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Abstract
Detection of cell-free circulating tumour DNA (ctDNA) and cancer-specific extra-
cellular vesicles (EVs) in patient blood have been widely explored as non-invasive
biomarkers for cancer detection anddisease followup.However,most of the protocols
used to isolate EVs co-isolate other components and the actual value of EV-associated
markers remain unclear. To determine the optimal source of clinically-relevant cir-
culating biomarkers in breast cancer, we applied a size exclusion chromatography
(SEC) procedure to analyse separately the content in nucleic acids of EV-enriched and
EV-depleted fractions, in comparison to total plasma. Both cellular and mitochon-
drial DNA (cellDNA and mtDNA) were detected in EV-rich and EV-poor fractions.
Analysing specific mutations identified from tumour tissues, we detected tumour-
specific cellular alleles in all SEC fractions. However, quantification of ctDNA from
total plasma was more sensitive than from any SEC fractions. On the other hand,
mtDNAwas preferentially enriched in EV fractions fromhealthy donor, whereas can-
cer patients displayedmore abundantmtDNA in total plasma, and equally distributed
in all fractions. In contrast to nucleic acids, using a Multiplexed bead-based EV-
analysis assay, we identified three surface proteins enriched in EVs from metastatic
breast cancer plasma, suggesting that a small set of EV surface molecules could pro-
vide a disease signature. Our findings provide evidence that the detection of DNA
within total circulating EVs does not add value as compared to the whole plasma, at
least in themetastatic breast cancer patients used here. However, analysis of a subtype
of EV-associated proteins may reliably identify cancer patients. These non-invasive
biomarkers represent a promising tool for cancer diagnosis and real-time monitor-
ing of treatment efficacy and these results will impact the development of therapeutic
approaches using EVs as targets or biomarkers of cancer.
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 INTRODUCTION

Studying circulating extracellular vesicles (EVs) and their potential as non-invasive biomarkers in oncology has been the focus of
intense research from both academic and pharmaceutical groups (Hoorn et al., 2005; Skog et al., 2008). EV-associated proteins,
mRNA, miRNA, and even recently DNA have been explored as markers of disease progression, or response to therapy, especially
in cancer, with few successes so far (Daly & O’Driscoll, 2021; Jia et al., 2017; Matsuzaki & Ochiya, 2017). Large tumour-derived
extracellular vesicles (tdEVs) have been shown to have an equivalent prognostic power than circulating tumour cells (CTC) in
castration-resistant prostate cancer (Nanou et al., 2018; Nanou et al., 2020). The same group demonstrated the possibility to
detect HER2 at the surface of tdEVs with the same clinical significance than CTC in metastatic breast cancer patients (Nanou
et al., 2020). This remains to be validated in prospective studies. Detection of a transmembrane glypican (Melo et al., 2015) or
a combination of four transmembrane proteins and four miRNA in serum-derived EVs of pancreatic cancer (Madhavan et al.,
2014), or of two cancer-specific mRNA in urine-derived EVs from prostate cancer patients (Donovan et al., 2015), have been
proposed as reliable markers of advanced cancer but these results await confirmation by other groups. Detection of tumour-
specificmutations in DNA associated with circulating EVs has also been proposed as a source of cancer biomarker (Kahlert et al.,
2014; Lázaro-Ibáñez et al., 2014; Thakur et al., 2014). Interestingly, Lazaro-Ibanez observed different tumour-derived mutations
in DNA associated to different EV subtypes. However, other studies proposed that total plasma DNA combined with mRNA
present in EVs (Krug et al., 2017) or non EV-associated cell free DNA (Klump et al., 2018) are a better source than purified
EVs to identify mutated DNA in lung cancer or melanoma and mastocytosis patients, respectively. Another study showed that
circulating DNA in prostate cancer patients was recovered mainly either in large EVs, or in EV-depleted plasma, rather than in
small EVs (Vagner et al., 2018). More recently, a study showed an equivalent sensitivity for mutation detection from EV-derived
DNA and cell-free DNA in colon cancer (Thakur et al., 2021). The best source of tumour-derived DNAs in blood of patients is
thus still unclear. We recently demonstrated that EVs or exosome preparations can contain co-isolated soluble proteins of serum
or plasma origin, which can thus confound identification of EV-associated biomarkers in blood (Liao et al., 2019). In addition,
it was recently demonstrated that other extracellular nanoparticles (ENP) called exomeres, are co-isolated with EVs and could
contain part of some of the previously thought exosome- or EV-specific components (Jeppesen et al., 2019; Zhang et al., 2018).
Methods to isolate EVs are thus critical for biomarkers analyses in order to decipher the various subtypes of EVs and various co-
isolated components, which hold heterogenous compositions, functional activities and values as biomarkers. These observations
have convinced us of the need to explore systematically themolecular content of EV and non-EV fractions of plasma, to pinpoint
the best EV preparations to use in therapeutic or diagnostic applications.
To examine in which compartmentDNAmolecules are preferentially located and if enrichment of such compartment provides

better sensitivity than analysing unprocessed total plasma, we studied a cohort of plasma samples collected from patients with
metastatic hormono-dependent breast cancer, in which various EVs have been shown to be involved in the progression and
formation of metastases (Lowry et al., 2015). We have successfully applied a size exclusion chromatography procedure to plasma
samples from healthy donors and breast cancer patients to compare molecules associated to EV-enriched or -depleted fractions
with molecules detected in total plasma. Our findings show that the detection of DNAwithin circulating EVs does not add value
compared to whole plasma analysis, at least in the metastatic breast cancer patients used here. However, analysis of a subtype
of EV-associated proteins may reliably identify cancer patients. These non-invasive biomarkers represent a promising tool for
cancer diagnosis and real-time monitoring of treatment efficacy and our results will impact the development of therapeutic
approaches using EVs as targets or biomarkers of cancer.

 MATERIALS ANDMETHODS

. Plasma samples

Blood samples from healthy donors were collected by the French blood establishment (agreement #16/EFS/031) under
French and European ethical practices. Blood samples from women with estrogen receptor-positive (ER+) HER2-negative
(HER2-) metastatic breast cancer (MBC) were collected, after written informed consent, in the frame of the ALCINA study
(NCT02866149). Eligibility criteria were: patients aged ≥18 years with ER+, HER2- MBC, treated at Institut Curie (Paris and
Saint Cloud, France) who progressed under endocrine therapy and for which a treatment with palbociclib and fulvestrant was
being initiated. Tumour response to therapy was assessed at least every 3 months and classified, per RECIST v1.1 criteria, as
complete response (CR), partial response (PR), stable disease (SD) or progressive disease (PD). For each patient, samples were
collected at the time of inclusion before the start of the treatment.
All samples from patients and healthy donors were collected in EDTA tubes and plasma was isolated within 4 h to ensure a

good quality of circulating cell-free DNA (cfDNA). Blood samples were centrifuged at 820 g for 10 min, followed by a second
centrifugation at 16,000 g for 10 min (Table S1) and plasma was stored at −80◦C until use.
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. Size Exclusion Chromatography (SEC)-based separation of EVs from plasma

EVs were isolated from 2ml of plasma using SEC (qEV original 70 nm/Izon). Elution fractions of 0.5 ml were collected. Based on
the Nanoparticle Tracking and Western blot analyses, we further defined three pools of elution fractions: (1) EV-enriched pools
(F7-11), (2) intermediate pools (F12-17), and (3) EV-poor pools (F18-24).

. Western blot and NTA

Western blots (WB) and Nanoparticle tracking analyses (NTA) were performed on ultracentrifugation (UC) pellets (30′ at
100,000 g, TLA-45 rotor) of each SEC elution fraction obtained from 2 ml of healthy plasma, isolated as described above. Pellets
were resuspended in 15 µl of PBS, 13 µl were used forWB, and 2 µl for NTA. NTA was performed using ParticleMetrix ZetaView
PMX-20 with software version 8.04.02. The instrument settings were sensitivity of 75 and shutter of 75. Measurements were done
at 11 different positions (five cycles per position) and a frame rate of 30 frames per second.
WB were performed using Laemmli sample buffer without reducing agent (BioRad). After boiling 5 min at 95◦C, samples

were loaded on a 4–15% Mini-protean TGX-stain free gels (BioRad). Transfer was performed on Immuno-Blot PVDF mem-
branes (BioRad), with the Trans-blot turbo transfer system (BioRad) during 7 min. Blocking was performed during 30 min
with Roche blotting solution in TBS 0.1% Tween. Primary antibodies were incubated overnight at 4◦C and secondary antibodies
(HRP-conjugated goat anti-rabbit IgG (H + L), goat anti-mouse IgG (H + L), goat anti-chicken IgY IgG (H + L) and goat anti-
rat IgG (H + L), Jackson Immuno-Research) during 1h at room temperature (RT). Development was performed using Clarity
western ECL substrate (BioRad) and the Chemidoc Touch imager (BioRad). Antibodies were: mouse anti-human CD63 (clone
H5C6, BDBioscience),mouse anti-humanCD9 (cloneMM2/57,Millipore),mouse anti-humanMHCIHLA-ABC (W6/32, Ther-
moFisher), chicken anti-ApoA1 (#GTX8515, Genetex). Monoclonal rabbit anti-human syntenin was a gift from P. Zimmermann
(CRC Marseille France, and Univ Leuven, Belgium).

. DNA isolation and quantification

cfDNA was isolated from SEC fraction pools using the Qiamp Circulating Nucleic Acid kit (Qiagen) according to the manufac-
turer’s protocol. For each patient or healthy sample, we also isolated cfDNA from 1 to 4 ml of total plasma that did not undergo
SEC, using the same procedure, except for 17 breast cancer samples that were isolated with QIAsymphony DSP circulating kit
(Qiagen) according to the manufacturer’s protocol (this is detailed in Table S1). We have compared the DNA yield efficiency of
total plasma extractedwith the twomethods and did not observe any differences (Figure S1a-c). cfDNA concentrationsweremea-
sured using the High Sensitivity dsDNA Qubit Assay, which is based on a DNA-selective dye that emits fluorescence measured
with the Qubit 2.0 fluorometer (Thermo Fisher). Amplifiable cellular cfDNA (cellDNA) was quantified using a quantitative PCR
(qPCR) assay targeting LINE1 elements. PCR was performed in a 25 µl total volume with the following components: 20 µM of
forward primer (5′AGGGACATGGATGAAATTGG3′), 20 µMof reverse primer (5′TGAGAATATGCGGTGTTTGG3′), 12.5 µl
of 2X Power SYBR Green PCR Master Mix (Thermofisher), 10 µl of molecular biology grade water and 2 µl of DNA input. A
serial dilution of normal human peripheral bloodmononuclear cells (PBMC) DNAwas incorporated in each plate as a standard.
All real-time PCR assays were carried out in a 7900 Fast real-time PCR system (Thermofisher). The reaction wasmonitored with
the following cycling conditions: One cycle at 95◦C for 5 min, followed by two cycles of (95◦C for 10 s, 67◦C for 15 s and, 72◦C
for 15 s), two cycles of (95◦C for 10 s, 64◦C for 15 s and, 72◦C for 15 s), two cycles of (95◦C for 10 s, 61◦C for 15 s and, 72◦C for
15 s), 30 cycles of (95◦C for 10 s, 59◦C for 15 s and, 72◦C for 33 s), and a final cycle of (95◦C for 15 s, 60◦C for 1 min and, 95◦C for
15 s). The baseline and the cycle threshold value (Ct) were set using the Thermofisher software.
Amount of mitochondrial DNA (mtDNA) was determined by qPCR for the human ND5 gene using primers from San-

sone and colleagues (Sansone et al., 2017). To prepare a 25 µl PCR reaction, we used 2X of Power SYBR Green PCR Master
Mix (Thermofisher), 20 µM of forward primer (5′TTACCACCCTCGTTAACCCTAACAAA3′) and 20 µM of reverse primer
(5′TGGGTTGTTTGGGTTGTGGCT3′), 10 µl of molecular biology grade water and 2 µl of DNA input. A serial dilution of total
genomic DNA (including cellDNA and mtDNA), isolated from the MCF7 breast cancer cell line was incorporated in each plate
as a standard. DNAwas amplified with a Quantstudio 5 Real-time PCR system (Thermofisher) with the following program: One
cycle at 95◦C for 10 min, 35 cycles at 95◦C for 15 s, 47◦C for 15 s and 72◦C for 30 s. Results were analysed with the QuantStudio
3 and 5 Real-Time PCR System Software (Thermofisher).

. Tumour DNA quantification by droplet digital PCR

Mutations in primary tumours of each patient were previously characterized by NGS (Darrigues et al., 2021; Jeannot et al.,
2020). Droplet digital PCR (ddPCR) using assays targeting specific mutations (Table S3) identified by NGS were performed
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on cfDNA with the following conditions: 20 µL final volume, including 10 µl of ddPCR Supermix for probes (No dUTP, Bio-
Rad), 900 nM/250 nM of each primer/probe respectively, 5 µl of water and 5 µl of DNA. The mixture was transferred to DG8
cartridge for ddPCR (Biorad) with 70 µl of Droplet GenerationOil. Droplet generation was performed using the Bio-Rad droplet
generator (QX100). The droplets were transferred to a 96-well plate (Bio-Rad) and loaded into the C1000 Touch thermocycler
(Bio-Rad) for PCR amplification according to the following parameters: One cycle at 95◦C for 10 min, followed by 40 cycles
at (94◦C for 30 s, 60◦C for 1 min for PIK3CA mutations or 55◦C for the other mutations) and a final cycle at 98◦C for 10 min.
Droplet fluorescence wasmeasured using QX100 droplet reader and the results were analysed with Quantasoft software (Biorad).

. HCT tumour DNA spiked-in

To validate the tumour DNA quantification assay on SEC fractions of plasma, we used serum-free medium (ATCC-formulated
McCoy’s 5A medium modified) conditioned for 24h by 40.106 HCT116 cells (colorectal carcinoma cell line) and concentrated
to 300 µl by filter-centrifugation on 100 kDa ultrafiltration units (Merck Millipore). We spiked 100 µl of this EV-containing
concentrated conditioned medium (CCM) in 2 ml of healthy donor plasma (previously centrifuged at 820 g and 16,000 g) before
SEC separation and DNA extraction. We then checked if the mutation of interest was detected by ddPCR in plasma.

. Statistical analyses

Friedman tests were used to compare total DNA (Qubit), cellular DNA (cellDNA, LINE-1) and mitochondrial DNA (mtDNA,
ND5) in the various fractions of healthy or breast cancer plasma to allow multiple comparisons between the four fractions.
Mann-Whitney t-tests were used to compare the same fractions of healthy and breast cancer plasma of total DNA, cellDNA
or mtDNA. Welch’s t-tests were used to compare the number of copies (Mut, WT and total) per ml of plasma and the mutant
allele frequencies in each plasma fractions of breast cancer patients. Kruskal-Wallis tests were used to compare healthy versus
breast cancer plasma from patients with different tumour burden or disease progression status (See Table S2 for more details).
Differences between fluorescence intensities of EV surface markers in healthy donors and breast cancer plasma were studied
using Mann–Whitney U tests.

. EV surface protein analysis

We set up a multiplexed analysis of 37 EV surface proteins from EV-enriched SEC fractions, using theMACSPlexExo kit, human
(Myltenyi (Koliha et al., 2016)). Samples were processed according to manufacturer instructions. 1.5 ml plasma biobanked at
−80◦C after 820 g and 16,000 g centrifugation (as described in section “plasma” above), was thawed up at room temperature
before loading on qEV70 “original” (Izon, designed for 0.5 ml samples). Fractions of 0.5 ml were collected and EV-enriched
fractions 7–11 were further concentrated by ultracentrifugation for 30′ at 100,000 g in a TLA 110 rotor (Beckman, Optima TL100
centrifuge) and pellets resuspended in 20 µl PBS were diluted with MACSPlex buffer to a final volume of 120 µL and distributed
in the MACSPlex Filter plate. 15 µL of MACSPlex Exosome Capture Beads were added. Samples were incubated on an orbital
shaker overnight at room temperature protected from light. After washing twice with theMACSPlex buffer, 5 µl of each detection
antibody were added (APC conjugated anti-CD9, anti-CD63, and anti-CD81) and samples were incubated for 1h at RT. Samples
were washed with 200 µl of MACSPlex Buffer. Flow cytometric analysis was performed with a Cytek Aurora with the following
configuration: FSC Threshold 50000, APC Detector Voltage 1100, FITC Detector Voltage 60, PE Detector Voltage 60). FlowJo
software (v10, FlowJo LLC) was used to analyse flow cytometric data. The 39 single bead populations were gated to allow the
determination of the APC signal intensity on the respective bead population. Median fluorescence intensity (MFI) for each
capture bead was background corrected by dividing respective MFI values with matched non-EV controls that were treated
exactly like EV-containing samples. For capture antibodies for which the corresponding isotype control (mIgG1 or REA) was
provided in the kit, a second normalization was performed for each sample, by dividing the normalized MFI of the capture bead
by normalizedMFI of the isotype control. Capture beads coated withmIgG2 antibodies that could not be analysed this way were:
CD1c, CD2, CD3, CD4, CD8, CD11c, CD14, CD49e, CD45. Values were log10 transformed. Only normalized log10 values higher
than 0 were considered as positive.

. Breast cancer classifier based on the ‘outlier’ analysis

For each marker and each breast cancer patient, a distribution was created composed by all the healthy donors’ samples together
with the patient’s sample. For each of these distributions, an outliers detection analysis was performed using the R package
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‘extremevalues’ (van der Loo, 2010) as follows: the distributions were fitted to a theoretical exponential one, deemed closest to
our data points distribution, and the function getOutliersI was used with default parameters (rho = c(1, 1), FLim = c(0.1, 0.9),
distribution = “exponential”) to detect potential outliers. Samples thus flagged as outliers were then translated to true positives
(patients’ samples) and false positives (healthy donors’ samples). Only results originating from distributions fitting with an R2

≥

0.7 were used, to ensure statistically significant outlier detection.

 RESULTS

. Cell free genomic DNA is less abundant in EV-associated fractions than in total plasma

We wanted to determine if DNA molecules circulating in plasma were preferentially found in EV-rich fractions, and if selective
analysis of EV-associated ctDNA provided better sensitivity or specificity than analysis of unprocessed total plasma. We, thus,
implemented a size exclusion chromatography (SEC), which we had used before, to separate EVs from non-EV components in
serum-containing culture medium (Liao et al., 2019). We tested the efficacy of this technique on plasma from healthy donors
centrifuged at 16,000 g, following the standard plasma isolation procedure for cfDNA analysis (Riva et al., 2017). This second
centrifugation is important to eliminate platelets and other cell-derived microparticles (Figure 1a). We counted the number of
particles in each individual SEC fractions by Nanoparticle Tracking Analysis (NTA), which detects particles larger than 60 nm in
diameter, and found three groups of fractions highly enriched in particles: F9, F13-15 and F20 (Figure 1b). Protein composition of
the SEC fractions was analysed by Western blot using antibodies detecting EV-associated transmembrane proteins (CD63, CD9
and MHCI), an EV-enclosed soluble cytosolic protein marker (Syntenin), a high-density lipoprotein (HDL) marker (ApoA1)
which should not be present in EVs, and total proteins (Figure 1c). EV-associated markers were foundmainly in F8-11, whereas a
majority of proteins and ApoA1 were recovered in F18-24. This led us to define three pools of SEC fractions corresponding to (i)
EV-enriched and protein-poor fractions (F7-11: EV fractions), (ii) protein-rich and EV-poor fractions (F18-24: soluble fractions,
which also contain HDL) and (iii) an intermediate pool containing a mixture of EVs and soluble proteins (F12-17: intermediate
fractions) (Figure 1c).DownstreamDNAanalyseswere performedon eachpool of SEC elution fractions in parallel, and compared
to unfractionated total plasma from the same subjects (Figure 1a). We first compared the amount of total circulating cell-free
DNA (cfDNA) extracted from 15 healthy donors and 27 patients with hormone-dependent metastatic breast cancer by Qubit
fluorometer quantification (Figure 1d; Table S1). We observed similar levels of cfDNA in EV fractions of healthy donors and
cancer patients. In contrast, we detected more cfDNA in the intermediate and soluble fraction pools as well as in total plasma
of several breast cancer samples compared to healthy donors (Figure 1d; Table S2). In these breast cancer patients specifically,
we observed a higher cfDNA content in the intermediate fractions, soluble fractions and total plasma than in the EV-enriched
pool. Two healthy donors displayed slightly higher levels of DNA than the average in total plasma, and one in EV fractions. We
further quantified the amount of amplifiable cellular DNA (cellDNA) using a qPCR assay targeting LINE1 elements. In healthy
donors, we could show that cellDNA is depleted from EV-enriched fractions compared to EV-poor fractions (F12-17 and F18-
24). In turn, cellDNA content is lower in EV-enriched fractions than in total plasma (Figure 1e; Table S2). We observed the
same trend in plasma from breast cancer patients, with less cellDNA detected in SEC fraction pools compared to unprocessed
plasma, especially in the EV-associated pool (P< 0.0001 ****, Table S2). However, we also observed that there is statisticallymore
cellDNA in all fractions of breast cancer plasma as compared to healthy donors (P < 0.0001 **** for all four fractions, Figure 1e;
Table S2). Overall, DNA content (total cfDNA or amplifiable cellDNA) detected in the EV-enriched fractions was lower than in
EV-depleted fractions or unprocessed plasma. This shows that the higher levels of circulating cfDNA previously described in
patients suffering from advanced cancer (Chen et al., 2021; Stroun et al., 1987) is not primarily associated to EVs in plasma.

. Quantification of circulating tumour DNA from unprocessed plasma is more sensitive than
from EV-enriched fractions

Even if total cfDNA and amplifiable cellDNA were not particularly abundant in circulating EVs, abnormal physiology of cancer
cells could lead to specific enrichment of tumour-derived DNA in EVs. Therefore, we assessed if tumour alleles were enriched in
EV-associated fractions. To validate the procedure for detecting tumour DNA from the different SEC fractions, we introduced
tumour DNA from HCT116 cells, which carry a PIKCA H1047R mutation, into healthy plasma. To do so, we spiked healthy
plasma with concentrated conditioned medium (CCM) collected from HCT116 cells in culture and processed the reconstituted
plasma by SEC. Tumour DNA copies were quantified with a droplet digital PCR (ddPCR) assay designed to identify the PIKCA
H1047Rmutation. As expected, we specifically detected PIKCAH1047Rmutant copies whenHCT116 CCMwas added, whereas
only WT copies were detected in plain healthy donor plasma (Figure 2a). We observed the same mutant allele fraction (MAF)
in all SEC fraction pools and total plasma. This illustrates that spike-in from CCM, which includes EVs but also cell free DNA
from the cell medium, leads to a homogeneous distribution of mutant DNA in the various SEC fractions.
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F IGURE  Cell free genomic DNA is less abundant in EV-associated fractions than in total plasma. (a). Experimental workflow to separate by
Size-Exclusion Chromatography (SEC) EVs from smaller circulating components in plasma. Western blots (c) and Nanoparticle tracking analyses (b) were
performed on ultracentrifugation (UC) pellets to characterize each elution fraction. Downstream DNA analyses (Figure 1d-e, Figure 2 and 3) were performed
on each pool of fractions (EV-enriched fractions (F7-11), intermediate fractions (F12-17), soluble fractions (F18-24)) and total plasma in parallel. Surface
protein analyses (Figure 4) were performed on EV-enriched fractions. (b). Particle count in each SEC fraction by nanoparticle tracking analysis. One
representative experiment. (c). Protein composition analysis by Western blotting of all SEC fractions showing total proteins, EV-associated markers (three
surface proteins: CD63, CD9 and MHCI, and one soluble cytosolic protein: Syntenin), and an EV-excluded protein (ApoA1). Top and bottom panels are from
two independent experiments, CD9 distribution is shown in both to allow comparison. (d-e). Quantification of total DNA by fluorometric quantitation using
Qubit (d) or amplifiable cellular DNA (cellDNA) using a LINE1 qPCR (e) in EV-enriched (F7-11), intermediate (F12-17) and soluble (F18-24) fractions versus
total plasma in both healthy donors (HD, N = 15, black symbols) and breast cancer patients (BCP, N = 27, orange symbols). Thick black lines show the median
with interquartile range. Orange bars highlight differences among BCP, black bars among HD and grey bars between BCP and HD. Only significant P-values
are indicated, see Table S2 for more details on statistical results

We then quantified the amount of circulating tumour DNA (ctDNA) detected in the three pools of SEC fractions isolated
from plasma of breast cancer patients (N = 27). Here, we targeted known mutations carried by each patient previously identi-
fied from their tumour ((Darrigues et al., 2021; Jeannot et al., 2020), Table S1), using specific ddPCR assays for these mutations
(Table S3; Figure 2b). We detected more copies (WT, mutant or both taken together) in unprocessed plasma than in any SEC
fraction pools (Figure 2c; Table S1). In comparison to EV-enriched fractions, the number of copies detected in unprocessed
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F IGURE  Quantification of circulating tumour DNA from unprocessed plasma is more sensitive than from EV-enriched fractions. (a). Tumour
DNA detection in plasma SEC fractions through PIKCAH1047R mutation analysis by ddPCR. We analysed plain healthy donor plasma (upper panels) or
healthy plasma spiked with concentrated conditioned media (CCM) collected from HCT116 tumour cells (lower panels). MAF: mutant allele fraction, DP:
double positive droplets (WT + PIK3CAMUT), ED: empty droplets. (b). PIKCAmutation detection by ddPCR in plasma SEC fractions from breast cancer
patients. Examples from two different patients with PIKCAH1047R (P#6) or E545K (P#17) mutations. MAF =mutant allele fraction, DP: double positive
droplets (WT + PIK3CAMUT), ED: empty droplets. (c). Number of mutant (MUT), wild-type (WT) or total copies detected by ddPCR in each elution
fraction pools and total plasma (TP) of breast cancer patients (N Patients = 27, N Mutations = 29). pMUT = 0.009, pWT < 0.0001, pTOT < 0.0001. (d). Mutant allele
fractions (MAF) in each SEC elution pool and total plasma (TP) of breast cancer patients (N Patients = 27, N Mutations = 29). Black lines display the means, color
lines SD. The number of samples with MAF = 0% correspond to the samples with no mutations detected in (e). (e). Number of known mutations detected
versus not detected in each SEC fraction pool and total plasma of breast cancer patients (N Patients = 27, N Mutations = 29). The mutations targeted were
previously identified from each patient’s tumour tissues (see Table S1)
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total plasma was statistically significantly higher (Figure 2c; pMUT = 0.009, pWT < 0.0001, pTOT < 0.0001). Additionally, we
observed that the sum of the number of copies detected in the three elution fraction pools was lower than the number of copies
detected in total plasma (Figure S1d). This demonstrates that separation of plasma fractions may result in material loss during
the procedure. Even if the average percentage of mutant alleles did not statistically vary between plasma fractions (Figure 2d),
we observed a greater sensitivity for mutation detection from unprocessed plasma samples (Figure 2e). Moreover, mutation
detection from soluble fractions was more sensitive than from EV-enriched fractions. This indicates that EV fractions are
not particularly enriched in tumour DNA and clearly highlights that processing plasma to isolate SEC fractions leads to loss
of material and does not improve the detection of tumour copies. Overall, in our cohort of breast cancer patients, quantifi-
cation of tumour DNA from total unfractionated plasma shows better sensitivity than quantification from EV-enriched SEC
fractions.

. Isolation of plasma EVs does not improve the quantification of mitochondrial DNA (mtDNA)
for disease detection or monitoring

Mitochondrial DNA (mtDNA) has been shown to be present in EVs recovered by ultracentrifugation and density gradient from
plasma of therapy-resistant breast cancer patients with similar clinical features to those of our cohort (Sansone et al., 2017). Using
a qPCR assay targeting themitochondrial geneND5,we quantifiedmtDNA inEV-rich andEV-poor SEC fractions in comparison
to total plasma from the same breast cancer patients and healthy donors. MtDNA quantification from the total plasmas of six
patients came back inconclusive and the complete data of these patients were eliminated for this analysis (NBCP = 21, NHD = 15).
We observed a significant higher abundance of mtDNA in the EV-containing fractions (F7-11) and the total plasma of healthy
donors compared to their EV-poor fractions (F18-24) (Figure 3a; Table S2; pHD(F7-11vsF18-24) < 0.0001, pHD(F18-24vsTP) = 0.0005). In
breast cancer patients, we only observed a significant higher abundance of mtDNA in the total plasma compared to the EV-poor
fractions (F12-17 and F18-24) (Figure 3a; Table S2; pBCP(F12-18vsTP) = 0.036, pBCP(F18-24vsTP) < 0.0001). Indeed, in healthy donors,
we consistently observed a lower level ofmtDNA in EV-poor fraction F18-24, whereas the levels detected in EV-rich fractions F7-
11 were similar to the levels detected in total plasma. (Figure 3b). In breast cancer patients we observed an enrichment of mtDNA
specifically in total plasma (Figure 3c). We also observed higher quantities of mtDNA in breast cancer patients as compared
to healthy donors in each fraction, with a statistical difference in total plasma and its soluble fraction F18-24 (Figure 3a; Table
S2; pTotal Plasma = 0.0003, pF18-24 = 0.0049). This illustrates that the higher levels of mtDNA released to the circulation in breast
cancer patients is not necessarily associated to EVs, and may also be associated to other components that can be separated from
EVs by SEC. Overall, circulating mtDNA displays a different distribution than cellDNA and is more likely recovered from EVs
than other carriers in healthy plasma, but not in breast cancer patients.
We further analysed if the levels of mtDNA correlated with the disease burden or were predictive of the response to treat-

ment. First, patients were classed in two groups relative to their number of metastatic sites. We defined a group with low disease
burden with two or less metastatic sites and a group with high disease burden with more than two metastatic sites (Figure S2).
We observed a trend for mtDNA enrichment in cancer patients with high disease burden, with significant differences in total
plasma and its soluble fraction F18-24 as compared to healthy donors. Total plasma of patients with low disease burden also dis-
played significantly higher level of mtDNA than those of healthy donors, and there was no statistical differences between patients
with low and high disease burden (Figure 3d; Table S2; pF18-24(HD vs BCP high DB) = 0.0308, pTotal plasma(HD vs BCP low DB) = 0.0214,
pTotal plasma(HD vs BCP high DB)= 0.0039). The disease progression statuswas determined after 3-month of treatment by clinical eval-
uation based on RECIST v1.1 criteria. We divided patients in two groups with progressive disease (PD) versus non-progressive
disease (non-PD). We observed a statistically different enrichment for mtDNA in total plasma for both PD and non-PD patients
and only in patients with non-PD in soluble fractions F18-24 as compared to healthy donors but there was no statistical dif-
ferences between patients with progressive and non-progressive disease (Figure 3e; Table S2; pF18-24(HD vs BCP non-PD) = 0.0044,
pTotal plasma(HD vs BCP non-PD) = 0.0012, pTotal plasma(HD vs BCP PD) = 0.0459). Overall, we observed more mtDNA in the total plasma
of both subgroups of patients but there were no significant differences between the subgroups, relative to the disease burden or
the disease progression. Therefore, analysingmtDNA in total plasma or specific fractions, including isolated EVs, did not provide
any useful prognostic or diagnostic information on the patient’s status. This illustrates that isolation of EVs does not improve the
quantification of cancer-related DNA for disease detection or monitoring, at least in the metastatic breast cancer patients used
here.

. A subset of EV surface proteins reliably identify breast cancer patients

Since theDNA content associated to plasma EVs does not represent a useful biomarker in our cohort of breast cancer patients, we
analysed the EV-associated protein components, looking for more specific biomarkers. We examined the distribution of plasma
EV surface proteins in nine breast cancer patients versus nine healthy donors, using a commercial EV capture test which allows
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F IGURE  Isolation of plasma EVs does not improve the quantification of mitochondrial DNA (mtDNA) for disease detection or monitoring. (a).
Amount of mitochondrial DNA (mtDNA), quantified by quantitative PCR targeting the ND5 gene, in SEC fractions and total plasma of healthy donors (HD,
N = 15, black circles) and breast cancer patients (BCP, N = 21, orange circles). Thick black lines show the median with interquartile range. Only significant
P-values are indicated, see Table S2 for more details on statistical results. (b-c). Donor-specific comparisons of mtDNA levels detected in EV-enriched,
EV-depleted and total plasma of each healthy donor (b) or breast cancer patient (c). This is another representation of the data displayed in 3A. (d). Amount of
mtDNA in SEC fractions of healthy donors as compared to patients classified by disease burden (DB): high (> 2 metastatic sites) or low (≤2 metastatic sites).
Only significant P-values are indicated, see Table S2 for more details on statistical results. (e). Amount of mtDNA in SEC fractions of healthy donors as
compared to patients displaying progressive disease (PD) or not (non-PD). Only significant P-values are indicated, see Table S2 for more details on statistical
results

analysis, by flow cytometry, of the presence of 37membrane-exposed proteinmarkers on EVswhich also bear CD9, CD63, and/or
CD81, transmembrane tetraspanins classically used as markers of small EVs (Koliha et al., 2016).We used the total EVs recovered
from F7-11 SEC fractions of plasma stored at -80◦C as it is had been done for ctDNA isolation. We first counted the number of
particles by Nanoparticle Tracking Analysis (NTA) and found a significantly increased number of EVs in the plasma of breast
cancer patients (Figure S3a). This was correlated with a generally higher level of rawMFI values for most analysedmarkers in the
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F IGURE  A subset of EV surface proteins reliably identify breast cancer patients. (a). Distribution of the mean fluorescence intensity (MFI),
normalized by the MFI of beads alone, for each of the 37 membrane protein markers and two isotype controls, Recombinant Antibody (REA) and mIgG1, in
breast cancer patients (n = 9) versus healthy donors (n = 9). The markers are ordered by differential distribution significance (Mann–Whitney U test P-values).
The four markers the most significantly enriched in breast cancer patients are highlighted in bold. (b). Number of samples detected as breast cancer patients
using our 4-surface-marker classifier. (c). Ratios of the normalized MFI of each marker over their isotype controls. Only markers for which the corresponding
control isotype was included in the analysis (mIgG1 and REA) are displayed. The three markers the most significantly enriched in breast cancer patients are
highlighted in bold. (d). Normalized MFI of the three markers the most significantly enriched in breast cancer patients versus two markers either less
significantly enriched (CD20), or non-significantly different (CD142), compared to the normalized MFI of the isotype control beads. (e). Distribution of
arbitrary indexes calculated by summing the three ratios of the normalized MFI of CD326, CD105 and CD146 for BCP versus HD. The dashed line marks the
computed threshold (HD Index mean + 95% CI = 28.86)

patient’s as compared to the healthy donor’s samples (Figure S3b). Next, we analysed the data by calculating, for each antibody-
coated bead, its median fluorescence intensity (MFI) in the presence of EVs divided by its backgroundMFI in the absence of EVs
(Figure 4a).We observed that four proteins, CD326 (gene EPCAM), CD146 (=MUC18, geneMCAM), CD105 (= endoglin, gene
ENG) and the monocyte differentiation antigen CD14, were highly significantly enriched (P < 0.001) in breast cancer patients
EVs compared to healthy donors (Figure 4a). We further developed a pipeline to automatically call markers with statistically
different distribution in patients as compared to healthy donors (R package ‘extremevalues’ for the detection of outliers – see
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TABLE  Outlier classification for the four most significantly different markers (P-values < 0.001)

Outlier classification - markers with P-values < .

Patient Marker P# P# P# P# P# P# P# P# P#

#24 CD FALSE TRUE TRUE TRUE TRUE FALSE FALSE TRUE TRUE

CD FALSE TRUE TRUE TRUE TRUE FALSE TRUE TRUE TRUE

CD FALSE TRUE TRUE TRUE TRUE FALSE TRUE TRUE TRUE

CD FALSE TRUE TRUE TRUE TRUE FALSE TRUE TRUE TRUE

Marker HD# HD# HD# HD# HD# HD# HD# HD# HD#

#22 CD FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE

CD FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE

CD FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE

CD FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE

methods and Table S4) in order to identify cancer-specific signatures and classify patients with cancer. We observed that, using
the four markers which were highly enriched in breast cancer patients cited above, with a threshold of ≥ 3 positive markers to
classify a sample as positive for cancer, we were able to reach a 78% sensitivity (7/9 patients detected) with a 100% specificity for
the identification of breast cancer patients (Figure 4b, Table 1). Restricting the analysis to the more significantly different probes
together with the threshold of ≥ 3 positive markers ensure a 100% specificity with no positivity detected for any healthy donors
(Table S4).
Next, we analysed the EV surface protein levels normalized for each antibody-coated bead by the signal detected for the

corresponding antibody isotype control (mIgG1 or recombinant antibody-REA). This normalization corrects for the back-
ground signal resulting from the total number of EVs in each sample (Figure 4c). For this analysis we had to exclude seven
markers, including CD14, for which the corresponding control isotype (mIgG2a) was not provided in the commercial kit. We
observed that CD326, CD146 and CD105 remained the three most significantly enriched markers (P < 0.0001) in breast can-
cer patients EVs compared to healthy donors. Indeed, these three markers displayed a stronger enrichment over their isotype
control in breast cancer patients than in healthy donor samples (Figure 4d). These markers tended to be co-enriched in the
same patients (see individual symbols in Figure S3b). We further integrated an arbitrary index consisting of the sum of the
ratios of CD326, CD105 and CD146 MFI over their isotype, in order to compute a signal which could discriminate breast can-
cer patients from healthy donors (Figure 4e). We defined a threshold as follows: HD Index mean + 95% confidence interval
(CI) = 28.86. This threshold discriminates eight breast cancer patients among the nine patients tested over healthy donors. The
false negative P#24 was also not detected with the ‘outlier’ classifier described above. This patient was part of the low disease
burden and non-progressive disease groups described previously and might have less tumour material in circulation. These
results suggest that a small set of EV surface molecules could provide a disease signature and help identify patients with breast
cancer.

 DISCUSSION

The work presented here highlights the value of different types of carriers circulating in plasma as sources of biomarkers in
cancer: non-vesicular components for DNA and EVs for transmembrane proteins.
By systematic side-by-side comparison of different components of plasma, we demonstrated that, in metastatic breast cancer

patients, separating EVs from smaller non-vesicular and/or soluble components does not improve the quality and sensitivity of
detection of the nucleic acids analysed. CellularDNA, both from total cells and from tumour origin, aswell asmitochondrialDNA
are as efficiently or more efficiently detected in total plasma. Circulating tumour DNA (ctDNA), for which we have previously
demonstrated the predictive valuewhenmeasuring its dynamic during the early phase of treatment (Darrigues et al., 2021; Jeannot
et al., 2020), is detected in EV fraction but better recovered from total plasma at baseline and the non-vesicular extracellular
forms aremost prominently endowed with biomarker value. Our results confirm a recent study demonstrating that copy number
variations (CNV) are detectable inDNAextracted from circulating EVs of breast cancer patient, but that standard ctDNAanalysis
has greater sensitivity for CNV detection and disease monitoring (Ruhen et al., 2020).
For mitochondrial DNA, which had been proposed by others as an EV-associated biomarker of relapse (Sansone et al., 2017),

we confirmed here its higher abundance in plasma of breast cancer patients, although with no correlation with evolution of
the disease. However, as opposed to Sansone et al., we observed its preferential association to EVs only in plasma from healthy
donors, thus again, ruling out routine use of EV isolation for mtDNA biomarker analysis in patients. In patients, mtDNA is
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also recovered in intermediate fractions of the SEC column, thus could be associated to smaller carriers than EVs. Such carri-
ers could be exomeres/extracellular nanoparticles (Jeppesen et al., 2019; Zhang et al., 2018; Zhang et al., 2019): the subcellular
origin of exomeres is completely unknown at the moment, whether they form in the lumen of multivesicular endosomes, in
the secretory pathway, in the cytoplasm, or even in mitochondria has not yet been conclusively determined. Although this is
not useful for a biomarker study, it would be interesting, for a basic science viewpoint, to determine the nature of the mtDNA-
containing structures recovered in the EV-poor fractions of plasma. It is worth noting, however, that the plasma used here
had been pre-processed following the standard-of-care method used for analysis of ctDNA, which includes a medium-speed
centrifugation step (16,000 g, 10 min) to eliminate debris, apoptotic cells, but also some large EVs. It was recently shown that
large EVs in plasma of prostate cancer patients and mouse models, contain more total DNA than small EVs, and contain
tumour-associated DNA (Vagner et al., 2018). It would thus have been interesting, in our cohort, to quantify cfDNA and anal-
yse MAF of ctDNA in the pellets obtained after the 16,000 g centrifugation, side by side with the total plasma: however, the
routine process established to collect this cohort of samples at Institut Curie did not include recovery of this pellet. Future
clinical trials should therefore consider keeping the platelet-poor medium-speed pellet, in addition to the post-medium speed
plasma for exhaustive nucleic acid analyses. Finally, even though our work excludes EVs as a useful source of biomarker DNA,
other nucleic acids such as RNA could still represent interesting EV-associated biomarkers: similar comparative studies of SEC
fractions of plasma as we performed here should be implemented for the RNA cargo of EVs. Indeed, even if miRNA are the
most commonly reported EV-associated biomarkers in the current literature, ongoing developments in the field suggest that
miRNA are principally carried in blood by non-vesicular structures (Arroyo et al., 2011; Murillo et al., 2019), and this may
be the case, or not, for many other types of RNAs that have been found in EVs, such as other small RNAs, long non-coding
RNAs, etc.
The other important result of our study demonstrates that other components of EVs, analysed by a commercial kit, and thus

amenable to routine clinical practice, potentially represent a valuable source of information in plasma of cancer patients: the set
of three membrane-exposed proteins CD326/EPCAM, CD146/MCAM and CD105/ENG. We choose not to stress the potential
use of CD14 as cancer marker, since we could not properly normalize the results for this molecule by the appropriate isotype
control. CD14 is a monocyte-specific surface molecule, and unlikely to be expressed by tumour cells, thus its increased detection
could illustrate alteration of the circulating immune system in the metastatic cancer patients, but this hypothesis would require
further validation. EPCAM is expressed by normal epithelial cells, but also by carcinoma, and is often used to identify circulating
tumour cells in cancer patients. In the multiplexed assay, it was not detected above background in healthy donor EVs, whereas
it was clearly present in EVs of almost all patients, although the level was not high, suggesting that these EVs are relatively rare,
thus probably originate from tumours. CD146 and CD105, by contrast, were already detected in EVs of healthy donors, which is
consistent with their know expression by endothelial cells. The higher level of their detection on patient EVs could be linked to
both altered vascular physiology, leading to the release of more EVs in the circulation, and, at least for CD146, to their possible
expression on tumour-EVs. Indeed, the presence of CD146 was recently demonstrated on EVs from amousemodel of metastatic
breast cancer (Ghoroghi et al., 2021). In addition to EPCAM, an already known marker of tumour EVs (Madhavan et al., 2014;
Yang et al., 2017), our study identifies two novel candidate biomarkers for further exploration. We hope that our results will
enable the design of a future routine clinical test for cancer patients, but these observations will first need to be validated in larger
cohorts. Another advantage of the protein markers we have identified is their exposure on the surface of EVs, which could be
exploited to enrich circulating EVpreparationswith tumour-derived EVs for further downstream analyses. Indeed, -omic studies
of circulating EVs have recently been performed in cancer patients and/or mousemodels, to identify protein signatures of cancer
(Hoshino et al., 2020; Vinik et al., 2020). Large-range protein identification was achieved either by mass spectrometry (Hoshino
et al., 2020), or by Reverse Phase Protein Array (Vinik et al., 2020). Both highlighted very few surface-exposed proteins, i.e., only
an extracellular matrix protein, fibronectin, and the neural adhesion molecule N-cadherin in Vinik et al., or membrane proteins
but expressed by non-tumoural cells, such as Immunoglobulins in Hoshino et al. Our observations are thus complementary,
and also more amenable to routine implementation in a hospital configuration than would be systematic quantitative proteomic
analyses of cancer patient samples.
Overall, our work paves the way for similar studies on other types of molecules for the identification of EV- or non-EV-

associated biomarkers. We unravelled a shortlist of specific protein targets, which may provide strong added value in precision
oncology. This needs follow-up clinical trials to demonstrate their detection at early stages of the disease or their differential
expression in patients responding or not to chemo- or immuno-therapies.
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