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Introduction

Nanoscale flow cytometry for
immunophenotyping and quantitating
extracellular vesicles in blood plasmaf

Nikki Salmond, €22 Karan Khanna,? Gethin R. Owen® and Karla C. Williams {2 %2

Extracellular vesicles (EVs) are lipid membrane enclosed nano-sized structures released into the extra-
cellular environment by all cell types. EV constituents include proteins, lipids and nucleic acids that reflect
the cell from which they originated. The molecular profile of cancer cells is distinct as compared to
healthy cells of the same tissue type, and this distinct profile should be reflected by the EVs they release.
This makes EVs desirable candidates for blood-based biopsy diagnosis of cancer. EVs can be time con-
suming to isolate therefore, a technology that can analyze EVs in complex biological samples in a high
throughput manner is in demand. Here nanoscale flow cytometry is used to analyze EVs in whole, unpur-
ified, plasma samples from healthy individuals and breast cancer patients. A known breast cancer marker,
mammaglobin-a, was evaluated as a potential candidate for expression on EVs and increased levels in
breast cancer. Mammaglobin-a particles were abundantly detected in plasma by nanoscale flow cytome-
try but only a portion of these particles were validated as bona fide EVs. EVs could be distinguish and
characterized from small protein clusters and platelets based on size, marker composition, and detergent
treatment. Mammaglobin-a positive EVs were characterized and found to be CD42a/CD41-positive plate-
let EVs, and the number of these EVs present was dependent upon plasma preparation protocol. Different
plasma preparation protocols influenced the total number of platelet EVs and mammaglobin-a was found
to associate with lipid membranes in plasma. When comparing plasma samples prepared by the same
protocol, mammaglobin-a positive EVs were more abundant in estrogen receptor (ER) positive as com-
pared to ER negative breast cancer patient plasma samples. This study demonstrates the capabilities of
nanoscale flow cytometry for EV and small particle analysis in whole, unpurified, plasma samples, and
highlights important technical challenges that need to be addressed when developing this technology as
a liquid biopsy platform.

contents are proposed to reflect their cell of origin, the poten-
tial use of EVs as a biomarker platform in cancer diagnosis

Extracellular vesicles (EVs) are lipid bilayer enclosed structures
released by all cell types into the extracellular environment
and biological fluids."? EVs are released either by budding
from the plasma membrane to form microvesicles (~50 nm-
1 pm) or are formed within the endosomal system and
released as exosomes (~30-100 nm)." EV constituents include
lipid, glycan, protein and nucleic acid signatures that reflect
the cell from which they are derived and EV contents can be
delivered to recipient cells in a functional capacity.>*® As EV
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and prognosis is an intensive area of research. EVs offer
certain advantages over circulating tumor cells and cell free
DNA biomarker platforms such as abundance (approximately
~10"° EVs per ml of plasma)® and stability.* However, isolation
and characterization of EVs from complex biological samples
such as plasma can be time consuming and requires special-
ized equipment which imposes limitations on their utility in a
clinical setting. Thus, development of a platform that is able
to analyze and quantitate EV biomarker composition without
purification would support the implementation of EV-based
liquid biopsies. Here, we aimed to develop the use of an emer-
ging technology — nanoscale flow cytometry - for the analysis
of EVs in human plasma samples and assessed its utility in
the detection and quantification of EVs.”°

Mammaglobin-a is a secretoglobin protein with enriched
expression in breast tissues."’ Mammaglobin-a expression has
also been observed in normal and malignant uterine, ovarian
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and cervical tissues.'> Whilst the function of mammaglobin-a
is unknown, mammaglobin-a expression is elevated in primary
and metastatic breast tumors but is not conclusively predictive
of cancer grade or subtype.”*™® Additionally, mammaglobin-a
mRNA is elevated in the blood of breast cancer patients as
detected by qPCR of circulating tumor cells. A meta-analysis of
several studies revealed that higher levels of circulating mam-
maglobin-a in plasma correlates with lymph node metastasis
and advanced tumor stage.'®® Furthermore, enzyme linked
immunosorbent diagnostic assay (ELISA) has been used to
show that secreted mammaglobin-a protein is elevated in
breast cancer patient blood.?® Predictive analysis of mamma-
globin-a protein structure reveals a putative transmembrane
domain suggesting that mammaglobin-a may be anchored at
the plasma membrane on breast cells. Indeed histological ana-
lysis of breast cancer and healthy tissues show plasma mem-
brane localization of mammaglobin-a.?’ Due to the cell
surface association of mammaglobin-a and its increased
expression in breast cancer cells, interest has arisen in target-
ing mammaglobin-a as an imaging agent,>* drug delivery
target,”" and as a vaccine.”®> Membrane associated mammaglo-
bin-a could also be present on EV membranes and used in a
diagnostic capacity. Mammaglobin-a, is an interesting candi-
date to investigate for the development of an EV liquid blood
biopsy in breast cancer.

In this study we quantify the mammaglobin-a content in
plasma from healthy individuals and breast cancer patients
using nanoscale flow cytometry.”> ' We find mammaglobin-a
particles readily abundant in both healthy individuals and
breast cancer patients but only a fraction of these particles are
EVs as determined using tetraspanin CD9 and Triton-X deter-
gent treatment. In plasma, the majority of CD9-positive EVs
were found to be platelet derived and mammaglobin-a was
associated with these EVs. Overall, our work details a nano-
scale flow cytometry platform for the analysis of EVs in
complex biological fluids such as plasma, and highlights tech-
nical considerations for the use of this technology in identify-
ing and quantitating specific EV populations in plasma.

Methods

Human specimens and processing

Biobanked blood plasma from breast cancer patients and indi-
viduals with benign breast disease was prepared and obtained
from London Tumor Biobank (London, Ontario), Alberta
Biobank (Alberta, BC) and BC Cancer (Victoria, BC). Healthy
plasma samples were obtained from Innovative Research Inc.
Plasma samples were collected as follows: London Tumor
Biobank-10 ml dipotassium EDTA collection tube centrifuged
at 2500g for 15 minutes; Alberta Biobank-6 ml dipotassium
EDTA collection tube centrifuged at 3500 rpm 15 minutes. BC
Cancer - 3-10 ml plasma in dipotassium EDTA collection tube
centrifuged at 2500g for 10 minutes. Healthy blood samples
were handled in larger volumes of 450 ml, from which plasma
was isolated by centrifugation at 5000g for 15 minutes.

This journal is © The Royal Society of Chemistry 2021

View Article Online

Paper

Dipotassium EDTA was used as the anticoagulant agent. All
patients had pathology diagnosed stage 1-3 breast cancer or
benign disease. All individuals provided informed consent in
accordance with institution protocol and study approval was
obtained by the institutional review board of UBC (IRB#H17-
01442). Study is compliant with all relevant ethical regulations
on the use of human plasma. Plasma was stored in liquid
nitrogen at biobank facilities and shipped on dry ice.

Nanoscale flow cytometry

Plasma was received from biobank, thawed, vortexed and ali-
quoted into 100 pl aliquots and stored at —80 °C. For antibody
labelling of plasma EVs, plasma was thawed on ice, vortexed
on low for 5 seconds, and 10 pl plasma was removed, placed in
a new tube and incubated with up to four antibodies for
30 minutes in the dark at room temperature. Details of anti-
bodies and the concentrations used can be found in ESI
Table 1. Plasma was diluted 1:30 in 300 pl 0.02 pm filtered
PBS (MultiCell) and transferred into a flat bottomed 96 well
plate. Samples were ran on CytoFLEX S (Beckman) using
MilliQ water (ultrapure filtered and deionized water obtained
from the MilliQ water purification system) as the diluent
instead of sheath fluid. The following settings were used:
trigger on 405 nm violet side scatter, violet side scatter detec-
tion set = 1027, slow speed setting for 30 seconds (10 pl
sample analyzed per minute). Manual gating was performed
on populations of interest with reference to isotype control. All
data was exported into an excel file and analysis was per-
formed on the total number of events that occurred within the
gated areas during the 30 seconds run. Gain settings: VSSC:
100. FITC: 500. PE: 50. APC: 50. BV421: 100. For particle size
estimation silica beads between 180 nm-1.3 pm in size
(Apogee) and 122 nm GFP labelled murine virus (ViroFlow
Technologies) were ran on the CytoFLEX using the settings
detailed above.

Purification and analysis of extracellular vesicles

Approximately 1 ml plasma was thawed on ice, once thawed
plasma was filtered using 0.8 pm filter (MilliPore). Size exclu-
sion column (IZON gEV original/70 nm) was brought to room
temperature and equilibrated using 20 ml 0.2 pm filtered PBS.
500 pl of the filtered plasma was applied to the column and
3 ml flow through was collected immediately. PBS (0.2 pm fil-
tered) was used to elute sample from column. Once 3 ml flow
through had been collected, a 1.5 ml and a 1 ml fraction was
collected as the EV fraction alongside three subsequent 1 ml
fractions (fractions 2, 3 and 4). EV fractions 1.5 ml and 1 ml
fraction were pooled and all collected fractions were concen-
trated to 100 pl using a 10 kDa MWCO Amicon concentrator
(Millipore). The resultant EVs were then used for downstream
processes.

For flow cytometry analysis, 10 pl purified EVs and sub-
sequent fractions were incubated with antibodies, as specified
in ESI Table 1,1 and then ran on the CytoFLEX S using the pro-
tocol described for plasma. Protein quantification of EV frac-
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tions was performed using BCA gold assay (Pierce) according
to manufacturer’s instructions.

Triton-X 100 lysis of extracellular vesicles

After incubation of purified EVs with selected antibodies for
30 minutes at room temperature in the dark, EVs were lysed by
diluting the EVs 1:30 in 300 pl 1% Triton-X 100 (Fisher
Bioreagents) in PBS. Samples were analyzed by nanoscale flow
cytometry as described above.

Platelet isolation

Platelets were pelleted from plasma samples by centrifugation
at 2800g for 10 minutes. The plasma supernatant was removed
and the pellet washed with PBS and pelleted again by a final
centrifugation step. Pellet was used in downstream appli-
cations (electron microscopy and nanoscale flow cytometry
according to the protocol stated above).

Electron microscopy

EVs and platelets pre-fixed in 2% paraformaldehyde were
adsorbed onto Formvar/carbon coated nickel or copper
200 mesh grids respectively (Ted Pella/electron microscopy
sciences) for approximately 2 minutes. Grids were then nega-
tively stained with pre-filtered 1% Uranyl acetate pH 4.6
(Fischer Sci) for 30 s then blotted with filter paper and allowed
to dry. Grids were imaged in scanning transmission mode
with a Helios NanoLab 650, fitted with an STEM detector,
(Thermofisher, Systems for Research, Kanata, ON, Canada) at
30 kV using the bright field imaging mode.

Nanoparticle tracking analysis

Isolated EV fractions from three healthy plasma samples were
diluted 1:1000 in 0.2 pm filtered PBS. The number and size of
diluted EVs was analyzed using the NanoSight LM10 with a
blue 488 nm laser (Malvern Panalytical). Three 30 seconds
measurements were acquired using the syringe pump to main-
tain EV movement through the chamber at speed 40. Camera
level was adjusted according to sample. Detection threshold
for analysis was always kept at 5. NTA software version 3.2.16
was used to analyze data.

Western blot

10 or 20 pg of each fraction was mixed with 10% reducing
buffer (10x Novex Bolt™) and 25% loading buffer (Novex Life
Technologies). For samples that were run under non-reducing
conditions reducing buffer was not added (for CD63). Samples
were boiled at 95 °C for 10 minutes, loaded onto Bolt 4-12%
Bis Tris Plus gradient gels (Thermo Fisher Scientific), and ran
at 200 V for 30 minutes in MOPS (50 mM MOPS (Sigma),
50 mM Tris Base, 0.1% SDS, 1 mM EDTA, pH 7.7) running
buffer. All reagents from Fisher Bioreagents unless otherwise
stated. The proteins on the gel were subject to a wet transfer
(190 mM glycine, 25 mM Tris Base) onto nitrocellulose
0.45 pm membrane (BioRad). After transfer, membranes were
blocked in 5% milk in TBS-T (20 mM Tris base, 160 mM NacCl,
0.1% Tween) for 1 hour. Primary antibodies were applied over-
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night at 4 °C in 1% milk at the dilutions given in ESI Table 1.7
Membranes were washed with three (10 minutes) washes in
TBS-T. Secondary Licor IRDye® 680RD /IRDye® 800CW was
applied in 1% milk for 30 minutes in the dark before repeating
the wash steps. Membranes were imaged on the Licor
Odyssey® CLx according to manufacturer’s instructions using
Image Studio Lite software (5.2). For all antibody information
please see ESI Table 1.1 1.2 pg recombinant mammaglobin-a
protein (Origene) was used as a positive control on mamma-
globin-a blots.

Software and data analysis

Nanoscale flow cytometry data and images were acquired
using the CytoFLEX CytExpert 2.3 software. Figures were pre-
pared with Inkscape™ 0.92 or Adobe Illustrator. Data was
handled in Excel and analyzed using GraphPad Prism 8.0.1.
Distribution of data was analyzed for normality. Data proven to
normally distribute was analyzed by parametric Students ¢-test
or ordinary one way ANOVA Turkey’s multiple comparison. If
normality failed, data was analyzed using non-parametric
Mann-Whitney ¢-test or Kruskal-Wallis ANOVA. *p < 0.05. **p
< 0.01. ***p < 0.001. ****p < 0.0001.

Results
Nanoscale flow cytometry for detection of nano-sized particles

GFP labelled murine virus particles (122 nm) and silica
Apogee beads with particle size range of 180 nm-1.3 pm were
ran on the CytoFLEX S flow cytometer using violet side scatter
(VSSC) trigger. VSSC triggering was capable of detecting all
size ranges of Apogee beads down to 180 nm and GFP labelled
122 nm virus particles (Fig. 1A). To detect EVs using nanoscale
flow cytometry a simple workflow was developed whereby 10 ul
plasma was incubated with desired fluorescently labelled anti-
bodies (see ESI Table 1t) for 30 minutes at room temperature
in the dark before being diluted 1:30 using 0.02 pm filtered
PBS (Fig. 1B). The samples were then loaded into a 96 well
plate for high throughput analysis using the CytoFLEX S
(Beckman Coulter). The loading of the 96 well plate was an
important consideration in order to avoid cross-contamination
between samples and maintain accurate results. A PBS wash
between each sample and a 1% Contrad 70™ wash followed by
a water wash at the end of each row was implemented to
prevent buildup of plasma EVs and proteins during sample
acquisition to minimize the risk of tubing blockages from
arising (Fig. 1C).

To ensure that signal detected by nanoscale flow cytometry
was specific to antibody EV-binding and not from aggregated
antibody or non-specific binding, each antibody used was
subject to extensive control-based experiments. The back-
ground signal and electrical noise detected by the CytoFLEX S
was confirmed to be low when PBS and plasma were ran on
their own (ESI Fig. 1). To ensure antibodies were binding to
EVs and not aggregating into nano-sized structures, the anti-
bodies were ran on their own in the absence of plasma (ESI

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Nanoscale flow cytometry detects and analyzes particles in the nanoscale size range. (A) Representative images of violet side scatter (SSC)
nanoscale flow cytometry of a GFP 122 nm virus or silica beads of different sizes 180 nm-1300 nm (Apogee). n = 3. GFP virus was detected and
gated using FITC-H whereas populations of non-fluorescent beads were detected using Violet SSC-H. (B) Workflow describing the process of pre-
paring plasma EVs for nanoscale flow cytometry. (C) Diagram of a 96 well plate set-up for high-throughput nanoscale flow cytometry analysis of

plasma EVs.

Fig. 21). To ensure the primary antibody was binding to the
specific target and not binding non-specific targets, the
isotype control for each antibody was incubated with plasma
and this resulted in minimal to no signal (ESI Fig. 2t). Finally,
the antibodies of choice were incubated with plasma together
(ESI Fig. 27) or separately (ESI Fig. 17) to identify signal cross-
over into other fluorescent channels. Only the PE signal was
found to crossover into the FITC channel and a compensation
value of 3 was applied to the PE channel to eliminate false-
positive FITC signal.

This journal is © The Royal Society of Chemistry 2021

Detection of mammaglobin-a positive nanosized particles in
plasma using nanoscale flow cytometry

Given that mammaglobin-a can associate with the plasma
membrane cell surface and its expression is increased in
breast cancer we sought to determine if mammaglobin-a posi-
tive EVs could be detected in breast cancer patient plasma
samples. To detect breast derived EVs in plasma, plasma
samples were incubated with an antibody against the mamma-
globin-a protein. A distinct population of nanosized mamma-
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globin-a positive particles were observed in plasma samples
(Fig. 2A). Antibody concentration was optimized through titra-
tion studies aimed at reducing non-specific signal and ensur-
ing antibody saturation of available epitopes (Fig. 2B). The
concentration of antibody showing a reduction in the number
of mammaglobin-a events relative to the antibody titration was
used in all experiments (Fig. 2B, highlighted red bar). To
assess for coincidence events, plasma volume was decreased
whilst keeping the concentration of antibody stable (Fig. 2C).
The number of recorded events reduced by approximately 50%
with each dilution demonstrating a lack of coincident detec-
tion. These controls were done for each antibody used in sub-
sequent experiments (ESI Fig. 2D and Ef).

Once the antibody concentration was optimized, 10 ul
plasma from 50 healthy, 56 benign, and 219 breast cancer
plasma samples was incubated with 20 ng mammaglobin-a
antibody for 30 minutes. Sample was then diluted 30 times in
300 pl PBS and ran on the CytoFLEX flow cytometer triggering
on 405 nm violet side scatter. Each sample was analyzed in
two independent experiments to ensure reproducibility, and a
third experiment used an isotype control antibody to ensure
antibody specificity (ESI Fig. 3t). The variance between inde-
pendent experiments was measured using a linear regression
analysis. The R* value was found to lie between 0.671-0.8909,
giving evidence of a strong correlation and therefore reproduci-
bility between runs (ESI Fig. 31). Analysis of mammaglobin-a
populations from each patient group found mammaglobin-a
particles detected in the plasma of all patient groups with no
significant differences between any of the groups (Fig. 2D).

To determine whether mammaglobin-a positive particles
detected by nanoscale flow cytometry were bona fide EVs, EVs
were purified from 500 pl plasma using size exclusion chrom-
atography. The EV fraction was collected along with sub-
sequent proteinacious fractions 2, 3 and 4. Nanoscale flow
cytometry analysis revealed that all fractions contained mam-
maglobin-a nanoparticles, and most particles were resistant to
detergent treatment indicating that the majority of mamma-
globin-a signal is attributed to protein clusters or aggregates
rather than EVs (Fig. 2E). Representative images of the mam-
maglobin-a nanoparticles detected within each fraction are
shown in Fig. 2F. EV isolation was validated using trans-
mission scanning electron microscopy, nanoparticle tracking
analysis and western blot. Electron microscopy images show
the presence of EV structures in the EV fraction, and smaller
lipid structures and protein aggregates present in the later frac-
tions (Fig. 2G). Nanoparticle tracking analysis shows similar
EV/nanoparticle concentrations in each fraction, however the
size of the detected particles decreased as the fraction elution
progressed (Fig. 2H). Finally western blot analysis of fractions
showed the EV marker CD63 present in the EV fraction but not
in later fractions, whereas EV contaminant protein albumin
was not present in the EV fraction and was abundant in later
fractions (Fig. 2I). Whilst CD63 positive EVs were detected in
the EV fraction mammaglobin-a was not. Mammaglobin-a
however, could be detected in the later SEC fraction (ESI
Fig. 41). The inability to detect mammaglobin-a on EVs by
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western blot could be explained by the low number of mam-
maglobin-a EVs in the EV fraction which is possible below the
detection limit of western blotting. Alternatively the associ-
ation of mammaglobin-a with EVs could be weak or transient
causing mammaglobin-a to be separated from EVs during the
SEC EV purification process.

Mammaglobin-a positive CD9 EVs can be detected in plasma
by nanoscale flow cytometry

To distinguish mammaglobin-a positive EVs from protein
aggregates, plasma samples were immunolabeled for mamma-
globin-a and EV marker CD9. This revealed a population of
dual CD9-mammaglobin-a positive events, thus identifying a
mammaglobin-a EV population. Surprisingly, plasma from
healthy subjects contained significantly more CD9 positive
EVs and CD9-mammaglobin-a dual positive EVs than plasma
from subjects with benign breast disease or breast cancer
(Fig. 3A and C). To ensure that the detected mammaglobin-a
and CD9 positive events identified in whole plasma were bona
fide EVs, EVs were isolated from plasma by size exclusion
chromatography and analyzed by nanoscale flow cytometry. All
fractions isolated by size exclusion chromatography were
immunolabeled for CD9 and mammaglobin-a and analyzed by
nanoscale flow cytometry. Nanoscale flow cytometry revealed
that CD9 positive and CD9-mammaglobin-a dual positive EVs
were found predominantly in the EV fraction with a smaller
population in fraction 2 and negligible amounts in fractions 3
and 4 (Fig. 3B, D and E). Importantly, all CD9 positive and
CD9-mammaglobin-a dual positive EVs were sensitive to deter-
gent treatment further validating these structures as EVs
(Fig. 3B and D). Representative images of the CD9 and dual
positive CD9-mammaglobin-a EV populations are shown in
Fig. 3E.

Nanoscale flow cytometry detects two CD9 populations:
platelets and EVs

Nanoscale flow cytometry analysis of CD9-positive events in
plasma gave rise to two distinct populations (Fig. 4A). As stan-
dard biobanking protocols generate platelet-low plasma rather
than platelet free, it was hypothesized that the populations
represented EVs and platelets. To confirm this, an antibody for
platelet marker CD41 was used in combination with CD9.
CD41 was found to co-localize with the CD9 population sup-
porting the notion that these are indeed platelets (Fig. 4A). In
addition to the larger CD9-positive structures, CD41 was also
found on the majority of the smaller CD9-positive structures
(Fig. 4A). In the healthy and breast cancer plasma cohort
greater than 75% of CD9 EVs immunostained dual positive for
platelet protein marker CD41 (83% =+ 20 and 76.5% = 15.3,
respectively). This demonstrates that the majority of CD9-posi-
tive EVs in plasma were likely to be platelet derived (ESI
Fig. 51). To further validate the larger CD9-positive population
as a platelet population, plasma was centrifuged at 2800g for
10 minutes to pellet platelets. The pre-spin plasma, post-spin
plasma, and pellet were immunolabelled with CD9 and ana-
lyzed by nanoscale flow cytometry. The number of CD9-posi-

This journal is © The Royal Society of Chemistry 2021
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negatively stained using 1% uranyl acetate before being imaged in scanning transmission mode at 30 kV using a Helios NanoLab 650. n = 2. (H) The
size and concentration of isolated EVs was analyzed using nanoparticle tracking analysis. n = 3. +SEM. (I) Western blot of EV marker CD63 and con-
taminant protein albumin expression in 20 pg EVs and fractions 2, 3 and 4 (2.5 yg). n = 3.
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Fig. 3 Mammaglobin-a and CD9 positive EVs can be detected in plasma samples from healthy, benign and breast cancer subjects. (A and C) Plasma
samples from healthy (50), benign (56), and breast cancer (219) subjects were incubated with CD9 and mammaglobin-a antibodies and the total
number of CD9 positive events (A) and dual positive CD9-mammaglobin-a events (C) was quantified. All samples were analyzed twice and an
average of the two runs taken. (B and D) EVs and subsequent fractions 2, 3 and 4 were isolated from plasma by size exclusion chromatography and
analyzed for CD9 and mammaglobin-a positive EVs by nanoscale flow cytometry in the absence and presence of 1% Triton-X 100. n = 3 plasma
samples. +SEM. (E) Representative images of identified CD9 EVs and dual positive CD9-mammaglobin-A EVs. CD9 and dual populations of interest
were gated for image generation.
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Fig. 4 Plasma contains platelets, activated platelets and platelet derived EVs that can be detected by nanoscale flow cytometry. (A) Representative
flow cytometry images of CD41 and CD9 positive platelets and platelet derived EVs. (B) Platelets were spun out of plasma samples at 2800g and the
plasma (pre and post spin) as well as the platelet pellet were analyzed for CD9 positive events and CD9 positive platelets. 5 samples. (C)
Representative transmission scanning electron microscopy images of platelets pelleted from plasma at 2800g. 3 samples were imaged. (D) The
number of CD41 positive platelets present in healthy (50) versus breast cancer (219) patient plasma samples. All samples were analyzed in duplicate
and an average value taken. +SEM. (E and F) The correlation between the presence of CD41 positive platelets and the number of platelet derived EVs
was analyzed in both healthy and breast cancer plasma samples by linear regression. n = 2. (G and H) Activated platelets in healthy and breast cancer
plasma samples were identified by quantifying CD41 and CD63 dual positive events. Linear regression was used to identify a correlation between the
number of CD41 positive platelets the number of activated CD63 platelets. Healthy samples: 50. Breast cancer samples: 40. (I) Representative
images of CD41 and CD63 positive activated platelets as observed using nanoscale flow cytometry. (J and K) The correlation between CD63 positive
activated platelets and the number of CD41 positive platelet EVs was assessed in healthy and breast cancer plasma samples by linear regression.
Healthy samples: 50. Breast cancer samples: 40. (L) CD63 positive platelets present in breast cancer versus healthy patient plasma samples. Healthy
samples: 50. Breast cancer samples: 40.
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tive platelet events was significantly reduced in the post-spin
plasma sample whereas the smaller CD9-positive EV popu-
lation did not significantly change post-spin (Fig. 4B and ESI
Fig. 6f). Next, the platelet pellets were subject to electron
microscopy. The 2-3 pm size range and rounded morphology
of the imaged structures along with their CD9 and CD41 posi-
tivity indicated that the structures had been correctly identi-
fied as platelets (Fig. 4C).

Analysis of platelet levels in breast cancer patient plasma
compared to that of healthy individual plasma found signifi-
cantly more platelets in healthy individuals; breast cancer
plasmas had, on average, 1500 platelets (1648 + 80 total
events) whereas healthy individuals had, on average, 6000
platelets (5847 + 660 total events) (Fig. 4D). To further under-
stand why the number of platelets in plasma samples was
varied, we investigated the impact of blood draw volume (4, 6
and 10 ml) upon platelet number. Larger draw volumes
(10 ml) correlated with higher platelet numbers remaining
post-centrifugation in the plasma as compared to the smaller
draw volumes (3 ml) (ESI Fig. 7AT). To confirm the effects of
blood volume draw on platelet numbers, human whole blood
was centrifuged at 2500g for 15 minutes using decreasing
blood volumes. Plasma was isolated and immunolabeled
with CD9 to analyze the platelet population. Indeed, the
larger the starting volume of blood the higher the number of
platelets in the plasma after centrifugation (ESI Fig. 7BfY).
Centrifugation time may also alter platelet number. To evalu-
ate this, 10ml of blood was spun at 2500g for 10 or
15 minutes. Both time points gave similar levels of platelet
removal (ESI Fig. 7Ct) and was the condition used in the col-
lection of benign and breast cancer patient plasma. The
volume of healthy plasma, however, was 450ml and spun at
5000g for 15min. The larger starting volume of plasma there-
fore, accounts for the higher number of platelets in the
healthy plasma samples.

While it is well recognized that blood collection protocols
affect platelet number, whether or not this translates to an
increase in EV number is less well described. As platelet-
derived EVs make up a large proportion of EVs blood,** differ-
ences in levels between healthy and cancer plasmas could
affect downstream analysis and results. To determine if the
number of platelets influences the number of platelet derived
EVs present in plasma, the platelet number was assessed for
correlation to platelet EV number. A significant positive corre-
lation between platelet number and platelet EV number was
found for both healthy and breast cancer plasma (Fig. 4E and
F); the correlation was moderately strong for breast plasma
samples (r* = 0.715; p < 0.0001) and modest for healthy plasma
samples (¥ = 0.3422; p < 0.0001). As platelets can shed EVs
upon activation,* to determine the contribution of activated
platelets to total platelet EV number, the relative number of
activated platelets in healthy and breast cancer patient plasma
was assessed and compared to the number of platelet EVs. The
number of activated, CD63 positive, platelets within a sample
positively correlated with the number of CD41 positive plate-
lets present in the sample (Fig. 4G and H). For healthy plasma,
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the correlation was strong (+* = 0.97) and for breast cancer
plasma the correlation was moderate (r* = 0.44). While platelet
EVs were readily detected in plasma samples, CD63 was not
detected on platelet EVs by nanoscale flow cytometry (Fig. 4I).
As such, the number of CD63 platelets in relation to the
number of CD41 EVs was assessed. A positive correlation
between increased activated platelet number and increased
platelet EV number was identified in healthy plasma samples
( = 0.33) (Fig. 4]). There was no correlation between the
number of activated, CD63 positive, platelets and the number
of platelet EVs in breast cancer plasma samples (> = 0.0006)
(Fig. 4K). While this is potentially a consequence of low levels
of activated platelets in breast cancer plasmas as compared to
healthy (Fig. 4L), it is also possible that platelet number rather
than activation status is a better representation of platelet-
derived EV number. Overall, these results demonstrate that
platelet number significantly correlates with platelet-derived
EV number and analysis of CD41 platelets represents a
method to identify plasma samples with high or low levels of
platelet-derived EV.

Mammaglobin-a is associated with platelet derived EVs

The majority of CD9-positive EVs were found to be of plate-
let origin, as identified by CD41. This suggests that CD9-
mammaglobin-a dual positive EVs may in-fact be platelet
EVs. To evaluate the origin of the CD9-mammaglobin-a dual
positive population, EVs were analyzed using platelet
markers CD41 and CD42a (Fig. 5A and B). The majority of
CD9-mammaglobin-a dual positive events were also positive
for platelet markers CD41 and CD42a (Fig. 5A and B). Thus,
the majority of mammaglobin-a EVs detected by nanoscale
flow cytometry in plasma are in-fact of platelet origin.
Mammaglobin-a was also detected on platelets suggesting
that secreted and membrane associated proteins to bind
other membranous structures in plasma (ESI Fig. 8%).
Mammaglobin-a association with platelet membranes in
whole plasma is potentially a weak or transient interaction.
To assess this, platelets were pelleted, resuspended, and
analyzed for mammaglobin-a by nanoscale flow cytometry.
Mammaglobin-a was not detected on isolated platelets by
either flow cytometry or western blot (ESI Fig. 97). This
suggests that mammaglobin-a is weakly or transiently associ-
ated with lipid structures in whole plasma.

As mammaglobin-a was found to be associated with plate-
lets and platelet EV membranes, the number of platelets and
platelet EVs in each sample would strongly influence mamma-
globin-a EV levels. Healthy plasma samples were found to have
significantly higher levels of CD41 positive platelet and plate-
let-derived EVs as compared to benign and breast cancer
plasmas (Fig. 5C and D). As such, it is not surprising that
healthy plasma samples were found to have significantly
higher levels of CD9-mammaglobin-a dual positive EVs com-
pared to benign and breast cancer plasma samples (Fig. 5E).
These results suggest that elevated CD9-mammaglobin-a dual
positive EV levels in healthy plasma may solely be a conse-
quence of high platelet and platelet EV numbers.

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Mammaglobin-a and CD9 positive EVs detected by nanoscale flow cytometry are CD41 and CD42a positive indicating that they are platelet
derived. (A) The proportion of mammaglobin-a CD9 EVs that were also positive for EV markers CD41 and CD42a in healthy and breast cancer
samples was analyzed using nanoscale flow cytometry. Healthy: 10 samples. Breast cancer: 10 samples. (B) Representative images of mammaglobin-
a and CD9 positive EVs before and after removal of CD41 and CD42a positive events. (C and D) The number of CD41 positive platelets and CD41
positive EVs as detected by nanoscale flow cytometry was quantified in plasmas derived from healthy (50), benign (56) and breast cancer (219)
patients. n = 2. (E) Quantification of the number of CD9 and mammaglobin-a dual positive EV events (minus any CD9 and mammaglobin-A dual
positive platelets) detected by nanoscale flow cytometry. n = 2.
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Mammaglobin-a positive EVs are elevated in estrogen receptor
positive breast cancer

Mammaglobin-a was found to associate with platelet derived
EVs. Healthy plasma samples had elevated levels of platelets
and platelet EVs as a consequence of the plasma isolation pro-
tocol. As mammaglobin-a associates with platelet EV mem-
branes, comparing mammaglobin-a EV levels between plasma
cohorts that were isolated using different protocols introduces
a confounding variable that could mask results or lead to inac-
curate reporting. However, the cohort of breast cancer plasma
samples were all prepared and stored by the same biobank
and therefore the data collected within this cohort was com-
parable and quantifiable. As increased expression of mamma-
globin-a has been demonstrated in breast tumors, particularly
in estrogen receptor (ER) positive tumors, we analyzed mam-
maglobin-a EV levels in plasma from ER-positive and ER-nega-
tive breast cancer patients.”® The number of CD9-mammaglo-
bin-a dual positive EVs was found to be significantly higher in
ER-positive breast cancers as compared to ER-negative breast
cancers (Fig. 6A). These results indicate that there is an
increased amount of secreted and circulating mammaglobin-a
in ER-positive breast cancers which associates with platelet
derived EVs and this can be analyzed and quantified using
nanoscale flow cytometry (Fig. 6B).

Discussion

Nanoscale flow cytometry is an emerging technology that can
identify and quantitate protein expression on nano-sized par-
ticles such as EVs. As EVs are time consuming to isolate by
ultracentrifugation or size exclusion chromatography,®”*®
nanoscale flow cytometry offers a significant advantage by
being able to measure EVs in plasma without isolation or puri-
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fication. In addition, a 96 well plate format supports its feasi-
bility as a technology for use in high-throughput clinical diag-
nostic tests. Another powerful aspect of nanoscale flow cytome-
try is the capability to immunophenotype EVs and identify
unique EV populations. Indeed it has been demonstrated by
others that prostate cancer derived EVs in patient plasma and
in cell line purified EVs can be detected using nanoscale flow
cytometry.””® Detection and quantification of tumor cell
derived EVs in plasma holds great promise for the develop-
ment of liquid blood-based biopsy test to diagnose, prognosti-
cate, predict, and monitor disease.

Our study aimed to optimize nanoscale flow cytometry for
the analysis of tissue specific EVs in unpurified plasma. We
successfully identified CD9-positive EVs that also expressed
the breast enriched protein mammaglobin-a. Further charac-
terization of CD9-mammaglobin-a EVs identified two critical
factors important for the analysis of EVs in plasma: (1) The
majority of CD9-mammaglobin-a positive EVs were in-fact
platelet EVs suggesting that plasma proteins can associate
with EV membranes, and (2) Platelet number directly corre-
lated with platelet-derived EV number, thus plasma prepa-
ration method affects not only the quantity of platelets but
also platelet EVs. Therefore a critical assessment of the quan-
tity of platelet and platelet derived EVs are of upmost impor-
tance when comparing between different patient cohorts
which have undergone different isolation protocols. This can
be expected when carrying out retrospective biomarker discov-
ery studies using plasmas stored by different biobanks or
institutions.

Our work has identified important factors to consider when
designing experiments for nanoscale flow cytometry analysis
of EVs in plasma samples; such as, plasma preparation
method, presence of platelets and platelet EVs, the membrane
association, or binding, capabilities of biomarker of interest

Analysis of plasma derived
extracellular vesicles

Platelet Breast marker:
marker: MammaglobinA 647
CD41 PE

LjEV marker:

CD9 BV421

Fig. 6 Mammaglobin-a and CD9 dual positive EVs are elevated in plasma samples from ER-positive breast cancer patients. (A) Nanoscale flow cyto-
metry data from the breast cancer plasma cohort, n = 219, (all plasma samples were handled and treated the same from collection to storage) was
analyzed for mammaglobin-a and CD9 positive EVs in ER-negative versus ER-positive breast cancers. Mammaglobin-a positive CD9 platelets were
excluded from the data set. n = 2. +SEM. (B) Schematic images representing an EV with a labelling strategy for biomarker discovery and cell of origin

identification using nanoscale flow cytometry.
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and detection of protein aggregates or particles. The number of
platelets in plasma samples was influenced by blood draw
volume. Another important consideration is the number of
freeze thaw cycles the plasma undergoes. Whilst studies report
that serum/plasma can undergo up to four freeze thaw cycles
without negative impact upon EVs,>**° others have found that
platelet derived EV levels increase upon freeze/thaw cycles.®' In
our study, samples were freeze/thawed three times to achieve an
2 for each antibody and one antibody control run.
Assessment of the correlation between the two runs was found
to be strong suggesting that any changes in EV levels due to
freeze/thaw cycles was not significantly affecting our EV levels.
However, additional freeze/thaw cycles could potentially result
in changes to EV levels. To avoid these challenges, the use of
platelet poor plasma would be advisable. However, biobanks
have different protocols that they follow during plasma iso-
lation, most of which result in platelet low plasma. The use of
platelet poor plasma would reduce high levels of platelets and
platelet-derived EVs in plasma; however, it is not always possible
to obtain platelet poor plasma especially in retrospective studies
using historical biobanks of cancer patient plasmas. Therefore,
consideration should be given when assessing plasma samples
from different biobanks. This would be of crucial importance if
the biomarker of interest is not an integral membrane protein
but a secreted protein with membrane binding capacity such as
mammaglobin-a which may be able to integrate into, or bind,
other membranous structures in plasma.

Through our analysis of mammaglobin-a events we found
that nanoscale flow cytometry not only detects EVs and plate-
lets but also protein aggregates. Size exclusion chromato-
graphy isolation of EVs and analysis by nanoscale flow cytome-
try showed, as expected, CD9-positive EVs abundant in EV frac-
tion 1, a minor amount in fraction 2, and negligible amounts
detected in the protein rich fractions (fraction 3 and 4).
However, mammaglobin-a was detected by nanoscale flow
cytometry in each fraction and found in the protein rich frac-
tion by western blot. Furthermore, only a fraction of mamma-
globin-a events detected by nanoscale flow cytometry were able
to be lysed by Triton-X 100 treatment establishing that mam-
maglobin-a protein aggregates were detected in plasma by
nanoscale flow cytometry. Only a small proportion of mamma-
globin-a events were associated with CD9 and identified as
bona fide EVs. Additional EV validation strategies such as
western blotting, nanoparticle tracking analysis, and electron
microscopy were employed to validate that the isolated EVs
being analyzed were indeed EVs. Thus, while nanoscale flow
cytometry is capable of accurately detecting and quantifying
EVs, this technology also detects small particle structures,
such as protein aggregates or clusters, and requires additional
validation studies to authenticate detected particles as EVs.

Interestingly, while we could detect CD41 and CD63 on
platelets we could only detect CD41-positive EVs using nano-
scale flow cytometry. CD63 was found on Western blots of EVs
purified from plasma suggesting that CD63 is present on EVs
but not detectable by nanoscale flow cytometry. There are
several reasons as to why CD63 is not detected on EVs by nano-

n =
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scale flow cytometry. Residual antibody may create high fluo-
rescent background making smaller vesicles difficult to detect
above threshold. Alternatively, CD63 EV signal may be hidden
by the presence of large numbers of EVs or other particles in
the plasma generating a high level of background noise requir-
ing a strong fluorescence signal to break above the detection
threshold. Surface expression of CD63 would also an impor-
tant consideration for detection in complex biofluids.
Consideration for the number of CD41 versus CD63 molecules
found on an average platelet may explain our results. An
average platelet (surface area ~8 pm?) displays ~40 000 copies
of CD41, so a ~100 nm diameter EV (~0.04 um?*) would display
~200 molecules of CD41.° However, the average number of
CD63 molecules per platelet has been estimated to be 2200,
meaning that an EV could contain as few as 11
CD63 molecules, far below the detection limits of most flow
cytometers.>?> This means that CD41 EVs will be detected
more frequently and will be brighter than CD63 EVs. Indeed,
we have found that CD41 EVs are detected by nanoscale flow
cytometry, but we are unable to detect CD63 EVs. Thus, nano-
scale flow cytometry likely has serious limitations in its sensi-
tivity to low-abundance biomarkers. There may be only a few
copies of a given biomarker per EV, and this challenge is
exacerbated by the modest brightness and rapid photobleach-
ing of many fluorescent dyes. Overcoming the limitations
imposed by low antigen levels and dim fluorescence will likely
require the development of new materials or methods that can
be implemented into a nanoscale flow cytometry platform.

Conclusion

Nanoscale flow cytometry provides a rapid platform for immu-
nophenotyping and quantitating EVs in complex biofluids. We
developed this platform to quantitate the levels of CD9-mam-
maglobin-a dual positive EVs in breast cancer patient plasma
and found elevated levels significantly associated with ER-posi-
tive breast cancer. However, nanoscale flow cytometry detected
not only mammaglobin-a EVs but also non-EV mammaglobin-
a particles highlighting the need for careful validation when
using this technique to quantitate EVs. Additionally, by immu-
nophenotyping mammaglobin-a positive EVs, mammaglobin-
A positive EVs were found to be CD41 and CD42a positive indi-
cating that they were in-fact platelet EVs. Plasma preparation
techniques were found to significantly impact not only the
number of platelets but also the number of platelet derived
EVs present in the plasma. Therefore, analysis of platelet EVs
required plasma sample preparation to be carried out in the
same manor for samples to be comparable. Nanoscale flow
cytometry analysis of low-abundance EV markers, such as
CD63, in whole plasma may be poor but the development of
new brighter materials could overcome this challenge.
Continued improvements to this technology and our under-
standing of plasma EV composition could develop this techno-
logy for use as a high-through platform in liquid biopsy for
cancer.
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