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Abstract
Flow cytometry (FCM) is a popular method used in characterisation of extracellu-
lar vesicles (EVs). Circulating EVs are often identified by FCM by exploiting the
lipid nature of EVs by staining with Annexin V (Anx5) or lactadherin against the
membrane phospholipid phosphatidylserine (PS) and evaluating the specificity of
the labels by detergent lysis of EVs. Here, we investigate whether PS labelling and
detergent lysis approaches are confounded by lipoproteins, another family of lipid-
based nanoparticles found in blood, in both frozen and fresh blood plasma. We
demonstrated that Anx5 and lactadherin in addition to EVs stainedApoB-containing
lipoproteins, identified by the use of fluorophore-labelled polyclonal ApoB-antibody,
and that Anx5 had a significantly larger tendency for labelling lipoprotein-bound
PS than lactadherin. Furthermore, detergent lysis resulted in a decrease in both EV
and lipoprotein events and especially lipoproteins positive for either Anx5 or lactad-
herin. Taken together, our findings pose concerns to the use of lipid-based strategies
in identifying EVs by FCM and support the use of transmembrane proteins such as
tetraspannins to distinguish EVs from lipoproteins.
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 INTRODUCTION

Extracellular vesicles (EVs) are membrane enclosed particles released from all cells and are abundantly present in all biological
fluids. In addition to a lipid bilayer membrane, EVs contain various molecular constituents including membrane and cytosolic
proteins, metabolites and different species of RNAs, and their contents reflect the phenotype and state of the cells they stem from
(Van Der Pol et al., 2012). Furthermore, EVs have become recognised for their potent physiological effects elicited by delivering
their biomolecular cargo to recipient cells (Yáñez-Mó et al., 2015). As such, EVs have gained increased interest as biomarkers and
biopharmaceuticals in the past decade. In recent years, it has become increasingly evident that the characterisation of EVs from
body fluids could be complicated by contaminants in the sample. One of the major classes of contaminants is lipoproteins. Due
to their physicochemical similarities to EVs specifically regarding size distributions, relative densities, and surface composition
(Deguchi et al., 2000; Simonsen, 2017), and higher abundance compared to EVs in blood (Johnsen et al., 2019), isolationmethods
typically used for purifying EVs often result in co-purification of vast amounts of lipoproteins (De Rond et al., 2019; Sódar et al.,
2016; Welton et al., 2015). This issue poses a challenge to distinguish EVs from lipoproteins with downstream characterisation
methods (Johnsen et al., 2019; Mørk et al., 2017; Van Der Pol et al., 2010).
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The ability of flow cytometry to characterise multiple parameters on single particles in a high-throughput manner without
having to apply laborious EV isolation stepsmakes flow cytometry a popularmethod for characterising EVs in biological samples
(Buzás et al., 2017; Maas et al., 2015). When using flow cytometry, EVs have traditionally been identified using labelled proteins
including antibodies against EV markers or post-inserted fluorescent membrane dyes. A common marker used to denote EVs
in biological fluids is the presence of phosphatidylserine (PS) on the outer leaflet of the EV-membrane. This marker has been
suggested to identify a large proportion of but not all EVs (Skotland et al., 2020). Detection of PS expression on the surface of
EVs has previously been achieved by labelling EV samples with fluorescently conjugated proteins known to associate with PS
including Annexin V (Anx5) (Arraud et al., 2016; György et al., 2011) or lactadherin (De Rond et al., 2018; Nielsen et al., 2014).
However, although these markers are present on EVs, it is difficult to assess label specificity towards EVs, as no universal and

exclusive EV marker has been identified. Currently, a common strategy used to verify EV specificity of labels in flow cytome-
try is the use of detergent lysis controls. Detergent lysis controls attempt to provide biological controls for EVs, as it has been
demonstrated that detergents such as SDS and Triton X-100 are capable of disrupting EV-membranes (London & Brown, 2000),
whereby it is hypothesised that EV-events positive for a certain marker disappear when exposed to detergents, while non-EV
events remain intact (György et al., 2012; Inglis et al., 2015).

Even though the PS marker and detergent lysis approaches to identify EVs are becoming increasingly common in flow cytom-
etry studies on EVs, few attempts have been made to validate their EV specificity. That said, lipoproteins are prone to detergent-
lysis due to their lipid-nature, and lipoproteins are covered by a lipid monolayer surface that has been reported to contain PS
(Bloom & Elwood, 1981; Christinat & Masoodi, 2017; Deguchi et al., 2000). Taken together, these features and the high abun-
dance of lipoproteins in EV isolates fromblood pose a question towhether these lipid-based strategies are useful tools to uniquely
identify EVs.
Here, we evaluate whether the proposed PS-binding labels Anx5 and lactadherin can label lipoproteins, and whether the com-

monly usedTritonX-100 detergent lyses lipoproteins in a flow cytometric setting. To ensure that we are able to detect lipoproteins,
we used a polyclonal fluorophore-conjugated anti-ApoB-48/100 antibody to identify the largest ApoB-lipoproteins including
very-low density lipoproteins (VLDL) and chylomicrons that are uniquely associated with the apolipoproteins apoB-100 (LDL
and VLDL) and ApoB-48 (chylomicrons).

 METHODS

. Preparation of platelet-poor blood plasma

Bloodwas collected by a phlebotomist at theDepartment of Clinical Biochemistry, AalborgUniversityHospital from anonymous
subjects in accordance with the Helsinki Declaration and local ethical regulations upon informed consent. A pool of blood
plasma was prepared from two healthy, fasting individuals. From each donor, blood was collected into BD Vacutainer™ 9NC
tubes containing a final concentration of 0.0105 M NA3 Citrate (BD Biosciences, San Jose, CA, Cat. no. 366075). Immediately
after collection, platelet-poor plasma (PPP) was obtained by a two-step centrifugation protocol within one hour after collection
as described previously (Lacroix et al., 2013). First, whole blood was centrifuged at 2500× g for 15 min at room temperature, after
which platelet-rich plasma was collected to more than 1 cm above blood cell sediment and transferred into a new tube. Second,
platelet-rich plasma was subjected to an additional centrifugation cycle at 2500× g for 15 min at room temperature, and PPP was
collected more than 1 cm above the platelet pellet and transferred into a container, where all samples were pooled. Finally, the
PPP pool was thoroughly mixed by gentle inversion and divided into 0.5 ml aliquots and stored at −80◦C until use. In addition,
fresh PPP was prepared as describe above from three healthy, fasting individuals and analysed the same day without being stored
at −80◦C.

. Preparation of lipoprotein mixtures

In order to investigate the influence of lipoproteins on flow cytometry results, commercially isolated lipoproteins (LP) were
prepared diluting commercial VLDL (Lee Biosolutions; Cat.no. 365-10) or chylomicrons (Lee Biosolutions; Cat.no. 194-14) in
Dulbecco’s phosphate-buffered saline (PBS, Merck KGaA, Darmstadt, Germany; Cat. no. D8537-500ML; Lot. no. RNBG5293)
to final concentrations of 0.625 mg/dl or 0.050 mg/dl cholesterol, respectively, based on values stated in the data sheets and after
careful titration on the flow cytometer to prevent excessive background and co-particle events including swarming.

. Preparation of antibody and label master mixes

Brilliant violet 510 (BV510)-conjugated mouse monoclonal anti-CD41 (50 μg/ml; Clone HIP8; Cat. no. 563250), BV510-
conjugated mouse monoclonal IgG1κ (200 μg/ml; Clone X40; Cat. no. 562946), cyanine 5 (Cy5)-conjugated Anx5 (16 μg/ml;
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Cat. no. 559933), and Annexin binding buffer 10× (Cat. no. 556454) were purchased from BD Pharmingen, San Jose, CA, USA.
Fluorescein isothiocyanate (FITC)-conjugated bovine Lactadherin (83 μg/ml; Cat. no. HALOBLAC-FITC) was purchased from
Haematologic technologies Inc., VT, USA. Unconjugated goat polyclonal anti-ApoB (1 mg/ml; Cat. no. GTX27616) and uncon-
jugated goat polyclonal IgG (1 mg/ml; Cat. no. GTX35039) were purchased from GeneTex, Irvine, CA, USA. 100 μg of goat
anti-ApoB and 100 μg of goat IgG were conjugated by over-night incubation with LYNX Rapid RPE Antibody Conjugation Kits
(Bio-rad, Copenhagen, DK; Cat. no LNK022RPE) and according to the manufacturer’s instructions and subsequently diluted to
final antibody concentrations of 100 μg/ml in PBS. Titration of all labels and antibodies were performed as described in Supple-
mentary Figure S1.

. Labelling of samples for flow cytometry analysis

Prior to labelling, blood plasma was thawed at room temperature. Thawed PPP was subjected to a centrifugation cycle at 1850 ×
g for 5 min, after which supernatant was collected more than 0.5 cm above the bottom of the tube in order to remove clots that
formed during freezing and thawing. Fresh PPP was also subjected to a centrifugation cycle at 1850 × g for 5 min for consistency.
Lipoprotein mixtures were prepared freshly for each analysis day from frozen aliquots as described above. Prior to staining, anti-
body and label aggregates were removed by filtration through 0.45 μmcentrifugation filters (Merck KGgA, Darmstadt, Germany,
Cat. no. UFC30HV25) at 12,000× g for 10min as described byWehner et al. (Rasmussen et al., 2021). Tenmicroliter of either PPP
or LP were pre-diluted in 40 μl DPBS and then stained for 2 h at room temperature in the dark with 4 μl master mix consisting
of anti-ApoB48/100-PE (4 μg/ml final staining concentration) and anti-CD41-BV510 (2 μg/ml final staining concentration) or
isotype controls. After incubation, an additional staining step was performed with either Lactadherin-FITC or Anx5-Cy5. For
Panel 1, samples were incubated for an additional 1 h at room temperature with 3.32 μg/ml Lactadherin-FITC, then diluted with
DPBS to a final volume of 500 μl and moved into a dark container at room temperature. For Panel 2, 1.28 μg/ml of Anx5-Cy5
was added to samples, each diluted to a final volume of 500 μl with either Annexin binding buffer (BD Pharmingen; Cat. no.
556454) or PBS without calcium and magnesium according to the supplier’s recommendations and then incubated for 1 h at
room temperature in the dark.

. Flow cytometric analysis of samples

Flow cytometry was performed on an Apogee A60Micro-PLUS flow cytometer (Apogee Flow Systems, Hemel Hempstead, UK)
equipped with a 300 mW 405 nm diode laser set to 200 mW, a 180 mW 647 nm diode laser set to 100 mW, and a 200 mW
488 nm diode laser set to 100 mW. Three PMTs were factory-fitted for collection of small-angle light scatter (SALS) set to 400
V, medium-angle light scatter (MALS) set to 210 V, and large-angle light scatter (LALS) set to 400 V signals collected from the
405 nm laser after being separated from fluorescence signals on this laser by a LP415 long-pass filter. BV510 signals were collected
from the 405 nm laser into a PMT set to 400 V fitted with a 525/50 bandpass filter. FITC signals were collected from the 488 nm
laser into a PMT set to 400 V fitted with a 530/40 bandpass filter, PE signals were collected from the 488 nm laser into a PMT
set to 400 V fitted with a 575/30 bandpass filter, and APC signals were collected from the 638 nm laser into a PMT set to 350 V
fitted with a 680/35 bandpass filter. Data was acquired for 180 seconds at a constant and calibrated (volumetric syringe pump)
sample flow rate of 3.01 μl/min and a sheath fluid pressure of 150 mBar in order to keep the sample core as tight as possible and
allow for adequate exposure of EVs by the lasers and capture of signals in the PMTs. A triggering threshold was set on MALS to
a value of 13, which corresponds to an intensity of 832 when converting the 16-bit triggering threshold to the 22-bit collection
resolution, which we previously demonstrated to enable detection of 100 nm silica nanospheres on this flow cytometer (Botha
et al., 2021). This setting allowed the collection of less than 100 events/s in unstained PBS. All samples were inter-spaced by
flushing the sample system with double sample volumes of 20% Decon™ Contrad™ 70 liquid detergent (Decon Labs, Inc., King
of Prussia, PA, USA, Cat. no. 1003) followed by an equal volume of PBS were run at a sample flow rate of 10.1 μl/min to avoid
sample carry-over. Instrument settings were adjusted, and data recorded in the Histogram v. 1.21 software utility (Apogee Flow
Systems). All data was acquired in the FCS v. 3.0 format and analysed in FlowJo v. 10.7.1 (FlowJo LLC, BD Biosciences, San Jose,
CA).

. Controls

For each analysis day, Apogee Mix bead mixture (Apogee Flow Systems, Cat. no. 1493, Lot. no. CAL0098) for ensuring scatter
signal stability, a bead mixture consisting of 100 yellow-green fluorescent silica beads excited at 405 nm and 83 nm yellow-green
fluorescent polystyrene beads excited at 488 nm (Apogee Flow Systems, Cat. no. 1517, Lot. no. CAL0131) to ensure that small
particles could be sufficiently detected above background (Supplementary Figure S2), and 3.4 μm fluorescent polystyrene Ultra
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RainbowCalibration particles (Spherotech, Lake Forest, IL, USA, Cat. no. RCP-30-5, Lot. no. AH01) to ensure fluorescence signal
stability in all channels. In addition, unstained buffer controls and buffer controls individually stained with Panel 1 and 2 were
analysed to account for background and presence of label aggregates, respectively (Supplementary Figure S3). Furthermore,
single-stained controls were prepared and used to compensate for fluorescence spill-over in other channels (Supplementary
Figure S4 & Table S1). In addition to daily controls, isotype control antibodies were included for all specific antibodies and
prepared for both panels with Lactadherin and Anx5. For Anx5 with specific antibodies, a sample was prepared by diluting with
PBS without calcium andmagnesium instead of Annexin binding buffer to control for specificity of Anx5 to phosphatidylserine.
Detergent lysis controls were prepared for al samples labelled with specific antibodies by incubating stained and diluted samples
with Triton X-100 (Merck KGgA, Cat. no. 93443-100ML; final concentration: 1% vol/vol) for at least 30 min at room temperature
in the dark. Finally, serial dilutions were prepared for both lipoprotein samples and PPP, in which samples were analysed either
un-diluted or diluted 2, 4, 8, 16 or 32-fold and subsequently stained as described above. This was to investigate whether staining
efficiency of ApoB+ events could be improved by further dilution as described by Sódar et al. (2016) (Supplementary Figure S5).
Finally, equivalent of reference fluorophore (ERF) standardisation for PE fluorescence signals were performed using synthetic
ERF-standardised fluorescent beads (Ultra Rainbow Calibration Particles; Spherotech, Lake Forest, IL, USA, Cat. no. RCP-30-5,
Lot. no. AH01) according to the manufacturer’s directions (Supplementary Figure S6). All controls were recorded using the same
settings as for samples. More information is available in the supplementary materials and in accordance with MIFlowCyt (Lee
et al., 2008) and MIFlowCyt-EV (Welsh et al., 2020) guidelines.

. NTA

Commercial lipoproteins were analysed with a nanoparticle tracking device (ZetaView PMX-420, Particle Metrix GmbH, Ger-
many) in light scatter mode. Lipoproteins were prepared as above, and VLDL samples were further diluted 100-fold to reach a
concentration that was suitable for analysis by NTA (approximately 100 particles/frame). Prior to analysis, the instrument was
calibrated using yellow/green-fluorescent 100 nm polystyrene standard beads (106-fold dilution in 0.1 μm filtered, de-ionised
H2O). Size distributions were constructed from three exposures at 11 camera positions. Minimum brightness was set to 30 au,
shutter to 100 au, minimum area to 5 au, maximum area to 1000 au, tracking radius to 100 au, andminimum track length to 15 a.u.
Temperature was automatically sensed by the system, and particle size distributions were calculated based on particle Brownian
motion using the Stokes–Einstein equations in the ZetaView software (version 8.05.11).

. Data analysis

Prior to compensation and gating, sampleswere checked for stability and consistency in flow rate and signal recordings by visually
analysing the intensity of each signal over the duration of the sample analysis time and filtering out timepoints with significant
shifts in median signal intensities and/or flow rates measured as particle count for timepoint. Gating (Supplementary Table S2
and Figure S3) was done separately for lipoprotein and frozen samples on the one hand, and for fresh samples on the other,
as they had different levels of background fluorescence in the different fluorescent channels. Gates were constructed for each
channel separately (ApoB, CD41, Anx5, lactadherin), after which double positive gates were constructed using gate ‘AND’ logic.
Concentrations of marker-positive events was determined by dividing the number of marker-positive events with the volume of
the sample analysed and adjusted for the final dilution factor.

 RESULTS

. Staining of lipoproteins with fluorophore-conjugated anti-ApoB-/

The first objective of this study was to validate whether in-house PE-conjugated commercial polyclonal anti-ApoB-48/100 anti-
bodies could identify lipoproteins on a flow cytometer. In this study, we employed a triggering threshold on medium-angle
light scatter (MALS; angle between FSC and SSC) set above background to allow collection of less than 100 events per sec-
ond in unstained buffer. This triggering threshold strategy allowed us to detect down to 100 nm silica beads (refractive index
(RI) = 1.4696 at 405 nm, Supplementary Figure S2), which have a similar RI to that estimated for larger lipoprotein species
(Chernova et al., 2018; Van Der Pol et al., 2018). Due to the limitations of most flow cytometers to detect extremely small par-
ticles including LDL (21–27 nm), which are the most-abundant ApoB-containing particles, we used VLDL (30–80 nm) and
chylomicrons (100–1000 nm) as positive controls for our in-house PE-conjugated anti-ApoB-48/100 antibody. To this end, we
stained commercially available VLDL and chylomicrons with either specific anti-ApoB antibody or a matching isotype control
and additionally compared these results with a buffer with antibody control.
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First, we optimised the anti-ApoB antibody:ApoB protein concentration ratio in a similar fashion as described by Sódar et al.
(2016) by preparingmultiple serial pre-dilutions of the sample prior to staining to get an optimal binding of antibodies to and thus
fluorescence signal fromVLDL (Supplementary Figure S5). At the optimal anti-ApoB antibody:VLDL ratio (8-fold pre-dilution),
a distinct ApoB-positive population could be distinguished from background demonstrating that the antibody was capable of
detecting ApoB-particles (Figure 1a). This was additionally the case for commercial chylomicrons, in which a similar ApoB+
population could be identified, albeit with slightly higher light scatter signals on ApoB+ particles (Figure 1b). When perform-
ing serial dilutions of stained chylomicrons, the event-rate decreased proportional to the dilution (Supplementary Figure S5).
Together, these features confirm that we were thus studying single VLDL and chylomicron events and not co-particle events or
lipoprotein-aggregatesmediated by the addition polyclonal antibodies to samples. However, if aggregation of lipoproteins follows
first-order kinetics, we cannot completely exclude that lipoprotein aggregates are present in our measurements based on dilution
controls.
Next, we performed the same pre-dilution experiment on frozen platelet poor plasma (PPP) as with commercial ApoB-

containing lipoproteins to achieve optimal staining of ApoB (Supplementary Figure S5).We decided to use a 32-fold pre-dilution
for all PPP samples (Figure 1c), as this yielded a distinct ApoB-positive population and adequate concentration of events pos-
itive for the other markers described below. Serial dilutions of PPP samples also demonstrated that the event-rate decreased
proportional to the dilution factor, while the median fluorescence of ApoB+ events remained stable (Figure 1d). Like the exper-
iments with commercial lipoproteins, this suggested that detection of ApoB-positive events was not due to coincident or swarm
detection in PPP. Furthermore, events detected in the isotype (0.20% of the specifically stained VLDL sample) and buffer with
ApoB-antibody controls (0.38% of the specifically stained VLDL sample) contributed very mildly to the total number of ApoB+
events in the specifically labelled sample (Supplementary Figure S3), and events in both of these controls were likely caused by
antibody aggregates, which is an issue known to complicate data interpretation in small particle flow cytometry (Aass et al., 2011;
Inglis et al., 2015). Thus, by using this labelling strategy, we successfully detected single ApoB-containing lipoproteins in frozen
human PPP, of which only a small proportion of these events could be attributed to nonspecific binding of antibodies or antibody
aggregates.
Finally, the sizes of ApoB+ events were roughly estimated in VLDL, chylomicrons and PPP using a set of silica nanospheres

(RI = 1.4696 at 405 nm) whose RI closely resembles the estimated RI of larger ApoB-containing lipoproteins (RI = 1.47)
(Figure 1e) (Chernova et al., 2018; Van Der Pol et al., 2018). ApoB+ events in commercial VLDL constituted a single peak whose
size was between 100 nm and 180 nm silica. We expect this peak corresponds to the largest VLDL particles. Although a tail-
like profile was expected as the vast majority of the VLDL size is below 80 nm, the symmetric nature of this peak is likely due
to technical artefacts such as photoelectron statistics dominating the population distribution, which is pronounced at the limit
of detection (Chase & Hoffman, 1998; Steen, 1992). In addition, nanoparticle tracking analysis measurements further confirmed
that the commercial VLDL sample contained particles larger than 80 nm (Supplementary Figure S7). Chylomicrons, on the other
hand, constituted two populations, whose sizes were between 100 nm and 180 nm silica on the one hand, and 180 nm and 590 nm
silica on the other. PPP from fasting individuals yielded a population of ApoB+ events similar to that of VLDL, which consti-
tuted the majority of ApoB+ events, however a distinct population similar to what could be observed in chylomicrons could also
be seen on the scatter plot of light scatter versus ApoB fluorescence (Figure 1c). Non-surprisingly, using a triggering threshold
strategy on MALS (light scatter angle between forward and side scatter) arguably excludes the bulk of VLDL with sizes below
80 nm. We additionally tested a triggering strategy based on PE-fluorescence from anti-ApoB antibodies set above background
(unstained buffer). However, this approach did not improve the detection of lipoproteins, and a larger proportion of triggering
artefacts were included in the analysis, which could complicate the interpretation of results (Supplementary Figure S8).

. Co-staining of ApoB and different EV-markers

The second objective of this study was to investigate whether the phosphatidylserine labels Anx5 and lactadherin could stain
ApoB-containing lipoproteins in blood plasma. Here, we stained a frozen PPP pool with fluorescently conjugated anti-ApoB-
48/100, anti-CD41 and either Anx5 or lactadherin, where anti-CD41 labelling was used to control for non-specific staining of
lipoproteins due to its specificity towards platelet-derived EVs (Phillips et al., 1988). ApoB-positive particles were found to co-
stain with both Anx5 and lactadherin, while CD41 did not co-stain with ApoB-particles to a significant degree (3.4%). A large
proportion of these CD41 and ApoB double-positive events could be attributed to nonspecific reactions between the two anti-
bodies and the sample (isotype control accounts for 72.0% of events) (Figure 2a). In addition, Anx5 (43.0%) seemed to have a
higher tendency to co-stain with ApoB than lactadherin (2.8%).
In order to assess whether this co-staining could be a freezing artefact arising from the destruction of residual platelets, larger

EVs and lipoproteins causing membrane fragments and denatured lipoproteins to aggregate thereby giving rise to artificial dou-
ble positive populations, we performed the same experiment on freshly collected blood plasma from three healthy individuals.
Similar results were seen in fresh blood plasma from all three individuals as for the frozen plasma pool (Figure 2b). ApoB-positive
particles were found to co-stain with Anx5 and lactadherin, while CD41 did not co-stain with ApoB to a significant degree (2.3%),
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F IGURE  Staining of ApoB-containing lipoproteins with PE-conjugated polyclonal anti-ApoB-48/100 antibody. (a) Scatter plots depicting large-angle
light scatter versus ApoB-PE fluorescence of commercial VLDL pre-diluted 8-fold and stained with fluorescent anti-ApoB antibody compared to matched
isotype, unstained and buffer with reagent controls. (b) Scatter plots depicting large-angle light scatter versus ApoB-PE fluorescence of commercial
chylomicrons pre-diluted 4-fold and stained with fluorescent anti-ApoB antibody compared to isotype and unstained controls. (c) Scatter plots depicting
large-angle light scatter versus ApoB-PE fluorescence of platelet poor plasma (PPP) pre-diluted 32-fold and stained with fluorescent anti-ApoB antibody
compared to isotype and unstained controls. Light scatter and fluorescence intensities in (A) and (B) are denoted in arbitrary units. (d) Serial dilution control
of stained PPP presented with a linear relationship between ApoB event concentration not corrected for dilution factor (left y-axis, black) and reciprocal
dilution factor (x-axis), while the median ApoB-fluorescence for ApoB-positive particles (right y-axis, orange) was stable. Triangles depict the dilution factor
used for all subsequent experiments. (e) Light scatter distributions of ApoB-positive events in commercial VLDL (red) and chylomicrons (blue) overlayed with
silica nanospheres (black, dotted) with an assumed similar RI of 1.47 to lipoproteins. Silica nanospheres from left to right: 100 nm; 180 nm; 300 nm; 590 nm;
1300 nm. ApoB: Apolipoprotein B; Chylo: Chylomicrons; LALS: Large-angle light scatter (side scatter); VLDL: Very-low density lipoprotein; Ab: Antibody;
PPP: Platelet-poor plasma
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F IGURE  Co-staining of Anx5, lactadherin and CD41 with ApoB-containing lipoproteins. (a and b) Scatter plots of Anx5-Cy5, lactadherin-FITC and
CD41-BV510 versus ApoB-PE fluorescence depicting the degree to which markers co-stain with ApoB in (a) a pool of PPP that was stored at −80◦C after
collection or (b) freshly collected PPP from one of three different individuals (representative data). Samples were either stained with Anx5 or lactadherin, as
these markers both label PS. Bar plots depict the percentage of marker-positive events that were also positive for ApoB in specifically stained samples (blue)
versus isotype controls (red). Bar plots for fresh PPP depicts the mean and standard deviation (error bars) for three individuals. (c) Dot plots (large-angle light
scatter versus Anx5 or lactadherin fluorescence) of ApoB+ (red) and CD41+ (green) events demonstrate a significant overlap of these populations on these
parameters. Light scatter and fluorescence intensities are denoted in arbitrary units. Anx5: Annexin V; ApoB: Apolipoprotein B; CD41: Cluster of
differentiation 41/platelet membrane glycoprotein IIb-IIIa complex; Lact: Lactadherin; LALS: Large-angle light scatter (side scatter); PPP: Platelet-poor plasma
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and, similar to frozen PPP, a large proportion of these events could be attributed to nonspecific reactions betweenApoB andCD41
antibodies and the sample (59.3%). Likewise, Anx5 (19.6 ± 5.0%) had a higher tendency for co-staining with ApoB than Lac-
tadherin (5.3 ± 1.7%) (Figure 2b). However, populations had markedly different profiles compared to frozen plasma, as larger
particles could be observed based on light scatter and also fluorescence (Supplementary Figure S3), which is consistent with the
observations that some EVs, platelets and other large entities are affected by freezing/thawing (Arraud et al., 2016; Lacroix et al.,
2013; Mørk et al., 2016).
In Figure 2c, we demonstrate that events positive for both ApoB and either lactadherin or Anx5 significantly overlap with

events doubly positive for CD41 and PS on SALS (forward scatter), LALS (side scatter), and lactadherin or Anx5 fluorescence
channels. As such, we demonstrate that it is complicated to distinguish between EVs and lipoproteins based on any of these
parameters alone or in combination with each other, and that other markers such as ApoB or EV-based membrane proteins such
as CD41 are necessary to efficiently do so.

. Detergent lysis of EVs and ApoB-positive particles

The third objective of this study was to investigate whether the detergent lysis control in addition to EVs also lyses lipoproteins
such as VLDL and chylomicrons. The detergent lysis control has traditionally been used to confirm the presence of true EVs in
a sample, however few studies have looked at whether this control also affects lipoproteins, and, to our knowledge, no studies
have looked at how lipoproteins that co-stain for lipid markers are affected by this control. Here, we incubated stained samples
with Triton X-100 at a final concentration of 1% (vol/vol) for 30 minutes at room temperature and subsequently analysed these
samples with the same settings as the stained samples in accordance with standard practises for lysing EVs (Tian et al., 2018).
Triton X-100 treatment of stained samples did indeed result in a subsequent decrease in the concentration of events positive

for any of the markers included in this study (Figure 3a,b). Although the totality of Anx5+ events were only mildly affected by
the addition of detergent to the sample (38.1% reduction), the concentration of those that co-stained with ApoB was reduced
by 73.5% compared to the untreated sample. Lactadherin+ events were almost completely eliminated by the detergent (95.1%
reduction), as was the population that co-stained with ApoB (88.1% reduction). The effect of the detergent was slightly less
pronounced on CD41+ events than with lactadherin (72.2% reduction), however this could be a result of relatively large amounts
of CD41 antibody aggregates (27.5% of positive events) being present in the sample as suggested by the buffer with antibody
control. Furthermore, the detergent lysis only resulted in a mild elimination of CD41+ events that co-stained with ApoB (48.8%
reduction), further suggesting that a large proportion of the CD41+|ApoB+ events are due to nonspecific interactions between
antibodies and the sample, and that ApoB and CD41 are likely mutually exclusive to lipoproteins and EVs, respectively.

 DISCUSSION

In order to specifically identify lipoproteins, we employed a flow cytometry-based strategy in which we stained samples with
fluorescently conjugated polyclonal antibody against ApoB-48/100. Although the use of polyclonal antibodies in small particle
flow cytometry experiments is generally rare, we chose this strategy in order to get ample labelling of the larger ApoB-containing
lipoproteins such as VLDL and chylomicrons, since each of these lipoprotein species only contains one copy of either ApoB-100
or ApoB-48 per particle, respectively (Milne & Marcel, 1982), and monoclonal antibodies would only label a single epitope on
the surface of these lipoproteins, which would be insufficient for detection on flow cytometers. Further, it should be noted that
ApoB-100 is a glycoprotein with a molecular mass of about 550 kDa consisting of 4536 amino acid residues, which could yield
multiple epitopes for antibody binding.
First, we demonstrated that the polyclonal anti-ApoB antibody could detect commercial VLDL and chylomicrons (Figure 1a,b).

These specific large lipoprotein species were chosen as controls for antibody specificity, as the light scatter triggering strategy we
employed would most likely detect only chylomicrons and the largest VLDL, and smaller lipoprotein species such as LDL and
smaller sized VLDL would remain undetected. We were also able to successfully detect the largest ApoB-containing lipoproteins
in PPP (Figure 1c). The polyclonal anti-ApoB antibody approach used in this study has previously been described by Sódar et al.
(2016), who demonstrated that these antibodies could successfully label and detect commercial LDL. Similar to the observations
made by Sódar et al., we discovered that dilution of the commercial VLDL sample and both frozen and fresh PPP prior to
staining was necessary in order to achieve optimal fluorescence signals from staining of lipoproteins (Supplementary Figure S5).
Furthermore, we demonstrated that the identified ApoB particles were not a result of coincident event detection, as median
ApoB fluorescence signal across dilution controls was stable and a linear relationship between dilution and event rate across
dilutions was obtained (Figure 1d). Conversely, however, based on the light scatter-based triggering strategy used by Sódar et al.
on a conventional flow cytometer and the resultant light scatter distribution of ApoB-containing particles, the detected ApoB-
positive events in their study likely stemmed from coincident detection of LDL or multiparticle aggregates in the sample. In our
study, however, we could detect single ApoB-containing lipoproteins.
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F IGURE  Effect of detergent lysis with Triton X-100 on ApoB-containing lipoproteins co-stained with Anx5, lactadherin and CD41. (a) Scatter plots of
Anx5-Cy5 and lactadherin-FITC versus ApoB-PE fluorescence of a representative specifically stained fresh PPP sample and its detergent lysis controls
depicting the degree to which the different fluorescently labelled populations are affected by detergent lysis. Fluorescence intensities is denoted in arbitrary
units. (b) Bar plots of the concentrations of different marker-positive populations in specifically stained fresh PPP (blue) and detergent lysis controls (red). Bar
plots for fresh PPP depict the mean and standard deviation (error bars) for three individuals. Anx5: Annexin V; ApoB: Apolipoprotein B; CD41: Cluster of
differentiation 41/platelet membrane glycoprotein IIb-IIIa complex; Lact: Lactadherin

ApoB-containing lipoproteins constituted by LDL, VLDL and chylomicrons are highly abundant in blood and outnumber
EVs by several orders of magnitude (Li et al., 2003). Furthermore, a several-fold higher antibody concentration compared to the
number of lipoproteins is required to adequately stain each particle with multiple polyclonal antibodies to yield a high enough
fluorescence signal for single ApoB-containing lipoproteins to be detected by even the most sensitive flow cytometers. Thus,
based on the staining concentration of PE-labelled anti-ApoB antibody in PPP samples and assuming 1012 ApoB-molecules
per microliter pre-diluted plasma (Johnsen et al., 2019), we estimate an antibody:ApoB ratio of 10–15 anti-ApoB per ApoB for
staining our PPP samples. This was, however, somewhat lower than the lower limit of the ApoB fluorescence gate at 102 PE-
molecules (determined by ERF-standardisation) and, therefore, antibodies required for particles to be defined as ApoB+ events,
further assuming an ApoB antibody:fluorophore ratio of 1:1. Although there are uncertainties associated with using ERF-units
as absolute numbers of fluorophores, we hypothesise that the most abundant ApoB-containing lipoproteins, LDL, are stained
to a lesser degree by polyclonal ApoB antibodies compared to the larger sized VLDL and chylomicrons. First, the small size
of LDL could potentially limit the binding of bulky PE-labelled antibodies with a total molecular mass of 350 kDa to a single
lipoprotein. Second, the tight packing and large curvature of the large ApoB protein in LDL may also challenge binding of anti-
ApoB to ApoB on LDL. To support this, it is known thatmanyApoA-I antibodies only recognise the denaturated ApoA-I and not
native ApoA-I in the spherical small high-density lipoproteins. Furthermore, it is possible for the larger sized ApoB-containing
lipoproteins including large VLDL and chylomicrons to accommodate binding of anti-ApoB differently, as the ApoB protein
could likely be in a more extended conformation on chylomicrons. This could potentially explain the similarity between the
PE fluorescence levels from VLDL containing one ApoB-100 and chylomicrons containing one ApoB-48, as ApoB-48 is only
constituted by approximately the first 48% of amino acids in the amino-terminal of the ApoB-100 sequence. Thus, it is not
impossible for single lipoproteins to be labelled with a larger number of antibodies than the proposed 10–15 anti-ApoB per ApoB
molecule. We further hypothesise that the increase in number of lipoproteins with increased dilution prior to staining results
from a higher antibody:antigen titre, thus yielding a higher fluorescence signal for each particle, which in turn results in more
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ApoB-containing lipoproteins being detected. Regarding specificity of the anti-ApoB antibody, we consider the ApoB-staining
highly specific for the ApoB-containing lipoproteins, which was confirmed by the limited number of false-positive events (i.e.
ApoB+/CD41+ in Figure 2a,b). Further, serial dilutions of PPP samples confirmed that we mainly detected single particles or
single aggregates that follow first-order kinetics. We further expect that the ApoB positive events are single lipoprotein events,
as (i) the apparent size of the largest ApoB-containing lipoproteins is in the expected size range of chylomicrons; (ii) we do
not observe an increase in Anx5 and lactadherin fluorescence intensity when the light scatter intensity increases (Figure 2c);
(iii) when comparing ApoB-stained versus isotype control, there is a population that is higher on LALS in both samples. These
events do, however, not increase in LALS value but they do in fluorescence; (iv) PPP stained with anti-ApoB did not differ
significantly in the total number of events detected, nor did the event distribution on LALS shift compared to unstained PPP (i.e.
if aggregation occurs to a significant degree, the distribution of events on LALS would be expected to differ from the unstained
control; Supplementary Figure S9); and (v) we only detect a small number of CD41/ApoB positive events.

We additionally made a rough estimate of lipoprotein sizes based on light scatter signals compared to silica nanospheres (RI:
1.4696 at 405 nm), whose refractive indices are comparable to that of the larger ApoB-containing lipoproteins (1.47) (Chernova
et al., 2018; Van Der Pol et al., 2018). In the commercial VLDL sample, ApoB+ events constituted a single population on large-
angle light scatter (SSC) with sizes between 100 and 180 nm silica, whereas chylomicrons constituted two separate populations:
one with sizes comparable to VLDL and another with sizes ranging from 180 to 590 nm silica (Figure 1e). This could potentially
be explained by some VLDL being present in the commercial chylomicron sample and vice versa due to difficulties completely
separating these two lipoprotein species using physicochemical methods. PPP from individuals in the fasting state contained
ApoB+ events with a similar profile to commercial VLDL and, to a lesser degree, chylomicrons. In contrast to our findings, VLDL
has traditionally been reported to have sizes between 30 and 80 nm (Simonsen, 2017). Our size estimation of ApoB-containing
lipoproteins could be complicated for several reasons including: (i) our use of distinct RI values, as both lipoproteins andEVs have
some variability in RI (Chernova et al., 2018; Van Der Pol et al., 2018), and the core in shell structure of lipoproteins is different
to account for with solid silica beads (Varga et al., 2018); (ii) antibody binding to lipoproteins could affect their RI and size due to
contributions by antibodies (Rupert et al., 2018); and (iii) dim signals are associated with relatively large variations in signals due
to the statistical conversion of light to electrical signals (Chase & Hoffman, 1998). That said, VLDL with sizes exceeding 80 nm
have been recognised, albeit with a decreasing abundance the larger the size (Li et al., 2003; Otvos et al., 1992; Wojczynski et al.,
2011), which was further confirmed by our ownNTAmeasurements of the commercial VLDL sample (Supplementary Figure S7).
As mentioned above, complete separation of VLDL and chylomicrons with physicochemical methods can be complicated, and,
thus, it cannot be excluded that the largest particles detected in flow cytometry and NTA in the commercial VLDL sample could
be chylomicrons. Nonetheless, by using a triggering threshold onMALS (light scatter) that yields a lower particle diameter cut-off
between 70 nm and 100 nm depending on particle refractive index, we therefore only detect the largest VLDL, which constitute
<3% of the total VLDL population (Li et al., 2003; Wojczynski et al., 2011) and chylomicrons. Even though it has previously been
suggested that triggering on fluorescence can improve the sensitivity of a flow cytometer in detecting small particles (Arraud
et al., 2016), this approach yielded fewer ApoB-positive and more background events on our flow cytometer (Supplementary
Figure S8).
Contrary to the use of an antibody-mediated strategy to identify lipoproteins by flow cytometry, others have used a label-

free approach based on differences in light scatter profiles of particles based on their refractive index. One such method derives
particle size and refractive index from the light scatter ratio between different angles (i.e. forward vs. side scatter), in which
a distinction between EVs and lipoproteins is made based on their differing refractive indices (Van Der Pol et al., 2018). The
light scatter ratio approach to estimate refractive index and size could have an advantage over antibody-based methods, because
a large quantity of lipoproteins in a sample would either require a similarly large amount of fluorescent antibody or sample
dilution prior to staining in order to yield lipoproteins that are sufficiently stained. Additionally, even with sufficient staining
or dilution, some lipoproteins might still be insufficiently labelled to be discriminated from background. On the other hand,
the scatter ratio approach is limited to detect particles larger than 200 nm and smaller than 500 (De Rond et al., 2019; Van Der
Pol et al., 2018), a size range which is only constituted by a limited subset of chylomicrons in the case of lipoproteins. In this
sense, antibody-labelling could also detect large lipoproteins larger than 100 nm and smaller than the abovementioned range. In
contrast, an observed variability in the refractive index of both EVs and lipoproteins (Chernova et al., 2018; Van Der Pol et al.,
2018) poses an inherent challenge to clear cut distinctions between lipoprotein and EV populations when using the light scatter
ratio approach. Finally, instrument induced variabilities and sensitivity aspects are also a concern for both the biochemical and
physical-based approaches for lipoprotein identification.
Next, we demonstrated that Anx5 can stain both EVs as defined by their expression of CD41, and large lipoproteins as defined

by ApoB-staining. Our data (Figure 2c) shows that both the Anx5-fluorescence level and number of events were similar for
ApoB-containing lipoproteins and CD41-bearing EVs. These findings challenge the use of Anx5 for uniquely identifying and
enumerating EVs in samples that also contain lipoproteins. To support the notion that ApoB-containing lipoproteins contain PS,
we additionally demonstrated that lactadherin, another PS-marker, also co-stained lipoproteins, albeit to a significantly lower
extant than Anx5 (Figure 2a,b). This finding is in line with a recent study, which demonstrated that lactadherin also binds to
lipoproteins by distinguishing between EVs and lipoproteins based on their differing refractive indices (De Rond et al., 2019).
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F IGURE  Illustrations of the similarities and differences between the large ApoB-containing lipoproteins (VLDL and chylomicrons) and EVs. The
yellow alpha-helical structures on the VLDL and chylomicron represent ApoB-100 and ApoB-48, respectively. The blue spheres on all particles refer to
phospholipids while the red spheres represent PS phospholipids. The additional coloured components on the EV represent different types of membrane
proteins such as tetraspannins (green). Cholesterol and other membrane components including other types of apolipoproteins on the lipoproteins have been
left out for the sake of simplicity

Nonetheless, it is notable that a larger proportion of Anx5+ events were also positive for ApoB than lactadherin+ events. This
could, in part, be explained by lactadherin having a preference for large curvatures (smaller spherical particles) (Otzen et al.,
2012; Shi et al., 2004). Furthermore, its specificity for PS has been shown to be nearly abolished onmonolayermembrane surfaces
such as micelles (Otzen et al., 2012), thereby making it more unlikely to label lipoproteins, which are covered by a monolayer
of phospholipids (Figure 4). In contrast, Anx5 has been shown to have a higher affinity for PS on membranes with a lower
curvature (larger particles) (Andree et al., 1992) and affinity to PS on phospholipid monolayer surfaces in the presence of Ca2+
(Meers &Mealy, 1994; Pigault et al., 1994). Another interesting observationwas that Anx5 and especially lactadherin fluorescence
intensities were generally high on ApoB+ events. Although we do not fully understand this phenomenon, we speculate that this
could be due to differences in their binding mechanisms including curvature effects, binding cooperativity, less complex surface
composition, and differences in the fluorophore intensities between Cy5 and FITC.
While the presence of PS in EVmembranes is widely agreed upon (Arraud et al., 2014, 2015, 2016; De Rond et al., 2018), its pres-

ence in different lipoprotein species is somewhat more contested. Although some studies have failed to detect PS in lipoprotein
fractions (Dashti et al., 2011), several studies support our findings that that PS is present in lipoproteins including LDL (Bloom
& Elwood, 1981; Christinat & Masoodi, 2017; Deguchi et al., 2000), VLDL (Bloom & Elwood, 1981; Deguchi et al., 2000) and
chylomicrons (Crawford & Borensztajn, 1999; Yang et al., 1992). That said, the assessment of the PS content in lipoproteins is in
general confronted with several challenges as different methods used for lipoprotein isolation, lipid extraction and lipid determi-
nation are associated with different levels of contamination and yields, bias for certain lipids and exhibit different sensitivity and
specificity, respectively. It is notable that lipidomic studies using mass spectrometry operating in the positive ionisation mode
cannot detect the negatively charged PS lipids (Kaabia et al., 2018). On top of that, the variability across human individuals also
introduces different results acquired across studies. To add to the complexity of the PS content associated with lipoproteins,
the lipid-based particles like EVs and lipoproteins are dynamic entities. We recently showed that fluorophore anchored lipids
incorporated into synthetic high-density lipoproteins (HDL) and synthetic vesicles (liposomes) can exchange with endogenous
components in serum and plasma (Münter et al., 2018; Pedersbæk et al., 2019). Interestingly, we were able to show that the
lipid exchange between synthetic HDL and endogenous lipoproteins can be mediated by direct interactions between the parti-
cles in a non-enzymatic fashion (Pedersbæk et al., 2019). Thus, although ApoB-containing lipoproteins could be synthesised in
vivo without PS, collisions between lipoproteins on the one hand, and EVs and cells on the other could potentially remodel the
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surface lipid composition of lipoproteins by which the presence of PS could be conferred to the surface of these ApoB-containing
lipoproteins.
The detergent lysis control has become a popular addition in flow cytometry experiments due to its perceived ability to

distinguish between EVs and other confounding particles present in the sample that could exhibit similar properties to EVs
(Osteikoetxea et al., 2015). In this study, however, we demonstrated that Triton X-100 successfully lyses EVs and a significant
number of ApoB-containing lipoproteins (Figure 3). Previously, Sódar et al. (2016) demonstrated that lipoproteins were also sen-
sitive to detergent lysis, as their concentrations decreased following treatment with Triton X-100. We further demonstrated that
ApoB-containing lipoproteins positive for the binding of lactadherin and Anx5 were affected to a higher degree than the ApoB-
positive population as a whole and similar to that of EVs. We additionally demonstrated that Anx5-positive and lactadherin-
positive events had different detergent sensitivities, which could suggest that these markers stain different populations of EVs
(Osteikoetxea et al., 2015). Nonetheless, these results raise a concern that the detergent lysis control does not provide ample
evidence for the EV origin of markers such as PS and other phospholipids that could also be present on lipoproteins.
Lipoproteins are a class of varying species of sub-micron assemblies of protein and lipids abundantly present in blood that

have commonly been demonstrated to co-isolate with and interfere with characterisation of EVs due to several physical and bio-
chemical similarities (discussed in Simonsen, 2017). Lipoproteins are also lipid-based particles with both similar and dissimilar
physicochemical characteristics to EVs (Figure 4), and this study further highlights that these particles also interact with the
lipid-based EV identifiers. Since lipoproteins are much more abundant than EVs in blood (Johnsen et al., 2019) and exhibit sizes
and densities that are overlapping with EVs (Simonsen, 2017), a careful evaluation in terms of EV and lipoprotein sensitivity
and specificity should be performed when lipid-based approaches for EV identification are used. For example, when estimating
the EV concentration based on Anx5 positive events, an assessment on whether the lipoproteins go under or over the detection
limit should be conducted to assess whether and to what extent lipoproteins add to the derived EV concentration. Taking the
similarity of EVs and lipoproteins in terms of lipid composition into account, our work supports the use of membrane-spanning
proteins such as CD9, CD63 and CD81 or phenotype specific proteins for EV identification by flow cytometry either on their
own or in combination with generic markers such as Anx5 or lactadherin, as these membrane-bound proteins cannot exist in
the lipoprotein lipid-monolayer surface (Figure 4). Alternatively, a similar ApoB labelling strategy to the one presented in this
study could be used to identify ApoB-containing lipoproteins to either account for the extent of confounding or to remove them
from the data set completely (gate-out strategy), albeit with some caveats as discussed above.
In summary, flow cytometry is a popular method used for characterisation of EVs. Lipid-targeting strategies such as labelling

of specific membrane lipids and lysis of membranes are commonly used to define EVs or control for contaminants in the sample.
Here, we highlight that lipoproteins can interfere with flow cytometric characterisation of EVs when lipid-based strategies are
used to define EVs. We present new evidence that suggests that both Anx5 and lactadherin, two highly used markers for detec-
tion of PS-expression on the surface of EVs, also label ApoB-containing lipoproteins. This result further strengthens the findings
fromMS-based studies that lipoproteins contain some level of PS. We also show that the commonly used detergent lysis control
for identifying EV-specific events in flow cytometry also affects some lipoprotein populations to a similar extent, which could
complicate result interpretation. Both of these lipid-based approaches (selective labelling of PS-markers and detergent lysis of
lipid membranes) for EV identification exploit the lipid-nature of EVs, but as illustrated herein, these approaches can be con-
founded by the lipid-nature of lipoproteins. Towards distinguishing EVs from lipoproteins, we discuss the merits and challenges
of using physical (light scatter-based) and biochemical (antibody-based) strategies for identifying and differentiating EVs from
lipoproteins in flow cytometry.
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