccf mtDNA79 fragment remained elevated. It
could be explained either by an unknown mechanism of
protection of small DNA fragments against DNAse I
activity or more simply by augmented release of mtDNA
into the bloodstream. Jahr et al. proposed that nDNA
could be released during cell apoptosis or necrosis [22].
Little is known about a source of mtDNA. Opinions
about neutrophils’ apoptosis in GPA are contradictory. In
patients with ANCA-associated vasculitis, including GPA,
Harper et al. described an accelerated ratio of neutrophil
apoptosis [23]. However, Abdgawad et al. observed that
spontaneous apoptosis of neutrophils is decreased in
these diseases [24]. Our results also support decreased
neutrophil apoptosis in GPA (Supporting information,
Fig. S2). Another neutrophil deletion mechanism is NETs
formation, also described in autoimmune diseases [9]. As
NETs contain mtDNA [11,25], this might become a
source of the biomarker. Moreover, in some recent stud-
ies, NETs formation was described without cell death
[10,26,27]; a recent study by Mcllroy et al. also showed a
sustained elevation of both ccf mtDNA and nDNA fol-
lowing trauma and trauma surgery, but only mtDNA lev-
els were independent of the cell necrosis [28]. Yet another
source of ccf mtDNA should be considered in GPA. Plate-
lets participate in NET formation [29], and we found a
significantly increased frequency of neutrophil-platelet
aggregates in the disease, especially during its active phase
(Supporting information, Fig. S3). Boudreau et al
described the release of mitochondria by activated plate-
lets and hydrolysis of mitochondrial membrane-releasing
damage-associated molecular patterns (DAMPs) which

promoted leucocyte activation [30]. Thus, the mechanism
of the release of mtDNA in GPA will require further
elucidation.

In our study, serum ccf mtDNA was a suitable marker
of treatment-naive or active GPA. In particular, small
mtDNA fragments can predict GPA remission or flare
more accurately than autoantibodies because of a fast
decay in serum. However, a relatively small group size
and lack of longitudinal observation is a limitation of this
study.
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Supporting information

Additional Supporting information may be found in
the online version of this article at the publisher’s Web
site:

Fig. S1. (a) Exemplary dissociation curve of real-time
polymerase chain reaction (PCR) products. mtDNA79
coloured blue and mtDNA230 coloured red. (b) Exem-
plary dissociation curve of nDNA Alu repeats real-time
PCR products.

Fig. S2. Neutrophil apoptosis in patients with granuloma-
tosis with polyangiitis and healthy controls. Twelve patients
with granulomatosis with polyangiitis (GPA) were enrolled
into the study: 11 in inactive state of disease (remission)
and one in active state. Control group consisted of 10
healthy volunteers. Neutrophil apoptosis was measured
using flow cytometry and cells were stained with annexin
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V for early apoptosis and with 7-aminoactinomycin D
(7AAD) for late apoptosis/necrosis. Results were presented
at the 9th International Congress on Autoimmunity, 26-30
March, Nice, France 2014. Abstract available online at:
http://autoimmunity.meetingxpert.net/ AUTOIMMUNITY _
475/poster_87589/program.aspx

Fig. S3. Neutrophil/platelet aggregates in patients with
granulomatisis with polyangiitis and healthy controls.
Neutrophils/platelet aggregates were analysed in fresh-

Circulating mtDNA in GPA

sampled sodium citrate blood. Neutrophils were gated
based on forward-/side-scatter and CD16-positive stain-
ing. Neutrophil-platelet aggregates index was calculated as
a percentage of CD16/CD42a-positive cells to total num-
ber of neutrophils (CDI16-positive). Results were pre-
sented at the 9th International Congress on
Autoimmunity, 26-30 March, Nice, France 2014. Abstract
available online at: http://autoimmunity.meetingxpert.net/
AUTOIMMUNITY_475/poster_87588/program.aspx
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