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Flow cytometer trigger detector(s) and threshold(s)
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Flow cytometer trigger detector(s) and threshold(s)
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Example of raw flow cytometry data

-low cytometry data
nave arbitrary units

EVs were measured

CD61* (integrin B3) labelled EVs in human blood plasma
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A history of extracellular vesicle detection by flow cytometry

Abrams et al.
Forward scatter (a.u.)
X particle size

Sims et al.
Detection of “100-nm
platelet-derived
microparticles”
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Disclosure: this story is incomplete
EVs: extracellular vesicles; MESF: molecules of equivalent soluble fluorophore



Activation of cellular responses

L w)
F
|

=]
(7]
1

SIDE SCATTER
o
r

SIDE SCATTER

" |
1 )
I :
3 P
N, |
. [ ]
. [}
- |
| |
]
A -------l
v
1
‘M
|
-
| | | i
10! 102 103
FORWARD SCATTER

cob-9
- i A0 & A = e "
’
[
{p
"
[ ]
H
i' ; 1
-.‘l ‘ ‘
1
H -8
! M
[ |
’ '
S 3
L) 1 | |
10! 102 103 104
FORWARD SCATTER

Figure adopted from Sims et al. J Biol Chem 1988
Glycoprotein Ib-positive events




®

200

*** Pre-bypass
— Bypass

Platelets

Mlcropartlcles__' Plt-Wbc

NUMBER OF CELLS

PARTI ZE

Forward scatter (a.u.) e¢ fary units)

Figure from Abrams et al Blood 1990

10



Detection of “100-nm platelet-derived microparticles”

e Similar forward scatter for “microparticles” and
100-nm fluorescence beads

Based on this
calibration, the average size of the platelet-derived micropar-
ticles was approximately 0.1 um in diameter, similar to the
0.05 to 0.1-um vesicles we have previously detected in electron
micrographs of C5b-9-treated platelets (7).

® Sims et al. J Biol Chem 1988
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Image from spwindustrial.com
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A history of extracellular vesicle detection by flow cytometry

Abrams et al.
Forward scatter (a.u.)
X particle size

Sims et al.
Detection of “100-nm
platelet-derived
microparticles”

Nieuwland et al.

I Platelet-derived Robert et al.
“microparticles” are Standardization
procoagulant using beads
1 1
1990 2000 2010

Time (years)

Disclosure: this story is incomplete

: ) 1
EVs: extracellular vesicles; MESF: molecules of equivalent soluble fluorophore >



Standardization with polystyrene bead - gates: Megamix
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A history of extracellular vesicle detection by flow cytometry

Abrams et al.
Forward scatter (a.u.)
X particle size

1

Sims et al. Lacroix et al.
Detection of “100-nm Interlaboratory
platelet-derived comparison study
microparticles” Nieuwland et al. 1

I Platelet-derived Robert et al.

“microparticles” are Standardization

procoagulant using beads

1 1

1990 2000 2010

Time (years)

Disclosure: this story is incomplete

: ) 15
EVs: extracellular vesicles; MESF: molecules of equivalent soluble fluorophore



Interlaboratory comparison study: 49 tested FCMs

BC instruments CV =15-30%
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FCMs: flow cytometers; PMP: platelet microparticles



A history of extracellular vesicle detection by flow cytometry

Abrams et al. Chandler et al.
Forward scatter (a.u.) Mie theory to
X particle size understand scatter
1 1
Sims et al. Lacroix et al.
Detection of “100-nm Interlaboratory
platelet-derived comparison study
microparticles” Nieuwland et al. 1
I Platelet-derived Robert et al.
“microparticles” are Standardization
procoagulant using beads
1 1
1990 2000 2010

Time (years)

Disclosure: this story is incomplete
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EVs: extracellular vesicles; MESF: molecules of equivalent soluble fluorophore



Mie theory to understand EV light scattering
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Mie theory to understand EV light scattering
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A history of extracellular vesicle detection by flow cytometry

Abrams et al. Chandler et al.
Forward scatter (a.u.) Mie theory to
X particle size calibrate scatter
1 1
Sims et al. Lacroix et al. van der Pol et al.
Detection of “100-nm Interlaboratory Mie theory &
platelet-derived comparison study swarm detection
microparticles” Nieuwland et al. [ 1
I Platelet-derived Robert et al.
“microparticles” are Standardization

procoagulant using beads
1 1

1990 2000 2010 '.')
Time (years) “

Disclosure: this story is incomplete
EVs: extracellular vesicles; MESF: molecules of equivalent soluble fluorophore
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Relate scatter to diameter of EVs by Mie theory

B data polystyrene beads
® data silica beads
theory polystyrene spheres

(n olystyrene — 1.609)
— = theory silica spheres
(nsﬁ.r'.':a =1 445)

theory vesicles
(n_=1.38+0.02, n_=1.48)

Side scatter (mW)
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van der Pol et al. / Thromb Heamost 2012 21



The heart of the flow cytometer

fluorescence channels

electronics and
. computer

side
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illumination
volume = 50 pl

At a concentration
of 1019 EVs ml1,
>500 EVs are
simultaneously
illuminated






A history of extracellular vesicle detection by flow cytometry

Abrams et al. Chandler et al.
Forward scatter (a.u.) Mie theory to
X particle size calibrate scatter
l [ Nolan et al.
Sims et al. Lacroix et al. van der Pol et al. Swarm detection:
Detection of “100-nm Interlaboratory Mie theory & trigger artifact
platelet-derived comparison study swarm detection 1
microparticles” Nieuwland et al. 1 1
I Platelet-derived Robert et al.
“microparticles” are Standardization
procoagulant using beads
1 1
1990 2000 2010 ;)
Time (years) “
Disclosure: this story is incomplete )8

EVs: extracellular vesicles; MESF: molecules of equivalent soluble fluorophore



Coincidence vs. swarm detection

e Coincidence detection
» simultaneous detection of two or a few particles

e Swarm detection
> special case of coincidence detection
» multiple particles at or below the detection limit
» simultaneously and continuously in laser beam
> erroneously registered as a single event

Discussion on nomenclature based on Nolan et al. Cytom Part A 2013 29



A history of extracellular vesicle detection by flow cytometry

Abrams et al. Chandler et al.
Forward scatter (a.u.) Mie theory to
X particle size calibrate scatter
I [ Nolan et al.
Sims et al. Lacroix et al. van der Pol et al. Swarm detection:
Detection of “100-nm Interlaboratory Mie theory & trigger artifact
platelet-derived comparison study swarm detection 1
microparticles” Nieuwland et al. [ [ Gardiner et al. &
: Platelet-derived Robert etal. Konokhova etal. van der Pol et al.
“microparticles” are Standardization EV refractive index EV refractive index
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Disclosure: this story is incomplete 30
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First refractive index measurements of EVs
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A history of extracellular vesicle detection by flow cytometry

Abrams et al. Mobarrez et al. Chandler et al.
Forward scatter (a.u.) MESF calibration Mie theory to
X particle size in EV research calibrate scatter
! 11 Nolan et al.
Sims et al. Lacroix et al. van der Pol et al. Swarm detection:
Detection of “100-nm Interlaboratory Mie theory & trigger artifact
platelet-derived comparison study swarm detection 1
microparticles” Nieuwland et al. [ | Gardiner et al. &
: Platelet-derived Robertetal. Konokhovaetal. vander Poletal.
Brown et al. “microparticles” are Standardization EV refractive index EV refractive index
MESF calibration procoagulant using beads measurements measurements
: | | N
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Time (years) “

Disclosure: this story is incomplete
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EVs: extracellular vesicles; MESF: molecules of equivalent soluble fluorophore >



Normalised Count
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A history of extracellular vesicle detection by flow cytometry

Abrams et al. Mobarrez et al. Chandler et al.
Forward scatter (a.u.) MESF calibration Mie theory to
X particle size in EV research calibrate scatter
! 11 Nolan et al.
Sims et al. Lacroix et al. van der Pol et al. Swarm detection:
Detection of “100-nm Interlaboratory Mie theory & trigger artifact
platelet-derived comparison study swarm detection 1
microparticles” Nieuwland et al. [ | Gardiner et al. &
: Platelet-derived Robertetal. Konokhovaetal. vander Poletal.
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Disclosure: this story is incomplete
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EVs: extracellular vesicles; MESF: molecules of equivalent soluble fluorophore >



A history of extracellular vesicle detection by flow cytometry
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Zhu et al.
24-nm silica
beads detection

van der Pol et al. Arraud et al.
Size distribution Size distribution
of EVs in urine of EVsin plasma

2015 2020
Time (years)

Disclosure: this story is incomplete

EVs: extracellular vesicles; Figure: Arraud et al. J Thromb Haemost 2012 =



Measured concentrations of extracellular vesicles
depend on lower limit of detection
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A history of extracellular vesicle detection by flow cytometry

Stoner et al.
Fluorescence-based sizing

1
Arraud et al. I SAC
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1 1 o
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van der Pol etal. Arraud et al. De Rond et al. @/ EXTRACELLULAR VESICLES

Size distribution Size distribution Start EVFCM  Optimal trigger
of EVsin urine of EVsin plasma working group depends on FCM

I I I ~
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Disclosure: this story is incomplete
. 37
EVs: extracellular vesicles; FCM: flow cytometry



A history of extracellular vesicle detection by flow cytometry

Stoner et al. De Rond et al.
Fluorescence-based sizing  Scatter-based sizing
1 1
Arraud et al.
van der Vlist et al. Zhu et al. Optimal trigger
EV detection by 24-nm silica is fluorescence
fluorescent labeling  beads detection 1
1 1
van der Pol et al. Arraud et al. De Rond et al.

Size distribution Size distribution Start EVFCM  Optimal trigger
of EVsin urine of EVsin plasma working group depends on FCM

I I I ~
2015 2020

Time (years)

Disclosure: this story is incomplete
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Turn your flow cytometer into a particle size analyzer!

Deriving Extracellular Vesicle Size
From Scatter Intensities Measured
by Flow Cytometry

Leonie de Rond,"*? Frank A. W. Coumans,"** Rienk Nieuwland,*’
Ton G. van Leeuwen,"* and Edwin van der Pol'-*>*

Current Protocols in Cytometry, €43 (2018)

e Easy

e Cheaper than daily quality control with polystyrene beads

e More accurate than NTA (flow cytometer dependent)

39



Example of scatter-based sizing of EVs

EVs in human urine
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Data and figure by Michael Cimorelli, manuscript in prep. 40



A history of extracellular vesicle detection by flow cytometry

Stoner et al. De Rond et al.

Fluorescence-based sizing  Scatter-based sizing

1 1
Arraud et al. Varga et al.

van der Vlist et al. Zhu et al. Optimal trigger ~ Hollow silica beads

EV detection by 24-nm silica is fluorescence  to calibrate scatter
fluorescent labeling  beads detection 1 1

1 1
van der Pol etal. Arraud et al. De Rond et al.

Size distribution Size distribution Start EVFCM  Optimal trigger
of EVsin urine of EVsin plasma working group depends on FCM

I I I ~
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Disclosure: this story is incomplete
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Hollow organosilica beads confirm scatter-
EVs
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A history of extracellular vesicle detection by flow cytometry

Stoner et al. De Rond et al.
Fluorescence-based sizing  Scatter-based sizing
1 1
Arraud et al. Varga et al.
van der Vlist et al. Zhu et al. Optimal trigger  Hollow silica beads
EV detection by 24-nm silica is fluorescence  to calibrate scatter
fluorescent labeling  beads detection 1 1

van der Pol et al.
van der Poletal. Arraud et al. De Rond et al. Mie theory-based
Size distribution Size distribution Start EVFCM  Optimal trigger standardization
of EVsin urine of EVsin plasma working group depends on FCM  study

[ [ [ ~l
2015 2020

Time (years)

Disclosure: this story is incomplete
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Study comprises 33 sites (64 instruments
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Scatter sensitivity of 46 flow cytometers in the field
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Reproducibility of 1200-3000 nm EVs, 31 FCMs

CV(%)
Gate on beads 139%
Gate on EV size with 81%

light scatter theory

Requires improvement!

%CV = standard deviation / mean * 100%

46



A history of extracellular vesicle detection by flow cytometry

Stoner et al. De Rond et al.
Fluorescence-based sizing  Scatter-based sizing
1 1
Arraud et al. Varga et al.
van der Vlist et al. Zhu et al. Optimal trigger  Hollow silica beads
EV detection by 24-nm silica is fluorescence  to calibrate scatter
fluorescent labeling  beads detection 1 1
. . van der Pol et al.
van der Poletal. Arraud et al. De Rond et al. Mie theory-based
Size distribution Size distribution Start EV FCM Optimal trigger standardization = Welsh et al.
of EVsin urine of EVsin plasma working group depends on FCM  study MIFlowCyt-EV
1 1 1 ~ 1

2015 2020
Time (years)

Disclosure: this story is incomplete
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Reporting

Taylor & Francis

Taylor & Francis Group

2020, VOL. 9, 1713526

JOURNAL OF EXTRACELLULAR VESICLES @
https://doi.org/10.1080/20013078.2020.1713526

& OPEN ACCESS

MIFlowCyt-EV: a framework for standardized reporting of extracellular vesicle
flow cytometry experiments

Joshua A. Welsh 2, Edwin Van Der Pol®<4, Ger J.A. Arkesteijn (2%, Michel Bremer, Alain Brisson?, Frank Coumans®<<,
Francoise Dignat-George™, Erika Duggar/, lonita Ghiran (2%, Bernd Giebel', André Gorgens"™, An Hendrix ",
Romaric Lacroix (2™, Joanne Lannigan®, Sten F.W.M. Libregts®?, Estefania Lozano-Andrés (¢, Aizea Morales-
Kastresana (7, Stephane Robert™, Leonie De Rond"<¢, Tobias Tertel, John Tigges*9, Olivier De Wever",

Xiaomei Yan ¢, Rienk Nieuwland*, Marca H.M. Wauben (2%, John P. Nolan’ and Jennifer C. Jones ©°
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A history of extracellular vesicle detection by flow cytometry

Stoner et al. De Rond et al. Gasecka et al.
Fluorescence-based sizing  Scatter-based sizing  Clinical study with MIFlowCyt-EV
[ [ [
Arraud et al. Varga et al. Welsh et al.
van der Vlist et al. Zhu et al. Optimal trigger  Hollow silica beads Proof-of-principle:
EV detection by 24-nm silica is fluorescence  to calibrate scatter  calibrating all detectors
fluorescent labeling  beads detection 1 1 1
. . van der Pol et al.
van der Pol et al. Arraud et al. De Rond et al. Mie theory-based Woud et al.
Size distribution Size distribution Start EVFCM  Optimal trigger standardization =~ Welsh et al. Fully calibrated
of EVsin urine of EVsin plasma working group depends on FCM  study MIFlowCyt-EV  imaging FCM
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Disclosure: this story is incomplete
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Outline

v Flow cytometry basics: parler la méme langue

v A history of... extracellular vesicle detection
e The future of... by flow cytometry
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The future of EV detection by flow cytometry

Time (year)
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The future of EV detection by flow cytometry

e New instruments with similarities to flow

cytometry

> Resistive pulse sensing + fluorescence detection
(ARC, Spectradyne)
» Metrological flow cytometer (METVES II)

53



Metrological flow cytometer

e Will measure
» Diameter in nm
> Refractive index
> Shape
> Fluorescence intensity
in standard units
> Sample volume

traceably, including an uncertainty

Kuiper et al. Mikronek 2022

: : 54
Image courtesy of Martine Kuiper (metves.eu)



Expected soon

e Welsh, van der Pol & the EV FCM working group:
EV flow cytometry compendium (under revision)

e METVES Il interlaboratory comparison study
> calibrate all flow cytometry aspects

e Reference values of EVs in human blood plasma

55



METVES II: 23 participants and 35 flow cytometers
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Without calibration, data do not reproduce
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Calibration improves data reproducibility

Apogee A60-Micro Cytek Aurora
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Reference values of EVs in human plasma

e 224 healthy volunteers
e Quality controls
e Assay controls

e Calibration
» known size &
fluorescence ranges
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Reference values of EVs in human plasma example

Counts

CD61+ EVs, Diameter =230 nm —1,000 nm, >50 MESF BV-421
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Summary

e Calibrated, reproducible and well-controlled flow
cytometry measurements of EVs are in place

e Read the EV flow cytometry compendium,
calibrate, report and...

..start exploring!
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