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ABSTRACT

There is accumulating evidence that pro-inflammatory features are inherent to mitochondrial DNA and oxidized
DNA species. 8-0x0-7,8-dihydro-2'-deoxyguanosine (8-oxodGuo) is the most frequently studied oxidatively
generated lesion. Modified DNA reaches the circulation upon cell apoptosis, necrosis or neutrophil extracellular
trap (NET) formation. Standard chromatography-based techniques for the assessment of 8-oxodGuo imply
degradation of DNA to a single base level, thus precluding the attribution to a nuclear or mitochondrial origin.
We therefore aimed to establish a protocol for the concomitant assessment of oxidized mitochondrial and nuclear
DNA from human plasma samples. We applied immunoprecipitation (IP) for 8-oxodGuo to separate oxidized
from non-oxidized DNA species and subsequent quantitative polymerase chain reaction (qQPCR) to assign them to
their subcellular source. The IP procedure failed when applied directly to plasma samples, i.e. isotype control
precipitated similar amounts of DNA as the specific 8-oxodGuo antibody. In contrast, DNA isolation from plasma
prior to the IP process provided assay specificity with little impact on DNA oxidation status. We further opti-
mized sensitivity and efficiency of qPCR analysis by reducing amplicon length and targeting repetitive nuclear
DNA elements. When the established protocol was applied to plasma samples of abdominal aortic aneurysm
(AAA) patients and control subjects, the AAA cohort displayed significantly elevated circulating non-oxidized
and total nuclear DNA and a trend for increased levels of oxidized mitochondrial DNA. An enrichment of
mitochondrial versus nuclear DNA within the oxidized DNA fraction was seen for AAA patients. Regarding the
potential source of circulating DNA, we observed a significant correlation of markers of neutrophil activation and
NET formation with nuclear DNA, independent of oxidation status. Thus, the established method provides a tool
to detect and distinguish the release of oxidized nuclear and mitochondrial DNA in human plasma and offers a
refined biomarker to monitor disease conditions of pro-inflammatory cell and tissue destruction.

1. Introduction

crosslinks as well as DNA-protein crosslinks can occur upon oxidative
DNA damage [2].

Life in an oxygenated environment entails damage to organic com-
pounds including DNA [1]. Oxidative damage can occur to all nucleo-
bases but guanine is particularly prone to oxidation [2,3]. 8-0x0-7,
8-dihydro-2-deoxyguanosine (8-oxodGuo) is the most frequently
investigated oxidatively generated lesion [3]. If not repaired, 8-oxodGuo
may cause mutations, since it can erroneously pair with adenine instead
of cytosine [4]. Apart from single base modifications, interstrand

Since reactive oxygen species (ROS) are a central element of our
immune strategy, oxidized DNA is often observed during pathogen de-
fense or in pathological conditions of inflammation. Thus, levels of
circulating oxidized DNA have been assessed in the context of disease.
Serum 8-oxodGuo is elevated in patients with peripheral artery disease
(PAD) compared to healthy controls and is reduced by intake of an
antioxidant supplement [5]. Occurrence and severity of coronary artery
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disease (CAD) are associated with serum 8-oxodGuo levels [6]. More-
over, a meta-analysis confirmed increased blood 8-oxodGuo in patients
with cardiovascular disease (including patients suffering from CAD,
stroke, carotid atherosclerosis and PAD) compared to controls [7]. Apart
from cardiovascular disease, the analysis of circulating oxidized DNA
has further been of interest with regard to neoplastic conditions [8,9],
neurological disorders [10] and autoimmune conditions [11]. Of note,
levels of circulating DNA oxidation products were also shown to be
altered after extensive physical exercise [12].

Various mechanisms may result in the release of oxidized DNA or
nucleotides into circulation. Upon cell death by necrosis or apoptosis,
DNA can be transferred into circulation [13] and apoptotic bodies are
known to carry DNA cargo [14]. Furthermore, DNA contained in exo-
somes is also detectable in plasma [15]. A particular mode of DNA
release has been discovered more recently: Neutrophil extracellular trap
(NET) formation was described as a mechanism to arrest and kill path-
ogens. It is characterized by the expulsion of neutrophil DNA into the
extracellular space, which is decorated with granule proteins, antimi-
crobial compounds and histones [16]. Since ROS production is a central
feature of neutrophil activation and NET formation, NET DNA is prone
to carry oxidative alterations such as 8-oxodGuo [17,18]. While both,
nuclear and mitochondrial DNA may be expelled during NET formation
[17,19], mitochondrial DNA is considered to be more sensitive to
oxidative damage due to lack of protection by histones, lower repair
capabilities and its vicinity to ROS production by the respiratory chain
[17,20,21]. Thus, NET formation can substantially contribute to the
pool of circulating oxidized DNA, in particular of mitochondrial origin.

Of note, most studies investigating oxidized DNA in circulation have
focused on lesions at a single nucleobase level rather than incorporated
into a DNA strand. Standard methods for the assessment of oxidized
nucleobases and their derivatives (including 8-oxodGuo) comprise
various chromatography techniques such as high performance liquid
chromatography (HPLC) or gas chromatography in combination with
electrochemical detection [22] or (tandem) mass spectrometry (MS/MS)
[23,24]. At a single cell level, gel electrophoresis (also termed “comet
assay”) is used in combination with enzymes recognizing oxidatively
generated lesions [25]. Enzyme-based techniques are generally more
sensitive than chromatographic procedures but exhibit a low detection
range [26,27]. Of note, chromatographic methods were found to detect
substantially higher levels of DNA oxidation than enzymatic assays,
indicating susceptibility to spurious base modification during sample
handling [27]. Yet for both, enzymatic and chromatographic ap-
proaches, the inter-laboratory reproducibility is poor as the determined
levels of oxidatively modified DNA may vary up to 10-fold [26,28].
Alternatively, antibody based techniques like immunohistochemistry
[29], immunofluorescence [17,23] and enzyme-linked immunosorbent
assay (ELISA) [5,6,17] have been applied. In a direct comparison,
chromatography based assays were found to be more accurate in
determining urinary levels of 8-oxodGuo than ELISAs, since the latter
revealed a higher level of variability and tended to overestimate abso-
lute contents [30]. Thus, HPLC followed by electrospray ionization and
MS/MS has been proposed for measuring oxidatively generated lesions
[2], but requires specialized equipment and knowledge and does not
allow for the distinction of nuclear versus mitochondrial DNA damage.

There is accumulating evidence that in particular the mitochondrial
DNA and oxidized DNA species trigger pro-inflammatory responses. For
example, intra-articular injection of mitochondrial, but not nuclear
DNA, induces joint inflammation [20]. However, when a single
8-oxodGuo molecule is incorporated into an oligodeoxynucleotide
stretch, this leads to a massive elevation of arthritis frequency compared
to the unmodified molecule [20]. Self as well as foreign DNA molecules
harboring 8-oxodGuo are more easily sensed due to a delayed destruc-
tion by cytosolic DNase III [31]. This results in an enhanced IFN alpha
(IFN-a) response, correlating with the amount of incorporated
8-oxodGuo. Accordingly, oxidized DNA originating from neutrophils
and NETs is proposed to act as a damage-associated molecular pattern
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triggering IFN-a secretion from monocytes, macrophages or dendritic
cells [31,32]. In patients with systemic lupus erythematosus (SLE), the
levels of circulating mitochondrial DNA were found to be significantly
higher than in healthy controls and correlated with disease activity [32].
Lood et al. reported that SLE patients had a higher propensity to expel
NETs enriched in oxidized mitochondrial DNA and that particularly the
oxidized as opposed to the non-oxidized DNA (independent of its nuclear
or mitochondrial origin) had pro-inflammatory i.e. interferogenic ca-
pacity [17].

Considering the increasing number of reports on NET involvement in
cardiovascular, autoimmune, neoplastic and other diseases [33], we
inferred that a reliable and rapid detection method for oxidized nuclear
and mitochondrial DNA in patient blood might lead to biomarkers
suitable for disease monitoring. Thus, we hypothesized that levels of
circulating oxidized DNA are elevated in cardiovascular pathologies
associated with NET formation such as atherosclerosis [34], thrombosis
[35] or abdominal aortic aneurysm (AAA) [36-40]. In this study, we
first aimed to establish a protocol for the concomitant assessment of
oxidized mitochondrial and nuclear DNA from blood specimens. For this
purpose, we adopted a basic protocol applied by Lood and co-workers
for the analysis of 8-oxodGuo positive DNA in culture supernatant of
isolated neutrophils [17] and optimized it for human plasma samples,
discriminating between cell-free oxidized DNA of mitochondrial and
nuclear origin. The final protocol was then applied to plasma samples of
AAA patients and controls and the established levels of oxidized mito-
chondrial and nuclear DNA were compared with markers of neutrophil
activation and NET formation to assess their potential association.

2. Materials and methods
2.1. Cell isolation and cell culture

Neutrophil granulocytes were isolated from ethylenediaminetetra-
acetic acid anticoagulated peripheral blood similar to a previously
published protocol [41] based on density gradient centrifugation with
Histopaque®-1119 (Sigma-Aldrich, St. Louis, MO) and Ficoll®-Paque
Plus (GE Healthcare, Chicago, IL) followed by hypotonic erythrocyte
lysis [42]. Isolated cells were resuspended in phosphate-buffered saline
(PBS) without calcium and magnesium (Thermo Fisher Scientific, Wal-
tham, MA), counted with a Sysmex XN-350 device (Sysmex, Kobe,
Japan) and frozen at —80 °C or immediately subjected to DNA isolation.
The cell line 143B206 served as a classical mitochondrial DNA-less (po)
cell system. Briefly, these cells were originally isolated by King and
Attardi from the parental thymidine kinase-negative (TK™) human os-
teosarcoma cell line 143B (ATCC CRL-8303) grown in the presence of
50 ng/ml ethidium bromide, which inhibits mitochondrial DNA repli-
cation and thus over an extended period of time completely depletes
mitochondrial DNA [43]. Since cells lacking mitochondrial DNA are
auxotrophic, the 143B206 cell line was propagated in the presence of 1
mg/ml sodium pyruvate (Thermo Fisher Scientific) and 50 pg/ml uri-
dine (Merck, Darmstadt, Germany). The parental 143B.TK™ cells served
as mitochondrial DNA positive controls, and cell pellets of 143B.TK™
and 143B.TK™ p° cells (143B206) were applied to subsequent DNA
isolation.

2.2. DNA isolation from cells

DNA isolation, either from 5 x 10° isolated neutrophils, 2.5 x 10°
143B.TK™ cells or 2.5 x 10 143B.TK™ p° cells was performed with
DNeasy Blood & Tissue Kit (Qiagen, Venlo, The Netherlands) applying
the “spin-column protocol for purification of total DNA from animal
blood or cells”. Briefly, cells were resuspended in 190 pl of PBS without
calcium and magnesium, then supplemented with 20 pl of proteinase K
(kit component), followed by 200 pl of buffer AL (kit component).
Samples were incubated for 10 min at 56 °C to allow for cell disruption
and protein digestion. Subsequent to the addition of 200 pl of absolute
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ethanol (Merck), samples were transferred onto DNeasy mini spin col-
umns (kit component). After washing the columns with buffers AW1 and
AW?2 (kit components), neutrophil DNA was eluted by application of two
consecutive fractions of 100 pl of nuclease-free water (NFW, component
of GoTaq® qPCR Master Mix Kit, Promega, Madison, WI) which were
pooled after elution, while DNA from 143B.TK™ cells and 143B.TK™
p° cells was eluted with a single fraction of 100 pl AE buffer (component
of DNeasy Blood & Tissue Kit).

2.3. DNA isolation from plasma

DNA isolation from 190 pl of citrate plasma was performed with
DNeasy Blood & Tissue Kit as specified for cells, but DNA was finally
eluted with 30 pl of NFW or 30 pl of AE buffer when prepared for
immunoprecipitation (IP) or quantitative polymerase chain reaction
(qPCR) analysis, respectively. In either case, the volume was applied
trice to the same spin column to enhance DNA yield. Where indicated,
DNA was isolated from 190 pl of citrate plasma with the alternatively
tested QIAamp DSP DNA Blood Mini Kit (Qiagen) according to the
manufacturer’s microcentrifuge protocol and eluted with 30 pl of buffer
AE (kit component, applied trice).

2.4. Protein G-based immunoprecipitation

Our initial IP protocol mainly followed a previously published
method [17] using a commercially available protein G based IP kit
(Dynabeads™ Protein G Immunoprecipitation Kit, Thermo Fisher Sci-
entific). For each IP, 25 pl (equal to 0.75 mg) of resuspended microbeads
were transferred into a 1.5 ml polypropylene centrifugation tube. With
the support of a magnetic tool (Dynal MPC®-E, Thermo Fisher Scienti-
fic), the buffer was removed and the beads were then coupled with 6 pg
of antibody diluted in 100 pl of antibody binding and washing buffer
(component of Dynabeads™ Protein G Immunoprecipitation Kit). The
following antibodies were used: mouse anti-DNA/RNA damage mono-
clonal antibody (clone 15A3, IgGyp, targeting 8-oxodGuo as well as
8-0x0-7,8-dihydroguanine [8-oxoGua] and 8-0x0-7,8-dihydroguanosine
[8-0xoGuo] [44], no. SMC-155D, StressMarq Biosciences, Victoria,
Canada) or mouse IgGgp, monoclonal isotype control (clone 20116, no.
MABO004, Bio-Techne, Minneapolis, MN). Where indicated, the antibody
was omitted during the binding procedure (for control purposes).
Antibody coupling was performed for 10 min at room temperature under
constant rotation. The unbound material was then removed and the
beads were washed three times with 100 pl of washing buffer (compo-
nent of Dynabeads™ Protein G Immunoprecipitation Kit), followed by
one wash with 100 pl of antibody binding and washing buffer. Sample
(190 pl of citrate plasma or isolated neutrophil DNA) was subjected to
immunoprecipitation in two consecutive steps: First, 95 pl of sample
were added to the beads and IP was performed for 2 h under constant
rotation (with an additional, brief manual resuspension after 1 h). The
unbound material was then collected in a fresh centrifugation tube while
the remaining 95 pl of sample were added to the same microbeads. Now
IP was performed overnight at 4 °C under constant rotation (with an
additional resuspension after 2 h). The unbound material was again
removed and combined with the unbound fraction of the first IP round
(for subsequent isolation of the non-oxidized DNA). Finally, the beads
were washed three times with 100 pl of washing buffer. To avoid
interference from plastic-bound DNA, the microbeads were transferred
into a new centrifugation tube with 100 pl of fresh washing buffer. The
supernatant was again removed and the beads were resuspended with
190 pl of PBS without calcium and magnesium and immediately sub-
jected to DNA isolation (of the oxidized DNA fraction).

2.5. Streptavidin-based immunoprecipitation

An alternative method of immunoprecipitation based on biotin-
conjugated antibodies was established. For each IP, 25 pl (equal to
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0.25 mg) of resuspended Pierce™ Streptavidin Magnetic Beads (Thermo
Fisher Scientific) were transferred into a 1.5 ml polypropylene centri-
fugation tube. With the support of a Dynal MPC®-E magnetic device, the
buffer was removed and the beads were washed three times with 150 pl
of self-prepared binding/wash buffer. Binding/wash buffer was
composed (as recommended in the Pierce™ Streptavidin Magnetic
Beads datasheet) of 25 mM tris(hydroxymethyl)aminomethane, 150 mM
NacCl, 0.1% TWEEN® 20 and adjusted to pH 7.2 with hydrochloric acid
(all reagents by Merck). Prepared beads were then coupled with 5 pg of
antibody diluted in 100 pl of binding/wash buffer. The following anti-
bodies were applied: biotinylated mouse anti-DNA/RNA damage
monoclonal antibody (clone 15A3, IgGap, no. SMC-155D-BI, StressMarq
Biosciences) or biotinylated mouse IgGy, monoclonal isotype control
(clone MPC-11, no. HI1023, Hycult Biotech, Uden, The Netherlands).
Where indicated, the antibody was omitted during the binding proced-
ure (for control purposes). Antibody coupling was performed for 60 min
at room temperature under constant rotation with additional manual
resuspension every 20 min. The non-bound material was then removed
and the beads were washed once with 150 pl of binding/wash buffer.
Sample (isolated DNA diluted in 190 pl PBS without calcium and mag-
nesium) was added and the IP was performed under constant rotation in
two steps, as specified for the protein G based IP procedure. The un-
bound material (non-oxidized DNA) was transferred to a fresh centri-
fugation tube for subsequent DNA isolation. The collected beads were
washed three times with 150 pl of binding/wash buffer. To avoid
interference from plastic-bound DNA, the microbeads were transferred
to a new centrifugation tube with 150 pl of fresh binding/wash buffer.
The supernatant was again removed and the beads were resuspended
with 190 pl of PBS without calcium and magnesium and immediately
subjected to isolation of the oxidized DNA fraction.

2.6. DNA isolation from IP material

DNA isolation from antibody/bead-bound (i.e. the oxidized or 8-
oxodGuo positive DNA fraction) and unbound (i.e. the non-oxidized or
8-oxodGuo negative DNA fraction) IP material was performed with
DNeasy Blood & Tissue Kit (Qiagen, Venlo, The Netherlands) as speci-
fied for cells, taking the following details into account. After addition of
absolute ethanol, the microbeads in the antibody/bead-bound fraction
were separated from the liquid using a Dynal MPC®-E magnetic device.
Oxidized and non-oxidized DNA was eluted with 30 pl of buffer AE
which was applied trice to the same spin column to optimize yield.

2.7. Quantitative polymerase chain reaction

Nuclear and mitochondrial DNA sequences were detected and
quantified by means of SYBR Green based qPCR using GoTaq® qPCR
Master Mix Kit (Promega) as follows. Unless otherwise stated, 2 pl of
eluted DNA as template were mixed with GoTaq® qPCR Master Mix (kit
component, 1x final concentration), CXR reference dye (kit component,
0.3 pM final concentration), appropriate forward and reverse primers
(see Supplementary Table 1 for sequences and final concentrations) and
NFW (kit component) in a total volume of 20 pl per reaction. No tem-
plate control (NTC) samples, omitting template DNA, were additionally
assayed on each plate. All primers were synthesized by Eurofins Geno-
mics (Ebersberg, Germany) in HPLC-purified quality. Samples were
distributed into MicroAmp™ Fast Optical 96-Well Reaction Plates
(Thermo Fisher Scientific) and sealed with MicroAmp™ Optical Adhe-
sive Film (Thermo Fisher Scientific). Real-time detection of amplified
DNA was performed with a 7500 Fast Real-Time PCR System (Thermo
Fisher Scientific) equipped with 7500 software version 2.3 (Thermo
Fisher Scientific) using the following settings: 2 min at 50 °C, then 10
min at 95 °C followed by 45 cycles, each consisting of 15 s at 95 °C plus
1 min at 60 °C. To assess amplicon uniformity, melting curves were
recorded upon slow and gradual heating from 60 °C to 95 °C. Reaction
conditions resulting in PCR products with an aberrant melting profile (i.
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e. with a peak shift or two or more peaks) were excluded from further
analysis. To obtain cycle threshold (ct) values, the threshold was
manually set to 0.1 ARn for each applied primer pair. For primer
characterization, slope and regression coefficient (R2) were calculated
with serially diluted isolated neutrophil or plasma DNA templates using
7500 software (Thermo Fisher Scientific). Primer efficiencies were
calculated according to the following equation (1):

@

Unless otherwise stated, the relative content of detected nuclear or
mitochondrial DNA sequence was calculated according to the following
equation (2):

Primer efficiency = 10~ (1/slop®)

ct calibrator — ct sample (2)
During protocol optimization, the calibrator ct was arbitrarily set to
40.0, whereas for the observational AAA study, the ct value of an in-
ternal calibrator (applied to each qPCR plate) was used to determine the
normalized amount of oxidized and non-oxidized mitochondrial and
nuclear DNA. Thus, by definition, the internal calibrator was set to a
DNA content of 1.0 while samples displaying no amplification were set
to 0.0. Total DNA amounts (of either mitochondrial or nuclear origin)
and the percentage of oxidized DNA were calculated according to the
following equations: total amount of DNA = normalized amount of
oxidized DNA + normalized amount of non-oxidized DNA; percentage of
oxidized DNA = (normalized amount of oxidized DNA/total amount of
DNA) x 100. To set the oxidized mitochondrial and nuclear DNA into
relation, the following formula was applied: ratio = percentage of
oxidized mitochondrial DNA/percentage of oxidized nuclear DNA.

DNA content = primer efficiency

2.8. Preparation of internal calibrator

With regard to the observational AAA study, an internal calibrator
was prepared for DNA content calculation and for normalization be-
tween different qQPCR plates. To this end, DNA was isolated from citrate
plasma of 20 different AAA patients. The DNA was pooled and stored at
—80 °C in appropriate aliquots until further use. The internal calibrator
was applied to each qPCR plate.

2.9. Observational AAA study design

Thirty-nine advanced AAA patients without surgical aneurysm repair
(recruited at the Vascular Surgery outpatient clinic of the University
Hospital Vienna) and 39 controls (recruited among General Surgery,
Urology and Ophthalmology patients presenting for routine examina-
tions) were included into an observational case-control study between
2014 and 2016. Patients and controls were matched for sex, age, body
mass index (BMI) and smoking habit. Maximum aortic diameter of AAA
patients was determined by computed tomography angiography scan,
whereas the absence of AAA in controls was verified by ultrasound ex-
amination. The study was approved by the institutional ethics commit-
tee of the Medical University of Vienna (license number 1729/2014) and
registered at https://www.researchregistry.com (unique identifying
number 7647). Written informed consent was given by all study par-
ticipants prior to blood withdrawal and their demographics were
recorded by means of a structured questionnaire. The study was per-
formed in accordance with the principles of the Declaration of Helsinki
and the STROBE guidelines.

2.10. Plasma preparation and assessment of neutrophil markers

Upon study inclusion, citrate anticoagulated peripheral blood was
collected and processed within 60 min. To obtain platelet-free plasma,
blood was centrifuged twice (1000xg followed by 10 000xg, both 10
min at 4 °C) and stored at —80 °C in aliquots. Plasma myeloperoxidase
(MPO, Human Myeloperoxidase Quantikine ELISA Kit, Bio-Techne) and
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DNA-histone complexes (Cell Death Detection ELISA, Merck) were
assessed according to the manufacturer’s recommendations. Plasma
neutrophil elastase (NE) and neutrophil gelatinase-associated lipocalin
(NGAL) levels were quantified with the Human Sepsis Magnetic Bead
Panel 3 (EMD Millipore, Billerica, MA) in a Luminex MagPix instrument
(Thermo Fisher Scientific). Citrullinated histone H3 (citH3) was
measured as previously reported [45,46]. Biochemical blood parameters
were determined by the University Hospital Vienna routine laboratory.
Differential blood count was assessed with a Sysmex XN-350 device.

2.11. Statistical analysis

With regard to the observational AAA study, nominal variables are
indicated as counts and percent of sample group. They were statistically
evaluated for differences by means of Chi square or Fisher exact test.
Continuous variables are presented with median and interquartile range
(IQR) and were assessed with non-parametric tests (i.e. Mann-Whitney U
test with respect to group comparisons and Spearman’s coefficient rg for
correlations). Continuous variables are depicted with boxplots (visual-
izing group comparisons) or scatterplots (visualizing correlations). To
analyze the diagnostic biomarker value of the investigated DNA pa-
rameters for the presence of AAA in relation to other co-morbidities,
multivariable analysis (binary logistic regression, method Enter) was
performed by including all variables with a significance level <0.1 in
univariable analysis. Statistical evaluation was conducted with SPSS
Statistics 27.0 software (IBM, Armonk, NY) and statistical tests were
reported as significant when a two-sided p-value <0.05 was calculated.

3. Results

3.1. IP-based detection of oxidized DNA in human plasma requires DNA
purification prior to immunoprecipitation

We aimed to establish an IP-based method for the detection of 8-
oxodGuo carrying DNA in human plasma and subsequent distinction
of mitochondrial versus nuclear origin by qPCR. While a previously
published protocol with protein G coated microbeads for neutrophil
supernatants [17] was readily applicable to isolated neutrophil DNA
(Supplementary Figs. 1a and b), assay specificity was lost for plasma
samples (Supplementary Figs. 1c and d), as isotype antibody or uncou-
pled beads precipitated comparable (and very low) amounts of DNA as
the 8-oxodGuo antibody. Similarly, a streptavidin-biotin based system
for the immobilization of IP antibodies to the solid phase did not elim-
inate the unspecific precipitation of plasma DNA by control antibody or
uncoupled beads (Supplementary Figs. 2a and b). Furthermore, the
specific detection of oxidized DNA was lost when isolated neutrophil
DNA was spiked into human plasma (Supplementary Figs. 2c and d). As
little as 10% (v/v) plasma impaired the detection of oxidized neutrophil
DNA and the effect was particularly pronounced for mitochondrial DNA
(Supplementary Figs. 2e and f). However, the detection of oxidized DNA
could be rescued by isolation of DNA from plasma prior to the immu-
noprecipitation procedure: When isolated neutrophil DNA was spiked at
high levels into human plasma and then subjected to re-extraction, the
detected percentage of oxidized mitochondrial DNA was stable and the
absolute amount and percentage of oxidized nuclear DNA were only
minimally increased (Fig. 1, Supplementary Table 2). Of note, the pu-
rification of DNA from plasma resulted in a detectable loss of mito-
chondrial DNA, which was comparable for neutrophil DNA incubated
with plasma overnight or immediately subjected to re-extraction (Fig. 1,
Supplementary Table 2). Application of different IP buffer systems did
not affect the DNA oxidation status but also documented that mito-
chondrial rather than nuclear DNA was partly lost during the IP pro-
cedure (Supplementary Table 3).
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Fig. 1. DNA oxidation is moderately affected by
exposure to plasma. Streptavidin coated microbeads
were coupled with biotinylated antibodies against 8-
oxodGuo. DNA was isolated from neutrophils and
1000 ng were directly subjected to the IP process
(Ne). Alternatively, 1000 ng of isolated neutrophil
DNA were added to citrate plasma (final plasma
concentration: 84% [v/v]) and re-extracted after
overnight incubation (Ne + P O/N) or immediately
after mixing (Ne + P IM). The retrieved material
(584 ng or 535 ng DNA for Ne + P O/N or Ne + P IM,
respectively) was subjected to the streptavidin-based
IP protocol. Precipitated (8-oxodGuo positive frac-
tion) and non-precipitated (8-oxodGuo negative
fraction) material underwent a further round of DNA
isolation and subsequent qPCR with primers targeting

16S and 18S. A) The normalized amount of oxidized DNA or b) the percent oxidized DNA is illustrated. Mean + SD represent technical qPCR replicates (n = 3). RU,

relative units.

3.2. Sensitive detection of nuclear and mitochondrial DNA from human
plasma is facilitated by short gPCR amplicons and repetitive DNA elements

Since nuclear and mitochondrial DNA fragments in plasma are
reportedly short [47,48], we aimed to improve detection sensitivity by
reducing amplicon length and altering target gene sequences in qQPCR
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analysis. Originally, primer sets for 16S and 18S ribosomal RNA were
adopted from a published protocol [17] covering DNA sequences of 103
and 151 bp, respectively and exhibiting moderate primer efficiencies in
the range of 1.7. Among the tested alternatives for mitochondrial genes
(MT-CO2, MT-ND5), in particular the primer set for MT-ND5 displayed
increased sensitivity compared to 16S detection (Supplementary
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Fig. 2. Sensitive detection of nuclear and mito-
chondrial DNA from human plasma is facilitated
by short qPCR amplicons and repetitive DNA el-
ements. A-d) DNA was isolated from 190 pl citrated
plasma and harvested in 30 pl buffer. Plasma DNA
was subjected to serial 10-fold dilution and 2 pl of
each dilution were applied in qPCR analysis. A rela-
tive plasma DNA concentration of 100 000 refers to
undiluted plasma DNA. Mean + SD of biological
replicates (n = 2) are depicted. Comparison of a) 50
nM 16S and 200 nM MT-NDS5 primers, b) 50 nM 18S
and 200 nM ALU-112 primers, ¢) DNeasy Blood &
Tissue Kit (standard DNA isolation) and QIAamp DSP
DNA Blood Mini Kit (proposed for improved short-
fragment DNA isolation) in conjunction with 200
nM MT-ND5 primers, d) DNeasy Blood & Tissue Kit
and QIAamp DSP DNA Blood Mini Kit in conjunction
with 200 nM ALU-112 primers. Note that data points
of the two DNA isolation variants overlap in ¢ and
d and that SDs are barely visible in a-d due to their
small values. E) and f) Streptavidin coated microbe-
ads were coupled with biotinylated antibodies against
8-oxodGuo, isotype control or were left uncoupled
(no antibody). IP was performed according to the
streptavidin-based protocol with DNA isolated from
190 pl of citrated plasma. Mean + SD represent bio-
logical replicates (n = 4). E) The normalized amount
of oxidized DNA or f) the percent oxidized DNA is
illustrated. Note that the y-axis in e) is depicted as a
logarithmic scale. RU, relative units.
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Table 1) with a target sequence of 55 bp and optimal primer efficiency
around 2.0 for both, isolated plasma DNA and neutrophil DNA (Sup-
plementary Tables 4 and 5). As mitochondrial DNA has also been inte-
grated into the nuclear chromatin during evolution [49], primers
targeting mitochondrial fragments may erroneously co-amplify nuclear
sequences of mitochondrial origin (numts). We compared our selected
MT-NDS5 primer set to a number of primers reported to either exclusively
detect mitochondrial DNA (HMTDNA, MT-ND1-1 and MT-ND5-1) or to
co-amplify nuclear DNA fragments (MT-ND1-2 and MT-ND2) [50,51].
Signals from 143B.TK~ p° cells devoid of mitochondrial DNA were low
with the MT-ND5 primer set and were comparable to other primers
selectively detecting mitochondrial DNA but not numts (Supplementary
Fig. 3).

Amplification of highly repetitive sequence stretches proved best for
the detection of nuclear DNA. When target sequences in the COL1A1
promoter, TP53 promoter, LINE-1 ORF2 and Alu elements were assessed
(Supplementary Table 1) the ALU-112 primer set with primer efficiency
at 1.9 (Supplementary Tables 4 and 5) and amplicon length of 112 bp
was highly sensitive in nuclear DNA detection and showed best speci-
ficity in terms of background signal and melting profile.

In a direct comparison of the 16S/MT-ND5 and 18S/ALU-112 primer
sets with serial dilution of plasma DNA, the newly adapted primers
outperformed the original 16S/18S set in primer efficiency as well as
detection sensitivity of mitochondrial and nuclear DNA over a 1000-fold
dilution range (Figs. 2a and b and Supplementary Table 5). Of note,
samples containing <0.1% (v/v) of plasma DNA or samples without
template (NTC) resulted in aberrant ALU-112 amplicons with a higher
melting temperature, thus necessitating the inclusion of melting profiles
in the analysis (Supplementary Fig. 4).

Sensitivity of mitochondrial or nuclear sequence detection could not
be further enhanced by applying a specialized plasma DNA isolation
method previously reported for improved recovery of short DNA frag-
ments [48] (Figs. 2c and d).

Finally, we combined the established streptavidin-based IP proced-
ure for oxidized DNA and the optimized qPCR detection of nuclear and
mitochondrial DNA in the assessment of plasma samples from four
distinct donors. The final protocol allowed for the specific detection of
oxidized DNA (without unspecific binding to isotype control coated or
uncoupled beads) and the discrimination of nuclear versus mitochon-
drial origin (Figs. 2e and f).

3.3. Non-oxidized nuclear DNA rather than oxidized mitochondrial DNA
reflects increased NET formation in AAA patients

Since NET formation is a hallmark of AAA and is associated with the
release of DNA, we aimed to compare the levels of oxidized mitochon-
drial and nuclear DNA to markers of neutrophil activation and NET
formation in 39 AAA patients and 39 controls. The study cohorts were
group-matched for age, sex and smoking status. The significantly higher
prevalence of AAA in men compared to women [52] was reflected in the
patient cohort (95%) and was matched by the controls (87%). The
groups further showed a comparable frequency of co-morbidities such as
PAD, stroke, myocardial infarction, diabetes mellitus and nephropathy
(Tables 1 and 2). However, the cohorts presented significantly different
with regard to hypertension, hyperlipidemia, coronary heart disease and
chronic obstructive pulmonary disease (COPD). Of note, AAA patients
and controls showed a comparable profile of routine blood parameters
(including C-reactive protein) except for the established AAA marker
D-dimer, which was highly elevated (Table 2).

IPs for oxidized DNA were performed in groups of 6 plasma samples
(three AAA patients and three controls to minimize bias due to experi-
mental variability). An internal calibrator was applied to each qPCR run
and presented highly reproducible throughout the entire set of experi-
ments: cT values of the internal calibrator for MT-ND5 and ALU-112
primer ranged at 22.88 + 0.04 and 14.06 + 0.05 (mean + SD, n = 13),
respectively. Efficiencies for MT-ND5 and ALU-112 primers were
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Table 1
Patient and control demographics: categorical variables.
Characteristic Control (N = AAA (N = P-value
39) 39)
N (%) N (%)
Sex
Female 5 (12.8%) 2 (5.1%) 0.431
Male 34 (87.2%) 37 (94.9%)
Smoker status

Never 9 (23.1%) 3 (7.7%) 0.077

Past 18 (46.2%) 16 (41.0%)

Current 12 (30.8%) 20 (51.3%)
Hypertension 24 (61.5%) 33 (84.6%) 0.022
Hyperlipidemia 12 (30.8%) 33 (84.6%) <0.001
Peripheral artery disease 4 (10.3%) 7 (17.9%) 0.329
Coronary heart disease 4 (10.3%) 14 (35.9%) 0.007
Myocardial infarction 3 (7.7%) 9 (23.1%) 0.060
Stroke 4 (10.3%) 2 (5.1%) 0.337
Diabetes mellitus 4 (10.3%) 8 (20.5%) 0.209
COPD 5 (12.8%) 14 (35.9%) 0.018
Nephropathy/renal cysts 7 (17.9%) 12 (30.8%) 0.187
Tumor or tumor treatment within the 2 (5.1%) 0 (0.0%) 0.247

last year”

Chronic inflammatory disease” 3 (7.7%) 0 (0.0%) 0.120
Neurologic disorder® 1 (2.6%) 2 (5.1%) 0.500
Autoimmune disease’ 2 (5.1%) 1 (2.6%) 0.500
Hematological disease® 0 (0.0%) 1 (2.6%) 0.500
AAA family history

No 35 (89.7%) 34 (87.2%) 0.602

Yes 4 (10.3%) 4 (10.3%)

Unknown 0 (0.0%) 1 (2.6%)

AAA morphology

Saccular 9 (23.1%)

Fusiform 24 (61.5%)

Excentric 2 (5.1%)

Unknown 4 (10.3%)

ILT presence

No 1 (2.6%)

Yes 35 (89.7%)

Unknown 3 (7.7%)

AAA, abdominal aortic aneurysm; COPD, chronic obstructive pulmonary dis-
ease; ILT, intraluminal thrombus. P-values according to Chi square or Fisher
exact test are indicated. Please note that these patient and control cohorts have
also been investigated in the context of other studies with respect to distinct
explorative parameters [45,53,82].

@ Colorectal cancer, prostate cancer.

b Rheumatoid arthritis, chronic hepatitis B, psoriasis.

¢ Parkinson’s disease, polyneuropathy.

4 Hashimoto’s thyroiditis, psoriasis.

¢ Monoclonal gammopathy of undetermined significance.

determined using the internal calibrator as 1.998 and 1.934, respec-
tively, which is comparable to the values established with plasma DNA
during the IP optimization process (see Supplementary Table 5). These
efficiencies were applied for calculation of oxidized (8-oxodGuo posi-
tive) and non-oxidized (8-oxodGuo negative) mitochondrial and nuclear
DNA content normalized to the internal calibrator.

Based on MT-ND5 detection, we observed borderline significance for
elevated levels of oxidized mitochondrial DNA in plasma of AAA pa-
tients compared to controls (p = 0.053), whereas the amount of non-
oxidized and total mitochondrial DNA did not differ. Of note, the pro-
portion of oxidized to non-oxidized mitochondrial DNA was also com-
parable between groups (Fig. 3a—d, Supplementary Table 6). For nuclear
DNA, the amount of circulating non-oxidized (p = 0.007) and total (p =
0.010) DNA presented significantly increased in AAA patients (Fig. 4a
and c, Supplementary Table 6). In contrast, the amount of oxidized DNA
was comparable between groups, resulting in a lower proportion of
oxidized nuclear DNA in AAA patients than controls (p < 0.001, Fig. 4b
and d, Supplementary Table 6). However, when the percentages of
oxidized mitochondrial and nuclear DNA were set in relation, we
observed significantly elevated values for AAA patients, which can be
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Table 2

Patient and control demographics: metric variables.
Characteristic Control (N =39) AAA (N =39) P-value

Median (IQR) Median (IQR)

Age [years] 68.0 (13.3) 71.2 (10.7) 0.877
Body mass index [kg/m?] 26.5 (5.5) 27.8 (5.5) 0.845
White blood cells [G/1] 5.70 (2.10) 6.40 (2.00) 0.092
Lymphocytes [G/1] 1.70 (0.70) 1.60 (1.00) 0.216
Monocytes [G/1] 0.50 (0.20) 0.50 (0.30) 0.896
Neutrophils [G/1] 3.60 (1.50) 3.90 (1.40) 0.182
Red blood cells [T/1] 4.72 (0.73) 4.57 (0.76) 0.287
Hemoglobin [g/dl] 14.20 (2.40) 14.60 (2.20) 0.675
Hematocrit [%] 42.00 (6.20) 41.50 (6.50) 0.996
Platelets [G/1] 174.00 (73.00) 155.00 (88.00) 0.143
C-reactive protein [mg/dl] 0.27 (0.47) 0.30 (0.39) 0.261
Fibrinogen - Clauss [mg/dl] 379.50 (102.00) 394.00 (129.00) 0.819
D-dimer [pg/ml] 0.48 (0.51) 1.27 (1.65) <0.001

Maximum AAA diameter [mm]
Aneurysm volume [cm®]
Maximum ILT diameter [mm]
ILT volume [cm®]

55.85 (11.25)
140.36 (79.63)
20.90 (10.40)
74.69 (83.38)

AAA, abdominal aortic aneurysm; ILT, intraluminal thrombus; IQR, inter-
quartile range.

P-values according to Mann-Whitney U test are indicated. Please note that these
patient and control cohorts have also been investigated in the context of other
studies with respect to distinct explorative parameters [45,53,82].

translated into an enrichment of mitochondrial versus nuclear DNA
within the oxidized DNA fraction in AAA patients (p < 0.001, Fig. 4e,
Supplementary Table 6). Interestingly, amounts of circulating plasma
mitochondrial and nuclear DNA did not correlate, regardless of their
oxidation status (Supplementary Table 7).

To test for potential confounders, we first conducted a univariable
analysis by binary logistic regression for the investigated plasma DNA
parameters as well as for patient co-morbidities and various other de-
mographic variables (Supplementary Table 8). Parameters with a sig-
nificance level <0.1 were entered in multivariable analysis. Of note, the
percentage of oxidized nuclear DNA (Table 3) and the ratio of oxidized
mitochondrial to nuclear DNA (Table 4) prevailed as independent pre-
dictors for the presence of AAA along with hyperlipidemia and COPD.
Comparably, non-oxidized nuclear (Supplementary Table 9) and total
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nuclear DNA (Supplementary Table 10) showed borderline significance
with p-values of 0.051 and 0.054, respectively, while oxidized mito-
chondrial DNA had no independent diagnostic marker value (Supple-
mentary Table 11).

We additionally assessed markers of neutrophil activation (NGAL,
NE, MPO) and NET formation (DNA-histone complexes and citH3) and
tested for association with the measured DNA parameters. As we have
previously reported [45,53], plasma levels of MPO and citH3 were
significantly elevated in AAA patients compared to controls, whereas
NGAL, NE and DNA-histone complexes were equally distributed be-
tween the investigated groups in this study (Supplementary Table 6).
MPO as well as citH3 significantly and strongly correlated with nuclear
DNA, regardless of its oxidation status (Fig. 5, Supplementary Table 7).
For mitochondrial DNA, we observed a low but significant correlation
with MPO independent of the DNA oxidation status whereas circulating
citH3 showed no association with mitochondrial DNA (Supplementary
Table 7).

4. Discussion

In this study, we established a protocol for the analysis of oxidized
(8-0xodGuo positive) DNA from human plasma samples applicable for
the discrimination between mitochondrial and nuclear origin. In the
optimized procedure, DNA was first isolated from plasma, was then
subjected to streptavidin-based IP with biotinylated antibodies targeting
8-oxodGuo and subsequently analyzed by qPCR with primers covering
mitochondrial (MT-ND5) or nuclear (ALU-112) DNA elements. Impor-
tantly, immediate immunoprecipitation of oxidized DNA from crude
plasma failed, i.e. lacked specificity. The initial protein G based IP
approach proved not advisable, as the interaction between protein G and
the target antibody is reversible and likely replaced by the about 400-
fold excess of immunoglobulin G in human plasma. Similarly, plasma
biotin may interfere with antibody-coupled biotin in binding to
streptavidin-coated microbeads and sample dilution cannot resolve the
issue, since 10% (v/v) of plasma was found sufficient to abrogate assay
specificity. Instead, isolation of plasma DNA prior to IP presented as an
option to circumvent these complications, provided that the isolation
process per se does not modify the DNA oxidation status. It has previ-
ously been demonstrated that — depending on the sample matrix and

Fig. 3. The oxidized fraction of mitochondrial

1.69 = 1.6 =
a p=0134 b p=0053 DNA shows a trend for higher levels in plasma of
g 1.49 —t— g‘ 1.49 — AAA patients. A-d) DNA was isolated from plasma,
= 1.29 = 1.27 . processed according to the streptavidin-based IP
§5 1.01 <& 1.0] protocol and the mitochondrial DNA content relative
g s g & s g to the calibrator was quantified by qPCR analysis
gé ) N %E ’ with primers targeting MT-ND5. The normalized
29 6] . T S 61 : ¢ amounts of a) non-oxidized and b) oxidized as well as
é A ° é 4 ¢) total mitochondrial DNA and d) percent oxidized of
E o E o total mitochondrial DNA are illustrated. Boxplots and
o % o p-values according to Mann-Whitney U test are indi-
' T r ' T T cated (n = 39 per group). RU, relative units.
control AAA control AAA
C 30 d eo =
p=0.113 p=0.457
>'2.51 —— s
a 25 S ot
< " =z 607
— 0.©
88 151 S8 40] :
° 8
S 10 2% ¢
£ L 8 8 k]
8 OE 201
T 5 ; 3
.01 01
control AAA control AAA

100



H. Hayden et al.

Free Radical Biology and Medicine 206 (2023) 94-105

Fig. 4. The amounts of non-oxidized and total
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Multivariable analysis (binary logistic regression, method Enter) of AAA pres-
ence including the percentage of oxidized nuclear DNA and co-morbidities with
p < 0.1 as listed in Supplementary Table 8.

Multivariable analysis (binary logistic regression, method Enter) of AAA pres-
ence including the ratio of oxidized mitochondrial to nuclear DNA and co-
morbidities with p < 0.1 as listed in Supplementary Table 8.

Parameter p- Exp 95% CI 95% CI Parameter p-value Exp 95% CI 95% CI
value (B) Lower value Upper value (B) Lower value  Upper value
Percent oxidized of total 0.007 0.763 0.628 0.927 Ratio of oxidized 0.011 2.094 1.186 3.697
nuclear DNA mitochondrial to nuclear

Ever smoked 0.084 4.937 0.806 30.25 DNA

Hypertension 0.439 1.978 0.351 11.15 Ever smoked 0.088 4.925 0.790 30.70
Hyperlipidemia 0.003 8.660 2.087 35.94 Hypertension 0.305 2.445 0.444 13.47
Coronary heart disease 0.281 4.259 0.305 59.47 Hyperlipidemia 0.014 5.956 1.432 24.77
Myocardial infarction 0.318 0.215 0.011 4.387 Coronary heart disease 0.230 5.025 0.359 70.30
COPD 0.038 4.775 1.089 20.94 Myocardial infarction 0.237 0.157 0.007 3.370
Constant 0.787 0.638 COPD 0.040 4.798 1.073 21.45

Constant <0.001 0.001

CI, confidence interval; COPD, chronic obstructive pulmonary disease; DNA,
deoxyribonucleic acid; Exp(B), odds ratio.

DNA isolation method - the extent of DNA-incorporated 8-oxodGuo may
be substantially increased [22]. In our protocol, we avoided critical steps
of DNA manipulation known to generate artificially high levels of
8-oxodGuo such as the application of phenol, lengthy proteinase K
digestion and air-drying of DNA [54-56]. Various measures have been
suggested to diminish adventitious DNA oxidation during extraction
from cells such as the pre-isolation of nuclei, the addition of desfer-
rioxamine or 2,2,6,6-tetramethylpiperidine-N-oxyl to extraction buffers
and the application of sodium iodide for DNA precipitation [57,58].
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CI, confidence interval; COPD, chronic obstructive pulmonary disease; DNA,
deoxyribonucleic acid; Exp(B), odds ratio.

Furthermore, isolation of at least 30-50 pg DNA was recommended to
minimize spurious DNA oxidation [27,59]. In comparison, plasma DNA
is very dilute but does not necessitate harsh extraction methods, i.e.
circulating cell-free DNA is retrieved by a rapid column-based tech-
nique, immediately followed by the immunoprecipitation step. In
addition, the IP buffer may influence the DNA oxidation status: Cell
culture media components — in contrast to PBS — can form ROS, in
particular in the presence of light [60]. However, in our set of



H. Hayden et al.

Free Radical Biology and Medicine 206 (2023) 94-105

a 3.01 b o C 3.01
- A4 o o
_ 25 N ° . ol ° r,=0.581 _ 25 . ©
=) R 5 = N R
%2.0— u%no— 8 p <0.001 E%zo— °
w2 r,=0.663 8= 08 8 5 ° S = =
g815 . o > <0.001 SF 087 2o o ®E15( ., .o r,=0.668
=0 P . E=re | o e ? o
] 8 5 & .06 " £ p <0.001
<@ - <@ & ° o . 8
S 10 o, o &° 5o 8310
E o . S 04] ozt S oo
= 5 8055 ° = o = 5 62 o8 ° °
5 of ° 3 g 2 1 3
ogg%D 021 & °§a§% &%
0] 001 0]
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
MPO [ng/ml] MPO [ng/ml] MPO [ng/ml]
d 3.01 e o f a0
e A4 o °
251 . ° . ! ’ ’ 251 o e
=) . 512 =) o o
& 201 X 10 ° e S 501 o
52 8= 8 ° 52
§61s5 - . ° =069 -T2l I gBs ., -
N © °  p<0.001 5§ 06 o500, 5810 o o [5=0.69%
o I o° ) 0.3 > o [<ire 1 oo
2 IS 2 04 o an.¥ g, ry = 0.692 2 S p < 0.001
Bl aEeTaele 021 % p < 0.001 51 S aamafe.lo
B & Erp o L
01 001 01
200 400 600 800 200 400 600 800 200 400 600 800

Citrullinated histone H3 [ng/ml]

Citrullinated histone H3 [ng/ml]

Citrullinated histone H3 [ng/ml]

Fig. 5. Plasma MPO and citH3 correlate with nuclear DNA irrespective of oxidation status. DNA was isolated from plasma, processed according to the
streptavidin-based IP protocol and the nuclear DNA content was quantified by qPCR analysis with primers targeting ALU-112. MPO and citH3 were assessed by
ELISA. Correlations between MPO and a) total nuclear DNA, b) oxidized nuclear DNA or c) non-oxidized nuclear DNA as well as between citH3 and d) total nuclear
DNA, e) oxidized nuclear DNA or f) non-oxidized nuclear DNA are visualized by scatterplots and expressed by Spearman’s coefficients rs and p-values (n = 77 for

MPO, n = 76 for citH3). RU, relative units.

experiments, the applied IP buffer had a minor impact on the 8-oxodGuo
content and mitochondrial DNA even demonstrated the lowest amount
of oxidation after IP in RPMI 1640 medium. Importantly, by spiking
partially oxidized DNA into plasma samples, we confirmed that the
plasma matrix and the DNA isolation process had little influence on the
DNA oxidation status. Thus, we concluded that DNA isolation from
plasma serves to circumvent the detrimental effect of the plasma matrix
on the IP process without artificially increasing the 8-oxodGuo content.
The optimized IP protocol was confirmed with plasma from four donors
and showed negligible unspecific DNA binding to isotype control coated
or uncoupled beads.

Compared to a previously published protocol [17], we further
increased the sensitivity of qPCR-based detection of circulating mito-
chondrial and nuclear DNA by decreasing the amplicon length and by
targeting highly repetitive nuclear DNA sequences as previously sug-
gested [61]. The initially applied 16S and 18S primer pairs proved
suboptimal as they covered rather large sequence stretches (103 bp and
151 bp, respectively) when compared to plasma cell-free DNA frag-
ments: The predominant portion of circulating nuclear DNA ranges be-
tween 130 and 200 bp (peaking at 166-167 bp) and plasma
mitochondrial DNA was reported to be even smaller, peaking at 42 bp,
90 bp or 140 bp, depending on the applied detection method [47,48].
Thus, qPCR sensitivity for mitochondrial and nuclear DNA could be
improved by application of the selected MT-ND5 and ALU-112 primers,
which also exhibited primer efficiencies superior to the initial 16S and
18S primer sets. When titrating the starting material, i.e. the isolated
plasma DNA by 1:1000, the specific signal and NTC background for
ALU-112 were set apart by about 8 qPCR cycles, which translates to a
maximum of 0.4% of background noise adding to the specific plasma
DNA signal. Furthermore, the unspecific reactions yield qPCR products
with aberrant melting profile, i.e. can be easily detected. Of note,
background signals upon amplification of ALU sequences are common
and were suggested to be inherent to qPCR components rather than an
air-borne, user- or equipment-derived contamination [61-63]. With
regard to mitochondrial DNA, “unspecific” signals could potentially
arise from primer sets erroneously co-amplifying numts. When we tested
the chosen MT-ND5 primer pair with DNA isolated from 143B.TK™
p° cells (lacking mitochondrial DNA) versus parental 143B.TK ™ cells we
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found that signal interference from numts was low and comparable to
primer sets reportedly being highly specific for mitochondrial
sequences.

Standard chromatography methods detect oxidative DNA alterations
on a nucleobase level. Thus, assessment of base lesions within DNA
strands requires the breakdown of DNA into single bases by acid or
enzyme [23,64]. With these methods, it is not possible to trace circu-
lating cell-free oxidative DNA modifications to a nuclear or mitochon-
drial origin. We thus adopted an antibody-based IP step to first separate
oxidized from non-oxidized DNA fragments and then applied qPCR to
allocate these fragments to their subcellular source. Of note, concerns
have been raised regarding the applicability of immunological methods
for the detection of oxidized DNA as the reported antibodies may exhibit
cross-reactivity with the parental or other modified bases at the expense
of assay specificity [2,3]. With regard to the clone applied in this work
(15A3), apart from 8-oxodGuo, the antibody also recognizes 8-oxoGua
(the oxidized free base) and 8-oxoGuo (the oxidized RNA-incorporated
base) [44], thus potentially occupying binding capacities during IP.
However, by the preceding DNA isolation, the oxidized free base is
efficiently removed and in the subsequent qPCR step, RNA molecules are
not amplified, hence not contributing to the obtained signal. Binding
affinities of 15A3 to 8-oxodGuo versus the parental 2-deoxyguanosine
(dGuo) are in the range of roughly 7000:1 [44], which also argues for a
very low probability of IP “contamination” by non-oxidized plasma DNA
fragments.

The determined percentages of oxidized nuclear (median 12.6%) and
mitochondrial (median: 49.4%) plasma DNA may appear high, since
human tissue levels of 8-oxodGuo were quantified in the range of
approximately 1-1000 lesions per 10 dGuo, depending on the studied
tissue and applied method [22,65,66]. Since plasma serves as a pool
collecting DNA from cells undergoing apoptosis, necrosis or NET for-
mation, it is likely to be enriched in damaged molecules. In addition,
8-oxodGuo is not generated or degraded in circulation in substantial
amounts [67], further suggesting that the determined plasma levels of
oxidized DNA are reflecting tissue sites of cell destruction and release of
modified DNA.

There are a few reports introducing other techniques for the detec-
tion of 8-oxodGuo bearing DNA and the attribution to a nuclear or
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mitochondrial origin. Lin et al. subjected isolated tissue or leukocyte
DNA to digestion with 8-oxoguanine glycosylase, thus removing 8-oxo-
Gua which decreases amplification efficiency in subsequent qPCR
analysis. The A ct difference between digested and untreated DNA
served as measure for the amount of oxidative DNA damage [68,69].
Another method utilized “chemical tagging”, i.e. customized probes
targeting 8-oxodGuo to pull down oxidized DNA for qPCR analysis [70].
In contrast to our antibody-based approach, these probes are not readily
available. Additionally, both methods have not been applied to plasma
samples and it remains to be elucidated whether they would be suitable
for the direct analysis of plasma compared to isolated DNA.

Finally, we applied our optimized protocol for the concomitant
assessment of oxidized nuclear and mitochondrial DNA to compare
plasma levels in AAA patients and healthy (non-AAA) controls. While
non-oxidized and total nuclear DNA was significantly elevated in cir-
culation of aneurysm patients, levels of non-oxidized or total mito-
chondrial DNA did not differ between groups. Yet, there was a trend for
increased plasma concentrations of oxidized mitochondrial DNA in the
AAA group, and we found a higher proportion of plasma mitochondrial
DNA to be oxidized compared to nuclear DNA. In line with previous
reports, the elevated level of oxidized mitochondrial DNA would be
considered a pro-inflammatory driver of chronic disease [17]. Of note,
plasma levels of mitochondrial and nuclear DNA did not correlate,
irrespective of their oxidation status, probably indicating their differ-
ential release or clearance from circulation. Similarly, a correlation of
circulating mitochondrial and nuclear DNA was absent in a cohort of
patients with prostate cancer and benign disease [71]. However, plasma
levels of nuclear (but not mitochondrial) DNA correlated strongly with
markers of neutrophil activation and NET formation in our study, which
indicates that the majority of circulating nuclear DNA likely emanates
from sites of inflammatory cell destruction such as the aneurysmatic
lesion.

The study groups were matched for three variables known to affect
oxidized or mitochondrial DNA levels (age [72-74], sex [72,75] and
smoking habit [76,77]) and were equally distributed for co-morbidities
reported to be associated with 8-oxodGuo levels such as PAD [5], stroke
[78] and diabetes mellitus [79,80]. However, they presented signifi-
cantly different with regard to other conditions that may shape the
circulating profile of oxidized DNA like hypertension, hyperlipidemia,
coronary heart disease and COPD. Multivariable analysis revealed that
the percentage of oxidized nuclear DNA and the ratio between percent
oxidized mitochondrial to nuclear DNA (along with hyperlipidemia and
COPD) were independent predictors of AAA presence. It should be
emphasized that it was indeed the circulating, non-oxidized nuclear
DNA that was highly increased in aneurysm patients, thus resulting in a
lower proportion of oxidized nuclear DNA and a predominance of
oxidized mitochondrial versus nuclear DNA fraction. These relative
scores proved to be more sensitive in multivariable analysis to
discriminate between AAA patients and healthy controls than the
measured amount of non-oxidized (or total) nuclear DNA. Yet, the latter
reached borderline significance in this explorative setting and would
certainly constitute the more readily assessable parameter, i.e. should
also be included in a further validation study with a larger patient and
control collective.

Although the proposed protocol proved highly sensitive and specific,
some limitations must be taken into account. First, since primers for
amplification of nuclear DNA target repetitive sequences (Alu elements
cover approximately 10% of the human genome [81]) as opposed to
primers targeting mitochondrial DNA, the calculated amounts of circu-
lating nuclear and mitochondrial DNA cannot be set into relation and
thus do not reflect their actual in vivo proportion. Second, based on the
assumption that oxidized DNA binds to the IP antibody irrespective of
the quantity of incorporated 8-oxodGuo, this technique gives no infor-
mation regarding the degree of oxidation of individual DNA stretches.
Third, the data do not provide information regarding the cellular source
of plasma DNA. Although correlations with other blood parameters may
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offer indications, they are no proof for a causal relation. Fourth, while
spiking of partially oxidized DNA into plasma samples indicated little
changes during sample preparation, we cannot exclude spurious DNA
oxidation by the established procedure. Yet, the high degree of DNA
oxidation recorded for circulating, cell-free DNA in plasma might
explain a lower impact of oxidation artefacts introduced during in vitro
manipulation.

5. Conclusions

In summary, the developed method is suited for biomarker applica-
tions, i.e. to relatively compare oxidized circulating cell-free DNA be-
tween patient groups or in longitudinal patient monitoring. The protocol
enables researchers to quantitate levels of circulating oxidized DNA in
human plasma samples (in relation to calibrators or controls) and to
determine the nuclear or mitochondrial origin. Since mitochondrial
DNA and oxidized DNA species exhibit pro-inflammatory features, while
nuclear DNA predominantly reflects cell death and tissue destruction,
the differential assessment of circulating DNA species and their oxida-
tion status provides more detailed information and a tool to monitor
disease burden and activity.
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Abbreviations

16S MT-RNR2/mitochondrially encoded 16S ribosomal RNA
18S RNA18S5/18S ribosomal RNA 5

8-oxodGuo 8-0x0-7,8-dihydro-2-deoxyguanosine

8-oxoGua 8-0x0-7,8-dihydroguanine

8-oxoGuo 8-0x0-7,8-dihydroguanosine

p° mitochondrial DNA-less

AAA abdominal aortic aneurysm

ALU ALU element

BMI body mass index

CAD coronary artery disease

CI confidence interval

citH3 citrullinated histone H3

COPD  chronic obstructive pulmonary disease
ct cycle threshold

dGuo 2'-deoxyguanosine
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DNA deoxyribonucleic acid
ELISA  enzyme-linked immunosorbent assay
Exp(B) odds ratio
HPLC high performance liquid chromatography
IFN-a interferon alpha
ILT intraluminal thrombus
1P immunoprecipitation
IQR interquartile range
MPO myeloperoxidase
MS mass spectrometry
MS/MS tandem mass spectrometry
MT-ND5 mitochondrially encoded NADH:ubiquinone oxidoreductase
core subunit 5
NE neutrophil elastase
NET neutrophil extracellular trap
NGAL  neutrophil gelatinase-associated lipocalin
NFW nuclease free water
NTC no template control
numts  nuclear sequences of mitochondrial origin
PAD peripheral artery disease
PBS phosphate buffered saline
qPCR quantitative polymerase chain reaction
R? regression coefficient
ROS reactive oxygen species
Ig Spearman’s coefficient
RU relative units
SLE systemic lupus erythematosus
TK™ thymidine kinase-negative
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