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Abstract: Although it is widely accepted that cancer-derived extracellular vesicles (EVs) carry DNA
cargo, the association of cell-free circulating DNA (cfDNA) and EVs in plasma of healthy humans
remains elusive. Using a physiological exercise model, where EVs and cfDNA are synchronously
released, we aimed to characterize the kinetics and localization of DNA associated with EVs. EVs
were separated from human plasma using size exclusion chromatography or immuno-affinity capture
for CD9+, CD63+, and CD81+ EVs. DNA was quantified with an ultra-sensitive qPCR assay targeting
repetitive LINE elements, with or without DNase digestion. This model shows that a minute part of
circulating cell-free DNA is associated with EVs. During rest and following exercise, only 0.12% of
the total cfDNA occurs in association with CD9+/CD63+/CD81+EVs. DNase digestion experiments
indicate that the largest part of EV associated DNA is sensitive to DNase digestion and only ~20%
are protected within the lumen of the separated EVs. A single bout of running or cycling exercise
increases the levels of EVs, cfDNA, and EV-associated DNA. While EV surface DNA is increasing,
DNAse-resistant DNA remains at resting levels, indicating that EVs released during exercise (ExerVs)
do not contain DNA. Consequently, DNA is largely associated with the outer surface of circulating
EVs. ExerVs recruit cfDNA to their corona, but do not carry DNA in their lumen.

Keywords: extracellular vesicles; exosomes; cell-free DNA; extracellular DNA; corona; intraluminal;
physical exercise; vesicular genomic DNA; human plasma

1. Introduction

All cells of the human body are constantly and actively releasing a large amount of
molecular material into the extracellular space. Directly or indirectly, those extracellular
molecules can interact in signaling pathways having crucial roles in the development of
homeostasis and the coordination of physiological processes [1]. Acute physical exercise is
a relevant stressor to disrupt homeostasis and trigger the release of a plethora of molecules
into the circulation. A single bout of exercise affects thousands of molecules which orches-
trate biological processes including energy metabolism, oxidative stress, inflammation,
growth factor response, as well as other regulatory pathways [2]. Next to the release of pro-
teins, collectively referred as secretome [3], nucleic acids including DNA [4–6], and RNA [7]
are released under resting conditions and increase during exercise [2,8–10]. Circulating cell-
free DNA (cfDNA) is mainly released from cells of the hematopoietic lineage, at rest [11,12],
and during exercise [13]. cfDNA shows a typical fragmentation pattern, with a peak at
~166 bp representing a stretch of DNA wrapped around a nucleosome connected to hi-
stone 1, which protects DNA from nuclease degradation [14]. Additionally, it has been
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suggested that cfDNA is associated with extracellular vesicles (EVs) to be protected from
degradation [1,15].

EVs are versatile mediators of cellular communication found in various body fluids,
including blood [16], where their abundance also increases in response to acute physical
exercise (termed ExerVs) [17–19]. In human blood, a heterogeneous mixture of EVs is
present [20,21]. They can be classified due to their cellular origin into microvesicles (MVs,
100–1000 nm in size), which shed from the outer plasma membrane, exosomes (30–100 nm)
with endosomal origin, and apoptotic bodies, which are produced in the process of apop-
tosis and range between 1–5 µm in diameter, though smaller vesicles < 1000 nm are also
released [16]. EVs compose of a phospholipid bilayer membrane that enables protected
transport of bioactive cargo like proteins, lipids, and nucleic acids between cells and tissues
inside the vesicle. Additionally, macromolecules can be attached outside of the EV as part
of the vesicle corona [22,23].

Although recent research indicates that nuclear DNA is a cargo of EVs in cancer,
the association of DNA and EVs in healthy plasma is incompletely understood and contro-
versially discussed (reviewed in [1,15,24]). A number of studies determined the association
in cell culture and tumor models [25–34], as well as human plasma or serum of cancer
patients [35–40], and healthy individuals [26,38,39,41–43]. In studies analyzing serum and
plasma, an EV-associated part of the cell-free DNA of up to 90% has been reported [36,43],
whereas others find only a minor part associated to EVs [37,41], or no DNA in healthy
individuals [39]. These differing observations are likely influenced by the heterogeneity
and the different origin of EVs (cancer patient versus healthy person versus cell culture),
as well as technical disparities of EV isolation and DNA quantification methods.

Separation of EVs from cell culture media or blood plasma is commonly performed
using ultracentrifugation (UC) approaches, polymer-based precipitation, size exclusion
chromatography (SEC), or immuno-precipitation for markers which are present on the vesi-
cle membrane (reviewed in [44]). Isolation by differential UC (dUC), polymer-based
precipitation as well as SEC lead to the co-isolation of high amounts of plasma proteins
and lipoproteins [45]. EV preparations that include density gradient centrifugation using
sucrose or iodixanol lead to high purity and further allows a discrimination of EV sub-
populations, but are laborious and require high sample input [26]. A quick method to
separate EVs from plasma with reduced contamination of plasma proteins and lipopro-
teins is immuno-affinity capture of EVs using magnetic beads coupled to antibodies for
the tetraspanins CD9, CD63, and CD81 [46]. Still, currently no isolation method exists,
that purifies only one EV subtype free of co-isolated non-EV material (protein aggregates,
lipoproteins, etc.), which is especially important when studying EVs and their cargo and
functions in body fluids [45,47].

Here, we elucidate the relationship between cfDNA and EVs under physiological
conditions and following physical exercise. We separate EVs from plasma of exercising
humans, implementing two different EV preparation methods including SEC, and immuno-
affinity capture for CD9, CD63, and CD81. Via ultra-sensitive qPCR, directed against
the repetitive LINE-1 element, DNA amounts in plasma, EV-depleted plasma, and isolated
EVs are determined. Finally, by using DNase I and proteinase K digestion we study
the amount of DNA, which is associated with the EV surface, or enclosed into the vesicular
lumen.

2. Materials and Methods
2.1. Ethics Approval

Healthy human subjects were recruited at the Department of Sports Medicine, Jo-
hannes Gutenberg-University Mainz, Germany. The experimental procedures were ap-
proved by the Human Ethics Committee Rhineland-Palatinate and adhere to the standards
of the Declaration of Helsinki of the World Medical Association. All subjects were informed
about the procedures and the aim of the study and gave written consent to participate.
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2.2. Subjects and Exercise Testing

A total of 10 healthy subjects participated in the study. Exclusion criteria were any
diseases or signs of infections, as well as the use of prescribed medications, including
anticoagulant treatment. Exercise testing was performed in the morning after a minimum
of 8 h over-night fasting. Five of the subjects conducted an all-out incremental exercise test
on a treadmill. One week later the same subjects conducted an all-out incremental exercise
test on a bicycle ergometer. A second cohort of five subjects did an all-out incremental
exercise test on a treadmill only. For the treadmill tests the participants started at a speed
between 4–6 km/h, according to their expected fitness level. Every three minutes the speed
was increased for 2 km/h with 30–45 sec break between each increment. Cycling tests
started at 40 Watt. Every three minutes the load was increased for 40 Watt. The participants
stopped the tests volitionally after exhaustion. After each step the subjects were asked for
their rating of perceived exhaustion (RPE), values between 6–20 were possible [48]. Heart
rate was measured continuously.

2.3. Blood Sample Collection and Plasma Preparation

At rest (Pre), immediately after (Post), and 30’ after the exercise bout venous blood
was collected from the median cubital vein with a Safety-Multifly needle (0.8 × 19 mm)
(Sarstedt, Nümbrecht, Germany) and collected in tripotassium-EDTA covered 7.5 mL
Monovettes (Sarstedt, Nümbrecht, Germany). Platelet-free plasma was prepared within
5 min after blood drawing by two rounds of centrifugation for 15 min at 2500× g at room
temperature [49]. Plasma was aliquoted and kept on ice or +4 ◦C until EV isolation,
to avoid any freezing of the samples. Samples that were used for estimation of total cfDNA
in plasma were stored at −80 ◦C until measurement.

2.4. Extracellular Vesicle Isolation

EVs were purified from plasma either by SEC or immuno-affinity capture followed
by magnetic separation. SEC was performed as described in Brahmer et al., 2019 [17].
Briefly, 2 mL of plasma were layered on a self-made SEC-column (10 mL column volume,
Sepharose CL-2B, Sigma-Aldrich, St. Louis, USA) and a maximum of 24 one ml-fractions
were collected by constantly adding PBS (Figure 1a). A detailed characterization of SEC-EVs
that were similarly separated from plasma of exercising humans, including nanoparticle
tracking analysis and electron microscopy visualization, can be found in our previous
study [17].

For immuno-affinity capture, the Exosome Isolation Kit Pan, human (Miltenyi Biotec,
Bergisch Gladbach, Germany) was used according to the manufacturer’s instructions.
Briefly, 50 µL of a mixture of anti-CD9, anti-CD63, and anti-CD81 magnetic beads were
added to 2 mL of plasma and incubated for 1 h with constant shaking. Subsequently, EVs
were magnetically captured, washed and eluted in a final volume of 100 µL. Immuno-
affinity captured CD9+/CD63+/CD81+EVs as well as EV-rich and EV-poor SEC fractions
were aliquoted and either prepared for Western blotting or treated for cfDNA isolation
and/or measurement as described below. One subject was excluded from the analysis
since EV isolation was markedly impaired: the magnetic bead isolation of the post sample
repeatedly showed low bead recovery, indicated by the color of the eluate. Additionally,
the SEC column clogged during separation.

We have submitted all relevant data of our experiments to the EV-TRACK knowledge-
base (EV-TRACK ID: EV210058) [50].

2.5. Treatment of SEC- or CD9+/CD63+/CD81+EV Samples and DNA Isolation

To study the distribution of cfDNA in the SEC samples and to analyze the susceptibility
to DNase I digestion, 20 µL of SEC samples were either pre-treated for 40 min at 37 ◦C
with DNase I (Roche, Basel, Switzerland) at a concentration of 1 IU/µL, with 10 × Reaction
Buffer, or mock treated with PBS. An amount of 2 µL of the samples were used for direct
measurement of DNA without prior DNA isolation.
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To study the association of DNA and CD9+/CD63+/CD81+EVs as well as the pro-
portional part of DNA which is inside the EVs, the isolated EVs were aliquoted in 20 µL
fractions and treated with or without TritonX100 (TX100; CarlRoth, Karlsruhe, Germany),
proteinase K (CarlRoth, Karlsruhe, Germany), and DNase I (Roche, Basel, Switzerland)
as follows: the samples were preincubated with TX100 (0.5% final) and/or proteinase K
(50 µg/mL final) with CaCl2 (CarlRoth, Karlsruhe, Germany) at a final concentration of
5 mM in PBS (Sigma-Aldrich, St. Louis, USA). All sample were incubated for 30 min at
37 ◦C, shaking at 250 rpm. The proteinase K activity was subsequently inhibited by adding
5 mM phenylmethylsulfonyl fluoride at room temperature. DNaseI at a final concentration
of 1 mg/mL and 10 × DNase reaction buffer were added and the samples were incubated
for 40 min at 37 ◦C with shaking, before DNA isolation using the QIAamp DNA Micro
Kit (Qiagen, Hilden, Germany), according to the manufacture’s recommendations. Briefly,
the samples were filled to 100 µL with buffer ATL, before adding 10 µL proteinase K,
and 100 µL buffer AL. All samples were heat incubated at 56 ◦C for 10 min. An amount of
50 µL EtOH (CarlRoth, Karlsruhe, Germany) was added before the isolation of DNA using
the silica columns. The samples were eluted in a final volume of 20 µL of H2O.

2.6. Western Blotting (WB)

CD9+/CD63+/CD81+EVs or SEC fractions were mixed with WB sample buffer (200 mM
Tris-HCl (pH 6.8); 10% SDS; 0.4% bromophenol blue; 40% glycerol; 400 mM dithiothreitol; non-
reducing conditions for CD9 and CD63 antibodies) and heated for 10 min at 70 ◦C. Volume-
normalized samples were subjected to SDS-PAGE (12% gels) and WB using PVDF-membranes.
Membranes were blocked (4% milk powder and 0.1% Tween in PBS) and incubated with
primary and HRP-coupled secondary antibodies followed by chemiluminescent detection.

The following antibodies and dilutions were used: CD9 (1:2000 dilution, clone
#MM2/57, Merck Millipore, Burlington, USA), CD63 (1:500 dilution, #CBL553, Merck
Millipore, Burlington, USA), CD81 (1:1000 dilution, #B-11, Santa Cruz, Dallas, USA), CD41
(1:1000 dilution, #SZ.22, Santa Cruz, Dallas, USA), ApoA1 (1:200 dilution, #12C8, Santa
Cruz, Dallas, USA), and goat-anti-mouse-HRP (1:10,000 dilution, polyclonal, 115–035-166,
Dianova, Hamburg, Germany).

2.7. Cell-free DNA Measurement

The cfDNA concentration was determined with a quantitative real-time PCR (qPCR)
assay, targeting a hominoid specific 90 bp repetitive DNA element [51]. The repetitive ele-
ment occurs 3416 times in the genome enabling very sensitive and reliable quantification.
The primer sequences are 5’-TGCCGCAATAAACATACGTG-3’ and 5’- GACCCAGCCATCC-
CATTAC -3’ for the forward and reverse primer, respectively. The following cycling conditions
were used with a CFX384 BioRad cycler: 2 min 98 ◦C heat activation, followed by 10 sec 95 ◦C
and 10 sec 64 ◦C for 35 cycles and subsequent melting curve from 70 to 95 ◦C with 0.5 ◦C
increments for 10 sec. Each sample was measured in triplicate of 5 µL with the following final
concentrations: Velocity Polymerase 0.6 U (Bioline, London, UK), 1.2 × Hifi Buffer (Bioline,
London, UK), 0.1 x SYBR Green (Sigma, St. Louis, USA), 0.3 mM dNTPs (Bioline, London,
UK), 140 nM of each primer. An amount of 2 µl of sample was mixed with 13 µl of mastermix.
The amount of DNA was calculated as described in Neuberger et al. [51], and is briefly de-
scribed in Appendix A. Plasma as well as the flow through of the immuno-affinity isolations
were diluted 1:10 in ultra-pure H2O (Invitrogen, Carlsbad, USA) or 1 × PBS (Sigma, St. Louis,
USA). To investigate if immuno-beads in the CD9+/CD63+/CD81+EV samples inhibit qPCR
results, spike-in experiments were performed. Undiluted or diluted mock immuno-affinity
isolates (1:1, 1:5, 1:10) and 1 × PBS were spiked with 200 or 20,000 copies of the L1PA2 target
sequence. A dilution of 1:1 did not show any inhibitory effects and was used as the dilution
of CD9+/CD63+/CD81+EV samples.
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2.8. Data Analysis

The qPCR data was captured with the CFX Manager Software, Version 3.0 (Bio-Rad,
Hercules, USA) and Microsoft® Excel, 2016. Statistical analysis was conducted with R
version 4.0.3, using tidyverse version 1.3.0, and rstatix version 0.6.0 packages. The ggplot2
package version 3.2.2 was used for graphical illustrations. Continuous data was tested
for normal distribution with Shapiro-Wilk test, after log normalization. On a global level
repeated measures ANOVAs, including sphericity test, or the non-parametric Friedman
test were performed. A significant global test was followed by post-hoc t tests, or Wilcoxon
rank-sum tests, for normally or non-normally distributed data, repsectively. p < 0.05 was
considered statistical significant (* = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001).
Pearson correlation test was applied to study associations between normally distributed
data. Otherwise the non-parametric Spearman correlation test was used.

3. Results
3.1. Participants Characteristics and Exercise Performance

Ten participants, including 9 male and 1 female (age: 26.8± 4.49 y, height: 181.65 ± 6.8 cm,
weight: 76.33 ± 8.03 kg, BMI: 23.09 ± 1.61), underwent all-out exercise tests. The five subjects
who performed a repeated exercise test showed a mean of 5.42 min shorter time until exhaus-
tion for the running exercise compared to cycling exercise (p = 0.028, 95% CI = −9.89–−0.94),
with no significant differences between maximal heart rate (p = 0.23), and similar rating of
perceived exertion (see Table 1).

Table 1. Participants characteristics and exercise performance. Values are given in mean (± SD). BMI = body mass index,
RPE = rating of perceived exertion (values between 6 and 20 are possible).

Subjects Age (y) BMI (kg/m2) Exercise Time Until Exhaustion
(min)

Maximal Heart Rate
(1/min) RPE

n = 5 23.8 (±1.47) 22.95 (±1.57) Running 22.96 (±2.56) 193.4 (±2.87) 19.6 (±0.49)
Cycling 28.32 (±3.54) 188.2 (±8.30) 19.8 (±0.40)

n = 5 29.6 (±4.72) 23.56 (±1.06) Running 21.10 (±1.56) 189.8 (±7.08) 18.8 (± 0.40)

3.2. Distribution of EVs and cfDNA in SEC Fractions

To study the distribution of plasma cfDNA in platelet poor plasma after SEC, undiluted
SEC samples were used for qPCR quantification without DNA isolation. WB analysis
(Figure 1b) consistently shows the strongest signals for the genuine EV markers CD9, CD81,
and CD63 in SEC fractions #5 and #6. Similarly, the platelet-derived EV marker CD41b
becomes most detectable in those fractions. Overall, EV markers are detectable in SEC
fractions #4-7, whereas in fraction #7 already a strong ApoA1 signal appears, indicating
a relevant lipoprotein co-isolation. DNA starts to incline in SEC #4, showing the highest
concentration in SEC #9 (Figure 1c). The DNA concentrations display a plateau from SEC
#12 to #15, declining sharply after SEC #16. About 17.2% of the total DNA (38.5 ng) occurs
in the SEC fractions #4-7 while a part of 7.17% occurs in the fractions 5 and 6, which show
highest EV amounts. The major part of cfDNA is found in non-EV SEC fractions and only
a minor part can possibly be associated with EVs.

3.3. DNA Digestion in SEC Fractions

To get an impression about susceptibility of the DNA contained in the distinct SEC
fractions for DNase I digestion, a pre-exercise (Pre) and a post-exercise (Post) plasma
sample were subjected to SEC and treated with DNase I. The total plasma cfDNA concen-
tration increased ~9-fold from 16.65 ng/ml (Pre) to 173.40 ng/ml (Post) during exercise.
The amount of DNA recovered in SEC samples (sum of SEC #1-16) was 16.85 ng in Pre
and 173.4 ng in Post. The distributions of the cfDNA concentrations over the different
SEC samples were highly similar between the Pre and Post samples (r = 0.977; p < 0.001;
Figure 2). In the vesicular fractions (SEC #4-7) 21.61% (Pre) and 24.98% (Post) of the total
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DNA were detected. In the EV-rich fractions (SEC #5 and #6) are 11.49% (Pre) and 13.08%
(Post) of the total DNA. DNAse I treatment slightly decreased the amount of DNA in
fractions #4-7 from 4.03 ng to 2.14 ng in the Pre samples, and from 43.32 to 30.91 ng in
the Post samples. In the remaining SEC fractions, more than 80% of the DNA was digested.
These results indicate that ~70–80% of the total plasma cfDNA in Pre and Post conditions
is not protected from DNase digestion, while the remaining part might be protected either
by EVs or co-isolated lipoproteins or plasma proteins.

Figure 1. Distribution of extracellular vesicles (EVs) and DNA in SEC fractions. (a) Illustration of
size exclusion chromatography (SEC) of plasma. (b) Western blot (WB) analysis of specific SEC
fractions using genuine EV-markers including CD9, CD81, and CD63, as well as platelet specific
marker CD41b, and lipoprotein marker ApoA1. (c) Concentration of DNA in SEC fractions measured
by qPCR. The error bars represent SD of three technical qPCR replicates. The dashed box indicates
SEC fractions containing EVs. The dotted box highlights most EV rich fractions.

Figure 2. Distribution of DNA in SEC fractions with or without DNase I digestion of (a) Pre exercise
plasma sample and (b) Post exercise sample. The DNA concentration was measured with qPCR
without prior DNA isolation. The error bars represent SD of three technical qPCR replicates. Post
exercise values show ~10-fold higher DNA concentrations.
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3.4. DNA Associated with CD9+/CD63+/CD81+EVs

Since EV preparation by SEC is highly susceptible to co-isolate large lipoproteins,
which are associated with extracellular plasma DNA [52], we decided to further study
the association of DNA with EVs prepared by immuno-affinity capture, which shows higher
purity. Figure 3a illustrates capture and magnetic separation of CD9+/CD63+/CD81+EVs
from plasma. WB analysis confirmed the abundance of EV markers (a representative WB is
presented in Figure 3b). Figure 3c displays the amount of DNA in 1 ml of plasma, 1 ml of
flow through (FT), or CD9+/CD63+/CD81+EVs corresponding to 1 ml of plasma. The sam-
ples were taken Pre, Post, and 30´ after exercise, from n = 5 subjects who performed two
repeated exercise tests. Multiple comparison t tests did not show significant differences be-
tween plasma cfDNA and FT cfDNA in any of the time points (P values without adjustment
for multiple comparisons are presented, see Figure 3c). Figure 3e shows the percentage of
EV-associated DNA with the total amount of plasma DNA. Overall, 0.12 ± 0.05 % (median
± SEM) of the total plasma DNA is associated with CD9+/CD63+/CD81+EVs. Specifically,
0.12 ± 0.08 % in the Pre samples, 0.15 ± 0.14 % in the Post, and 0.07 ± 0.02 % in the +30’ sam-
ples. The significant and strong correlation between plasma and CD9+/CD63+/CD81+EV
cfDNA values (Figure 3d) indicates that a higher amount of DNA occurs in association
with EVs if plasma cfDNA levels are higher.

Former studies indicated that different exercise modalities lead to different cfDNA
increases. All-out treadmill running increased cfDNA levels ~10-fold [9,41], whereas
all-out cycling increased plasma cfDNA only ~5-fold [17,53]. To evaluate the influence
of the exercise setting on EV kinetics, five subjects performed each of the exercise tests.
Figure 4 displays the fold changes of cfDNA in plasma and CD9+/CD63+/CD81+EV
associated DNA, as well as WB results for CD9 and CD41b. Two-way repeated measures
ANOVA indicated that plasma cfDNA levels differ significantly between time points and
between exercise modalities running and cycling (F(2,8) = 14.55, p = 0.002). After cycling
the cfDNA increased 4.06-fold. Running led to a 12.38-fold increase from Pre to Post
(p = 0.013). The CD9+/CD63+/CD81+EV associated DNA increased significantly over time
(F(2,6) = 28.67, p < 0.001), showing no differences between running and cycling (F(1,3)
= 2.12, p = 0.242). Hence, in both cases the EV associated DNA increased similarly after
running (fold change = 4.64) and cycling (fold change = 4.25). Likewise, for WB analysis of
EV markers (CD9, CD41b, CD81) no significant difference was found between the exercise
modalities, whereas the markers showed significant changes over time (CD9: F(2,8) = 13.04,
p = 0.003; CD41b: F(2,8) = 15.38, p = 0.002; CD81: F(2,8) = 1.58, p = 0.021). The results confirm
an increase of cfDNA and EVs after exercise. Notably, cfDNA concentration increases
stronger after running compared to cycling, whereas no influence of the exercise setting
was detectable on EV release and EV associated DNA, confirming independent release
mechanisms [41].
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Figure 3. DNA associated to CD9+/CD63+/CD81+EVs. (a) Illustration of extracellular vesicle (EV)
immunobead isolation (anti-CD9/CD63/CD81). (b) Western blot detection of EV proteins CD9,
CD81, CD63, as well as platelet specific marker CD41b. (c) Amount of DNA in plasma, flow through,
and CD9+/CD63+/CD81+EVs. The values represent the amount of DNA from 1 ml of plasma.
(d) Correlation between DNA amount in plasma and DNA amount of CD9+/CD63+/CD81+EVs.
(e) Percentage of CD9+/CD63+/CD81+EV DNA in relation to the total DNA amount in plasma.
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Figure 4. cfDNA and CD9+/CD63+/CD81+EVs kinetics in running versus cycling. The fold-changes
of plasma cfDNA and CD9+/CD63+/CD81+EVs DNA, detected with qPCR, and fold changes of
CD9+/CD63+/CD81+EVs, represented by CD9 and CD41b Western blot analysis, in running and
cycling exercise are illustrated. The labels represent selected comparisons between time points
and exercise modalities, reflecting unadjusted p-values (* = p < 0.05, ** = p < 0.01, *** = p < 0.001,
**** = p < 0.0001). ns: not significant.

3.5. DNA Cargo of EVs

To study the proportion of DNA which is associated with the EV surface or pro-
tected within the lumen of EVs, CD9+/CD63+/CD81+EVs were treated as illustrated in
Figure 5a, with or without DNase, and, in combination with protease or TX100. Subse-
quently, the DNA was isolated using an isolation kit. DNase treatment should reduce
the major part of DNA on the surface of EVs; however, a more efficient degradation could
be reached in the presence of proteases that hydrolyse DNA-bound proteins [54]. A first
comparison of DNase treated or untreated Pre and Post samples (Figure 5b) shows that
the total amount of DNA increases significantly from Pre 9.51 (±2.69) ng/mL to Post 77.37
(±37.41) ng/mL (mean ± SEM). Notably, the DNase treated Pre and Post values do not
differ significantly, showing similar DNA concentrations with Pre 3.61 (±4.28) and Post 2.26
(±1.50) ng/mL. This indicates that the cfDNA, which increased in response to exercise, is as-
sociated with the surface of EVs, susceptible for DNase digestion. As shown in Figure 5c,d,
the DNase treatment reduced the amount of DNA in the Pre exercise samples from 9.51
(±5.39) ng/mL (100%) to 3.60 (±2.14) ng/mL (43.88%). DNase and protease reduced
the concentration to 1.50 (±0.39) ng/mL (20.11%). TX100 and DNase treatment enabled
the digestion of almost all DNA, reducing the value to 0.23 (±0.02) ng/ml. The results indi-
cates that ~20% of the EV associated DNA are within the lumen of the EVs. The treatment
with TX100 and protease without DNase showed similar results, compared to the untreated
condition (7.85 ± 2.29 ng/mL, equaling 84.5%). In the Post samples (Figure 5e,f) the DNase
digest showed that almost all DNA is sensitive to DNase digestion, reducing the DNA
concentration down to 4.47% of the total EV associated DNA. Notably, in the Post samples
the treatment condition protease with DNase showed slightly higher values than DNase
alone (4.97 ± 1.12 and 2.26 ± 0.75 ng/mL, respectively). Additionally, in the TX100 and
DNase treated samples remaining DNA was detected (3.27 ± 1.91 ng/mL), which might
indicate that the DNase treatment did not work efficiently in the Post samples, which have
about 8-fold higher DNA values compared to the Pre samples.
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Figure 5. DNA cargo of CD9+/CD63+/CD81+EVs. (a) Illustration of different digestion strategies.
(b) Comparison of Pre and Post samples with or without DNase I digestion. Unadjusted t test results
are displayed. Absolute and relative concentration of the Pre samples (c,d) and Post samples (e,f).
Error bars indicate mean ± SEM. The dashed black line indicates the limit of detection (LOD) of
the qPCR.

4. Discussion and Conclusions

In spite of the great interest for cfDNA [55] and EVs [56] in the field of liquid biopsy,
the association of the two entities has not been studied extensively [1,15,56]. Especially
the association of DNA and EVs in the plasma of healthy human individuals remained
elusive. Here we made use of acute exercise as a physiological model to study the con-
comitant release and relationship between EVs and cfDNA in the circulation. The results
demonstrate that only a minute part of cfDNA is associated with EVs in human plasma.
EV-associated DNA is largely associated with the surface as part of the corona and only
found in trace amounts in the EV-lumen. Using a highly sensitive qPCR, we found a small
amount of DNA in the lumen of immuno-affinity captured CD9+/CD63+/CD81+EVs,
which was protected from DNase digestion. CfDNA and EVs both increase during exercise,
whereas the cfDNA increase appears to occur completely independent of EVs and DNA is
attached to the EV surface. Since the DNase-resistant fraction of EV-associated is constant
from pre to post exercise, we conclude that the ExerV subpopulations do not contain
luminal DNA. This indicates that EVs are no source of DNA during exercise. Moreover,
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potential EV mediated signaling during exercise is most likely not facilitated by luminal
DNA cargo. However, the increased levels of ExerV surface DNA might impact their
physiological properties.

We found that under physiological conditions only ~0.12% of the total plasma DNA
is associated with CD9+/CD63+/CD81+EVs (Figure 3e). Of this part, ~20% are protected
within the lumen of the EVs indicated by DNAse digestion experiments (Figure 5). These
results are in line with several previous findings on the association of DNA to EVs. In 2015,
we studied the amount of extracellular DNA in plasma and EV sub-populations isolated by
dUC [41], where most of the plasma DNA was detected in the supernatants after centrifuga-
tion. In 10,000× g pellets about 4.67% of the DNA occurred, representing the DNA in larger
MVs and apoptotic bodies. In the UC small EV pellet 3.94% of the DNA occurred. An addi-
tional DNase digestion of the pellet led to further reduction to 0.94%, which indicated that
~23% of the EV associated DNA was protected from degradation. Similarly, Lázaro-Ibáñez
et al., found DNA associated with low density and high density small EV populations
prepared by density gradient centrifugation, which was mostly associated with the vesicle
surface [37]. Only 20.9% or 3% of the DNA of human erythroleukaemia cell (TF-1) or
human mast cell (HMC-1) derived EVs were protected from DNase digestion, respectively.
Further, Fischer et al. found about one quarter of the DNA within the small EVs released
from human mesenchymal stromal cells [28]. These results collectively indicate that only
a minor part of cell-free DNA is associated to EVs and an even smaller part is actually
transported encapsulated within the EVs.

A high amount of cfDNA cargo might be a characteristic of cancer cell-derived EVs.
A number of studies found DNA in cancer-derived EVs using different separation tech-
nologies including UC [36], dUC [25,40], density gradient centrifugation [37,39], flow field
fractioning [32], as well as nano-flow cytometry [30]. Now it is widely accepted that DNA
is a constituent of EVs in cancer patients [1], whereas DNA is more abundant in large EVs
compared to small EVs [39]. More recent sub-characterization of the cancer small EVs
into exosomal/non-exosomal [57], high density/low density populations [37], or distinct
nanoparticles [33]/exomers [32], further challenges a clear association of DNA in small EVs.
Zhang et al. found DNA associated with small EVs and distinct nanoparticles [33], whereas
Jeppesen et al. did not find DNA in small EVs after DNase digestion [26]. Notably, cancer
cells have a disrupted homeostasis and a direct comparison between so-called oncosomes
and EVs released from healthy cells is hampered [39,40]. Our findings on a very small
amount of DNA associated to EVs in healthy individuals are in line with the hypothesis
that oncosomes are highly dissimilar to EVs in a physiological state.

Next to the cellular origin (cancer vs. healthy) the separation of EVs, as well as
quantification of DNA will affect study outcomes. Contrasting our results, Fernando
et al. described that up to 90% of the plasma DNA is associated with EVs [43]. These
differing results could be due to the choice of chemical precipitation as EV isolation
method. Precipitation based EV separation methods co-isolate a relevant amount of plasma
macrocomplexes including lipoproteins [58,59]. The latter are likewise described to be
carriers of extracellular DNA. About 12% of the extracellular plasma DNA were shown to be
associated to circulating lipoprotein complexes [52]. Hence, the quantified DNA amount in
EV precipitates may overestimate the actual amount of EV-associated DNA. Notably, in our
experiments using SEC for EV preparation not only the fractions showing EV markers
(#4-7) are protected from DNase digestion, but also other fractions are less sensitive to
degradation (e.g. #8/9, Figure 2). This might be a result of DNA association with other
structures including lipoproteins or plasma proteins [60], highlighting the influence of
the method of EV separation from plasma on experimental outcome.

Also, the method of cfDNA analysis is of high importance to study the DNA cargo of
EVs. In a well-designed study, Vagner et al. analyzed the amount of DNA in dUC separated
plasma EVs of 40 cancer patients and a subset of six healthy controls. The researchers
detected 6–7-fold more DNA in large EVs, compared to small EVs of cancer patients. How-
ever, no DNA was detected in EVs separated from 1 ml of plasma from healthy subjects [39].
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Notably, the High Sensitivity (HS) dsDNA Qubit Assay kit was used for DNA detection.
During the handling process the samples are diluted at least 10 times in Qubit®working
solution [61]. The lower detection range of the kit is 1 or at least 0.5 ng/ml, whereas
the values refer to the concentration of the diluted sample. Therefore, the sensitivity of
the measurement device might not be sufficient, to detect the low concentrations of DNA
associated with EVs. In contrast, our DNA quantification relies on a qPCR which amplifies
repetitive DNA elements showing a very high sensitivity [51], which enables to measure
the low DNA concentrations present in EVs.

Despite a similar cellular origin of EVs and cfDNA in blood following exercise suggests
a joint release mechanism, we found further evidence for their independent release. Early
sex-mismatch transplantation models showed that the major part of cfDNA is released
from cells of the hematopoietic lineage [12]. In a similar study design we showed that
hematopoietic cells are the major source of cfDNA during exercise [13]. More recently,
the analysis of the methylation profile of cfDNA shows that about 32% of cfDNA is
derived from granulocytes, 30% from erythrocyte progenitors, 23% from monocytes and
lymphocytes, 9% from endothelial cells, and only 6% from other cells including neurons
and hepatocytes [11], while a sub-characterization for exercise released cfDNA has not
been conducted yet. We and others found that next to muscle cells, platelets, endothelial
cells, and leukocytes, significantly contribute to the pool of EVs released into plasma
following physical exercise (reviewed in [47,62–64]). Like for cfDNA, the underlying
signaling mechanisms are not fully understood, but an association with shear stress and
the activation of coagulative processes are discussed [47]. Since cfDNA and EVs seem to be
released by similar cell types during physical exercise, a joint or related release mechanism
is possible, but remains speculative.

Intriguingly, our results indicate that cfDNA and EVs are not released as a single entity
during exercise but likely associate with each other after their release. This assumption is
based on two findings. First, as expected, the total cfDNA levels increased with a higher
fold change after running exercise compared to cycling exercise (Figure 4). In contrast,
the increase in the amount of DNA associated with CD9+/CD63+/CD81+EVs was similar
(Figure 4). If cfDNA release would occur together with EVs, similar fold changes would
have been expected. Secondly, after DNase digestion, Pre and Post exercise EV samples
(Figure 5b) include a similar amount of DNAse-resistant DNA, although the EV-levels
increase through the release of ExerVs. Indicating, that ExerVs do not contain DNA.
Interestingly, the amount of surface bound DNA increased significantly during exercise,
suggesting that cfDNA after its release is recruited to the EV surface and attached to
the corona. As reviewed by Buzás et al., the EV corona can be physiologically relevant [23].

Overall, our study describes that only a minor part of cfDNA is associated with EVs
in healthy humans. Our findings contrast with a high DNA association with oncosomes
indicating distinct release mechanisms for the EV subtypes of different origin. It is con-
ceivable that the minor and stable fraction of DNA-containing EVs in human plasma
observed in the exercise paradigm reflect the steady state population of apoptotic bodies
in the circulation, expected to contain fragments of DNA and known to remain constant
within the timeframe of acute exercise. Furthermore, ExerVs appear to be free of luminal
DNA. However, a single bout of all-out exercise significantly increases the amount of
DNA bound to the surface of EVs. Surface DNA may well be of physiological significance
for the adaptational processes induced by regular physical exercise, requiring further
investigations to study their functional characteristics. It will be interesting to examine
the specific characteristics of surface-associated and luminal DNA of plasma EVs. Since we
amplified a repetitive element which is distributed throughout the human genome, further
research should emphasize the sequencing of the DNA. Despite only a minor part of DNA
is EV associated, studying intraluminal and surface-bound DNA could reveal valuable
information for the field of liquid biopsy linking EV DNA with physiological properties
such as inflammation.
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Appendix A
To calculate the amount of DNA we utilized a validated qPCR assay [52]. Ahead of

the measurements, the linearity, limit of quantification, and limit of detection of the assay
were established with three independent standard curves. In addition, a set of two reference
samples were validated and are included in each run. The reference samples allow a
calibration to account for inter-plate differences. To calculate the number of molecules in a
5µL qPCR the following formula is applied: 10(Cq – intercept)/slope. The intercept and slope
values are derived from the validated standard curves. Division by 5 results in the number
of molecules per µL. To calculate the number of genome equivalents per ml (GE/mL)
the number of molecules are multiplied with the dilution factor of the sample and divided
by 3416 (the number of hits of the amplified target in the human genome). The resulting
genome equivalents are multiplied with 3.23 pg, the weight of a haploid genome. The full
formula is as follows:

ng/ml =̂ pg/µL = 10(Cq - intercept)/slope / 5 µL / dilution factor of the sample * 3.23 pg / 3416 (A1)
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