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Chapter1

The wide wealthy world of communication

The living world is a collection of ecosystems in which the interactions between
individual components determine the emergent properties of complex biological
systems . Such interactions are mainly driven through communication between
or within species and organisms, which are subject to changing environmental
conditions. As such, the state of a system is reflected by its occupying species, which
may be studied to infer environmental changes. To illustrate: bees are considered
an indicator species meaning that their vibrancy on earth reflects environmental
conditions and aids in gauging the health of ecosystems. Simply put, reduced
numbers of bees in a given hive indicate a decline in environmental conditions.

Similar to studying bees to infer environmental status, studying biomolecules
released by cells - as means of intercellular communication — allows researchers
to infer cellular status, and, by extension, the status of cellular systems as a whole.
This is of paramount importance in the context of health and disease. Broadly
speaking, cellular communication is performed through either direct contact with
neighboring cells or the excretion of biomolecules into the extracellular space. A
relatively recently discovered and exciting modality of such an excreted means of

communication, and the subject of this thesis, are extracellular vesicles (EVs).

A brief history of EV-erything

EVs were first described in a series of manuscripts which identified potential
structures that would retrospectively be described as EVs 2 In 1946, Chargaff and
West reported the discovery of a ‘particulate fraction’ which sedimented from
human plasma at 31,000 g (but remained at solution at 5000 g). At the time,
these particles were suggested to be a form of cellular waste *. In 1967, Peter Wolf
described a “material in minute form, sedimentable by high-speed centrifugation
and originating from platelets, but distinguishable from intact platelets” — which
we now know as the EV fraction. Wolf provided electron microscopy images of
these particles, which he described as ‘platelet dust’ 4. A few years later (1971), Neville
Crawford published further images of these particles — which were now being
described as ‘microparticles’ — and showed that these particles contained lipids and
carried cargo such as the cellular energy source adenosine triphosphate (ATP) °, thus
suggesting that these particles were more than cellular debris or waste particles.
These pioneering experiments were the first to describe the presence and structure

of such cell-free components and hinted at their potential biological importance.
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Since then, EVs have been identified as a heterogeneous group of lipid bilayered
membrane structures (30-8000 nm in diameter ©), and are classified into three
major subtypes based on their mode of biogenesis (Figure 1). In addition to their
mode of release, EV size is often used for characterization: exosomes are regarded
as the smallest type of EVs (30 — 100 nm in diameter), microvesicles range from
100 to 1000 nm in diameter, and apoptotic bodies may reach sizes up to several
micrometers 7. However, there is some controversy on nomenclature and sizes
as different types of EVs overlap in their size distribution &°. Therefore, the term
‘Extracellular Vesicle’, as used in this thesis, is used as a generic term for all secreted
vesicles.

EVs carry proteins on their surface and a variety of macromolecules as cargo (e.g.,
lipids, proteins, enzymes, nucleic acids, protein-coding mRNAs and regulatory
microRNAs 1) which are thought to reflect the status of their cell of origin. Upon
contact with or internalization by recipient cells, EVs have the ability to transfer
information from one cell to another, thus modulating recipient cell behavior ™.
Therefore, EVs have been recognized as mediators of intercellular communication
during both normal physiological as well as in pathological processes ' ®. As EVs
are excreted by virtually all cell types in the human body, they can be found in all
body fluids, such as the blood ¢, saliva ™ and urine >,

Figure 1 - Exosomes, Microvesicles, and Apoptotic bodies.

Exosomes (left) are released into the extracellular domain through fusion of multivesicular
bodies (MVB) with the cell membrane. Microvesicles (middle) are formed through outward
budding of the cell membrane, and apoptotic bodies (right) are fragments of cells which
have undergone apoptosis. Adapted from Karpmann, et al. .
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The relative stability of EVs (their cargo is protected from fragmentation and
degradation by the lipid bilayer ®),and their ubiquitous presence in (relatively) easily
obtainable bodily fluids have sparked the interest in EVs as potential biomarkers
for disease diagnosis and prognosis °. As EVs exist at numbers exceeding 1000
particles for each cell of origin, their analysis offers quantitative advantages over
less abundant entities such as circulating tumor cells ?°, donor-derived cell-free

DNA 2, or antibodies against cytoplasmic proteins 22

EVs as potential biomarkers in kidney transplantation

Kidney transplantation is the preferred treatment for patients suffering from
irreversible, end-stage renal disease - providing increased patient survival over
dialysis 2. However, the shortage of available donor kidneys (grafts), the increasing
number of patients on the waiting list, and the general aging of the population
has led to an increased use of expanded-criteria donor (ECD) grafts as well as
grafts procured from donation after circulatory death (DCD) 2 — both of which
are associated with poorer transplant outcomes when compared to organs from
standard criteria donors 526, An essential problem with the usage of these kidneys
is the lack of quality measures needed to guide the clinician in deciding whether
to accept or decline the organ. In the past decade, hypothermic machine perfusion
(HMP) has gained interest as a promising preservation technique for deceased
donor organs %/, showing improved clinical outcomes after kidney transplantation
compared with static cold storage 2. The most recent development in organ
preservation is normothermic machine perfusion (NMP). In contrast to HMP, NMP
aims to restore cellular metabolism and function to the organ, which is achieved
through circulation of a warm, oxygenated red blood cell based solution through
the organ prior to transplantation 2°3°. Because metabolism is activated, NMP offers
the possibility to assess graft status prior to transplantation through monitoring of
the perfusion dynamics and analysis of biomarkers (such as EVs) in the perfusion

ﬂuids 25,29, 31,32

After transplantation - despite potent immunosuppressive therapy - acute
rejection of the graft occurs in as much as 21% of transplantations during the
first 6 months after transplantation 2. Though the function of kidney allografts
are routinely monitored through serum creatinine and urea, and urinary protein
concentrations, these markers are relatively insensitive for allograft rejection as a
rise in their concentrations does not specifically indicate immunologic rejection
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335, Consequently, an elevation of these markers is often followed by a kidney
transplant biopsy, which, despite being the gold standard to diagnose rejection, is
an invasive procedure with a risk of complications including bleeding and infection
34, Combined, these issues reveal the critical need for more accurate, early and

minimally invasive biomarker platforms to diagnose kidney allograft rejection.

The potential of EVs as biomarker for the detection of allograft rejection has been
described - in animal models - by a few groups 4°. These studies have shown
that donor-derived EVs are released into the circulation post transplantation, and
provide indications that concentrations of donor-derived EVs diminish during
rejection well before alterations in classical biomarkers or histologic manifistation
of injury can be observed. These findings suggest that detection and monitoring
of donor-derived circulating EVs may herald rejection in a more time-sensitive
manner compared to classical markers.

Challenging to measure

Despite the interest in and clinical relevance of EVs as biomarker, EV analysis is
hampered by a variety of factors. First of all, their physical characteristics, such
as their small size, low epitope copy number 4, the variety of protein markers
depending on the cell source, the confinement of some markers to the luminal
side of the EV, and the low abundance of pathological EVs ™ “ all contribute to
the complexity of EV analysis. Additionally, no unique antigens representative
for specific EV classes and subpopulations have been reported to date. Instead,
tetraspanins (CD9/CD63/CD81) are recognized as common EV antigens. These
proteins are enriched on EVs and are involved in EV biogenesis, cargo selection,
and cell targeting 444,

Second, the identification of EVs in blood plasma is further hindered by the
molecular complexity of plasma, which contains multiple elements (e.g. protein
aggregates, cell debris and the far more abundant lipoproteins) that interfere with
EV analysis "“. Lipoproteins are submicron structures of lipids and apolipoproteins
that are excreted into the circulation by the liver and intestines. They are classified
into several subgroups, and their biophysical properties in terms of size and density
largely overlap with those of EVs. However, a distinguishing feature is the presence

of an agueous core in EVs, whereas the core of lipoproteins is comprised of lipids ".
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Third, apart from their biological diversity and their large overlap in biophysical
properties with other entities, a lack of robust EV detection methods and
ambiguities in how data should be interpreted for EV analysis makes interpretation
between studies challenging “¢ %7, Currently, the gold standard approach for EV
analysis is based on the isolation or concentration of EVs. Ultracentrifugation,
density-gradient, and size exclusion chromatography are the most widely used
EV isolation techniques “, despite yielding low-purity EV samples due to the co-
isolation of non-desired molecules such as lipoproteins ™4,

Additionally, a variety of analytical platforms are available. Nanoparticle tracking
analysis (NTA) allows the determination of the size distribution and a rough
indication of the concentration of individual nanoparticles in suspension“, but
provideslimited phenotyping capabilities. Inturn,transmission electron microscopy
(TEM) is able to image particles <1 nm, but is time consuming and not suitable for
looking at shifts in EV populations. Other methods, such as ELISA and Western blot
analysis, offer bulk phenotyping abilities but lack quantification %55 Thus, a tool
for the accurate determination of the concentration and phenotyping of single EVs
in complex samples such as plasma represents an unmet need.

The holy grail: direct detection of single EVs in complex
samples

The only technique that has the potential to detect, size, and phenotype thousands
to millions of EVs per minute is flow cytometry (FC) *2. However, most clinical flow
cytometers, and their corresponding assays, are designed for cell measurements
and are not readily adapted to measure EVs; as the majority of EVs are <300
nm in diameter, conventional FCs struggle to discriminate these particles from
background signals ™ % % Another problem with flow cytometry is that the
generated signals are expressed in arbitrary units, which hinders comparison of
results between different instruments . To address these issues, more sensitive
instruments are introduced into the field, and guidelines regarding methods and
data reporting are being developed for both flow cytometry (Minimum Information
about a Flow Cytometry experiment, MIFlowCyt) and EV research 4.

In summary, the ideal EV analysis platform would be able to 1) detect and
discriminate single EVs <300 nm in diameter above background signals of the
instrument, 2) determine the size, concentration and phenotype of single EVs, 3)
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operate at a relatively high-throughput rate of thousands to millions of EVs per
minute, 4) be used without the need for prior EV isolation (thus omitting sample
selection biases whilst simultaneously reducing sample handling time), and 5)
discriminate the identified EVs from other contaminating components in the bio-

fluid of interest.

Objectives of this thesis

Sensitive and standardized methods for single EV analysis are needed if EVs are to
be translated into clinical practice. In recent years, imaging flow cytometry (IFCM)
has emerged as a technique that enables the discrimination and analysis of single
EVs with increased sensitivity compared to conventional FC. The ability of IFCM to
detect submicron particles has been demonstrated using fluorescent polystyrene
beads %8 or the use of cell supernatant-derived EVs *°. At the moment of writing,
several studies have reported the detection of EVs - obtained after performing
isolation procedures - from plasma using IFCM 55 %6 5859 However, the used
isolation procedures may have changed some EV properties: ultrafiltration might
disintegrate larger EVs (thus generating smaller particles which, in turn, skew EV
quantification upward) ¢ whereas ultracentrifugation might cause aggregation
and encapsulation of EVs (skewing EV quantification downward) ©. Thus, it is

unlikely that these results represent all EVs in plasma 2.

The main objective of this thesis is to explore whether IFCM is a suitable platform
for the direct detection of single EVs in molecular complex samples such as plasma
without the need to perform EV isolation techniques. This thesis is composed of

two parts:

* Part | presents the development of a standardized IFCM-based methodology
which allows for the direct detection, characterization and quantification of

single EVs in molecular complex samples such as perfusate, plasma or urine.

* Partll aims to validate the standardized methodology to detect EV subsets in

the context of kidney transplantation.

In chapter 2, we aim to validate the proof-of-concept that kidneys release
nanoparticles (such as protein aggregates and EVs) ex-vivo. In this chapter, we
examine the release of nanoparticles into the perfusion fluid by expanded-criteria

donor (ECD) kidneys during normothermic machine perfusion (NMP). To this end,
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perfusate samples taken before, during, and after the NMP procedure are analyzed
with nanoparticle tracking analysis (NTA) to quantitate and determine the size

distribution of nanoparticles released during NMP.

Though NTA currently is a gold-standard technique for EV-quantitation and size
analysis, it is unsuitable for complex samples such as plasma or urine (due to its
limited phenotyping capabilities). In chapter 3, we aim to provide a standardized
(size- and fluorescence calibrated) IFCM-based methodology which is able to
discriminate, phenotype, and determine the concentration of individual human
plasma-derived EVs <400 nm in diameter — without prior isolation of EVs. This
methodology aims to discriminate EVs from contaminating agents such as
lipoproteins and protein aggregates in molecular complex samples such as plasma,
and forms the backbone of this thesis. In chapter 4, we present an adaptation of
this methodology aiming to detect single EVs in urine — another complex bio fluid

with its own set of challenges in the context of EV detection.

Inchapter5,we characterizethe nanoparticlesreleased by ECD kidneysduring NMP,
and confirm that these are representative of EVs. Following the identification of EVs
in the perfusion fluids, we aim to identify distinct EV subsets and examine whether
these are potentially correlated with donor and NMP viability characteristics. As
a first step towards clinical applicability, we next set out to determine whether
the developed methodology is able to detect and follow-up single, (donor) tissue-

derived EVs in plasma samples of kidney transplant recipients (chapter 6).

Chapter 7 provides a summary of the results described in this thesis. Chapter 8
discusses these results and provides a perspective on future implications of our

findings.
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Chapter 2

The poor outcomes of transplantations with kidneys from extended criteria donors
(ECD) requires new methods of organ preservation and assessment given the more
severe ischemia/reperfusion injuries (IRl) compared to standard criteria donors'.
Machine perfusion (MP), aimed at reducing IRl and increasing graft function,
is extensively being researched and allows for the examination of the isolated
kidneys ex vivo through analysis of perfusion fluids'?. Donor-derived Extracellular
Vesicles (EVs), which may reflect the conditional state of their tissue of origin, are
known to be excreted in vivo in blood/urine and as such have been used to asses
organ function post transplantation®. We postulate that analysis of nanoparticles,
including EVs, in perfusion fluid during normothermic MP may allow for the

assessment of kidney quality prior to transplantation.

In this pilot trial, three ECD kidneys, (2 donors after cardiac death (DCD), 1 donor
after brain death (DBD), comparable warm ischemia times of 15 minutes followed
by 12 hours of cold ischemia, age 66/73/65, all male) were perfused at 37 °C for 2
hours during which perfusate samples were taken at 30 minutes intervals. Samples
were centrifuged at 16.000x g for 10 minutes to discard platelets and supernatant
was diluted 10x in 0.22 um filtered PBS prior to analysis by Nanoparticle Tracking
Analysis (NTA) (Figure 1A) to determine nanoparticle size and concentration (Figure
1B). Samples were measured by the Malvern Panalytical NanoSight NS300 and
analyzed with NTA software version 3.2.16. In brief, NTA tracks the Brownian motion
of individual nanoparticles in suspension on a frame-by-frame basis and correlates
this movement with particle size through the Stokes-Einstein equation. Per sample,
10 videos of 15 seconds with 20-60 particles in the field of focus were recorded with
camera level 11 and analyzed with detection threshold 5. This threshold was found
to eliminate most of the protein background in our analysis and allowed us to focus

on more complex particles such as EVs.

In the perfusate samples the average particle size remained unchanged (~155 + 7.6 nm,
data not shown), while an ~7.75-fold increase in cumulative nanoparticle concentration
was observed over time: 9.03E° particles/mL after 120 minutes compared to 117E?
particles/mL after O minutes of perfusion (Figure 1C). Particle excretion was observed
to be highest from the DBD kidney during the entire normothermic MP procedure.
Whether this increased nanoparticle release reflects better kidney function requires
further research; the released nanoparticles contain kidney-derived EVs which may be
indicative for renal quality. These preliminary results indicate that analysis of perfusion

fluid may be utilized to assess renal quality prior to transplantation.
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Figure 1 - Renal nanoparticle release measured by NTA.

A. Image of kidney derived nanoparticles during Nanoparticle Tracking Analysis (NTA)
measurements.

B. Size distribution vs. particle concentration of 1. perfusate after O minutes of perfusion and
2. perfusate after 120 minutes of perfusion.

C.Exvivonanoparticlerelease by extended criteriadonors (ECD) kidneysduring Normothermic
Machine Perfusion. Perfusate was obtained at 30 minutes intervals and measured with NTA.
Accumulation of nanoparticles within the cumulative perfusion fluid was observed over time
for all kidneys perfused, with highest excretion rate observed in the DBD kidney.

REFERENCES

1. Brat A, Pol RA, Leuvenink HG. Novel preservation methods to increase the quality of
older kidneys. Curr Opin Organ Transplant. 2015;20(4):438-443.

2. Hosgood SA, Saeb-Parsy K, Wilson C, Callaghan C, Collett D, Nicholson ML. Protocol
of a randomised controlled, open-label trial of ex vivo normothermic perfusion versus
static cold storage in donation after circulatory death renal transplantation. BMJ Open.
2017;7(1):e012237.

3. Morelli AE. Exosomes: From Cell Debris to Potential Biomarkers in Transplantation.
Transplantation. 2017;101(10):2275-2276.

25






PART |

Development:
The Needle in the Haystack






AN IMAGING FLOW CYTOMETRY-
BASED METHODOLOGY FOR
THE ANALYSIS OF SINGLE
EXTRACELLULAR VESICLES IN
UNPROCESSED HUMAN PLASMA

WOUTER W. WouUD', EDWIN VAN DER PoL?®, ERIK MUL* MARTIN J. HOOGDUIIN',
CARLA C. BAAN', KARIN BOER!, ANA MERINO'

TErasmus MC Transplant Institute, Department of Internal Medicine, University
Medical Center Rotterdam, Rotterdam, The Netherlands.

2Biomedical Engineering & Physics, Laboratory Experimental Clinical Chemistry,
Vesicle Observation Center, Amsterdam UMC, University of Amsterdam,
Amsterdam, The Netherlands.

3Cancer Center Amsterdam, Imaging and Biomarkers, Amsterdam, The
Netherlands.

4 Department Central Cell Analysis Facility, Sanquin Research and Landsteiner
Laboratory, Academic Medical Center, University of Amsterdam, Amsterdam,
The Netherlands

Commun Biol 5,633 (2022)



Chapter 3

ABSTRACT

Extracellular vesicles (EVs) are tissue-specific particles released by cells containing
valuable diagnostic information in the form of various biomolecules. To rule out
selection bias or introduction of artefacts caused by EV isolation techniques, we
present a clinically feasible, imaging flow cytometry (IFCM)-based methodology to
phenotype and determine the concentration of EVs with a diameter <400 nm in
human platelet-poor plasma (PPP) without prior isolation of EVs.

Instrument calibration (both size and fluorescence) were performed with
commercial polystyrene beads. Detergent treatment of EVs was performed to
discriminate true vesicular events from artefacts. Using a combination of markers
(CFSE & Tetraspanins, or CD9 & CD31) we found that >90% of double-positive
fluorescent events represented single EVs.

Through this work, we provide a framework that will allow the application of
IFCM for EV analysis in peripheral blood plasma in a plethora of experimental and
potentially diagnostic settings. Additionally, this direct approach for EV analysis will
enable researchers to explore corners of EV as cellular messengers in healthy and

pathological conditions.

KEYWORDS

Unprocessed Human Plasma; Extracellular Vesicles; Imaging Flow Cytometry;
Quantify; Phenotype; Diagnostic Platform
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INTRODUCTION

Extracellular vesicles (EVs) are lipid bilayer membrane structures (30-8000 nm
in diameter ') released by cells. They are involved in cellular communication
through transfer of surface receptors and/or a variety of macromolecules carried
as cargo (e.g,, lipids, proteins, nucleic acids, protein-coding mMRNAs and regulatory
microRNAs) 23, As EVs are excreted by virtually all cell types in the human body, they
can be found in most body fluids, such as the blood ', saliva “ and urine >¢, Often
regarded as a “snapshot” of the status of the cell of origin, EVs are examined for
their biochemical signatures to assess the presence of various diseases, e.g., cancer
or viral infections 78, and are considered excellent minimally invasive biomarkers in
so-called liquid biopsies °". While no unique antigens representative for specific
EV classes and subpopulations have been reported to date, tetraspanins (CD9/
CD63/CD81) are recognized as common antigens. These proteins are enriched on
EVs and are involved in EV biogenesis, cargo selection, and cell targeting 2.

Despite the increased interest in EVs as biomarker, their quantification and
characterization is hampered by physical characteristics such as their small size
and low epitope copy number ', the variety of their protein markers depending on
the cell source, and the confinement of some markers to the luminal side of the EVs
315, The identification of EVs in blood plasma is further hindered by the molecular
complexity of the plasma, which contains multiple elements (e.g., lipoproteins, cell
debris and soluble proteins), that interfere with EV analysis *'¢. Moreover, a lack of
robust methods and ambiguities in how data should be interpreted for EV analysis
makes data interpretation between studies challenging '8,

Currently, the gold standard approach for EV analysis is based on the isolation
or concentration of EVs. Ultracentrifugation, density-gradient, and size exclusion
chromatography are the most widely used EV isolation techniques °, despite yielding
low-purity EV samples due to the co-isolation of non-desired molecules such as
lipoproteins *'°, Additionally, a variety of analytical platforms are available. Nanoparticle
tracking analysis (NTA) allows the determination of the size distribution and a rough
indication ofthe concentration? ofindividual nanoparticlesin suspension, but provides
limited phenotyping capabilities. In turn, transmission electron microscopy (TEM) is
able to image particles <1 nm, but is time consuming. Other methods, such as ELISA
and Western blot analysis, offer bulk phenotyping abilities but lack quantification 5225,
Thus, a tool for the accurate determination of the concentration and phenotyping of

single EV in complex samples such as plasma represents an unmet need.
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Flow Cytometry (FC) is a tool to quantify and phenotype particles in suspension.
However, while EVs can reach sizes up to ~8000 nm in diameter, the majority of EV
are <300 nm and are therefore difficult to discriminate from background noise by

conventional FC 32425,

In recent years, imaging flow cytometry (IFCM) has emerged as a technique that
enables the discrimination and analysis of single EV. The ability of IFCM to detect
submicron particles has been demonstrated by several research groups using
fluorescent polystyrene beads %2° or the use of cell supernatant-derived EV 2. To
date, several studies have reported the detection of EVs - obtained after performing
isolation procedures - from plasma using IFCM 26272930 However, due to the used
isolation procedures, it is difficult to evaluate whether these results represent all

EVs in plasma, or if some subpopulations are missed °'.

To rule out selection bias or introduction of artefacts caused by EV isolation
techniques, we here demonstrate an IFCM-based methodology to phenotype
and determine the concentration of human plasma-derived EVs with a diameter
<400 nm - without prior isolation of EVs. By omitting the need for sample isolation,
this method is able to directly show the status of an individual, which will be
greatly beneficial in the monitoring of EVs in health and disease, and will enable

researchers to explore new corners of EV biology.

RESULTS
Outline of the article

The objective of this article is to provide an assay that will allow researchers to study
single EVs directly in diluted, labeled human plasma using IFCM. The following
procedures were conducted to validate our assay: size calibration of the IFCM
based on scatter intensities, background analysis of the IFCM, detergent treatment
of EVs, dilution experiments, and fluorescence calibration. In addition, two labeling
strategies based on CFSE+Tetraspanin+ and CD9+CD31+ were evaluated by mixing

human plasma with mouse plasma at different ratios.

Detection of sub-micron fluorescent polystyrene beads

EV analysis at the single EV level requires an instrument that is able to detect a
heterogeneous sub-micron sized population. To this end, we tested the ability of
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IFCM to discriminate single-size populations of fluorescent sub-micron beads by
measuring two commercially available mixtures of FITC-fluorescent polystyrene
(PS) beads of known sizes (Megamix-Plus FSC - 900, 500, 300 and 100 nm, and
Megamix-Plus SSC - 500, 240, 200, 160 nm). Within the Megamix-Plus FSC mix,
we acquired a 300/500 nm bead ratio of 2.2, which is within the manufacturers
internal reference qualification range (1.7 — 2.7 ratio). Next, we mixed both bead sets
in a1 ratio (‘Gigamix’) and performed acquisition. Figure 1a shows that IFCM is able
to discern all seven fluorescent bead populations, as well as the 1 um-sized Speed
Beads (SB), via the FITC (Ch02) and side scatter (SSC - Ch06) intensities.

Calibration of scatter intensities through Mie theory

The output of IFCM signal intensities are presented in arbitrary units (a.u.), which
hinders data comparability (and reproducibility) with different flow cytometers.
Since light scattering of spherical objects is dependent on particle size and refractive
index, Mie theory can be used to relate the scatter intensity of events to their size
given their refractive index *2. Generally, Mie theory is applied to calibrate the scatter
channels of a FC (forward- and/or sideward-scattered light - FSC or SSC, respectively);
however, IFCM utilizes a brightfield detection channel (BF, Ch04) as opposed to FSC.

Mie theory was applied on both scatter detection channels (BF and SSC). As a first
step, we extracted the BF and SSC median scatter intensities of each identified
size population of PS beads (Figure 1b). Coefficient of variation (CV) analysis for
each single PS bead population showed scores >8% for the BF detector irrespective
of bead size, whereas CV scores for the SSC detection channel were observed to
increase with decreasing bead sizes — indicating that the detection of smaller
particles is close to the detection limit of the SSC detector in our setup.

Next, BF and SSC data of the PS beads were scaled onto Mie theory, resulting in a
scaling factor (F) of 1.3518 and a coefficient of determination (R?) of 0.00 for the BF
detector and a scaling factor of 8.405 and an R? of 0.91 for the SSC detector (Figure
1c). Thus, signals from sub-micron PS beads measured with the BF detector do not
provide quantitative information. The SSC detector, on the other hand, can be readily
calibrated. For the SSC detector, the theoretical model indicates a plateau for EVs with
a diameter between ~400 to ~800 nm, which translates into a low resolution when
determining EV sizes based on SSC intensities within this region. To ensure inclusion
of sub-micron EVs, a gate was set at SSC below the scattering intensity corresponding

to the plateau, namely 400 nm EVs, corresponding to a value of 900 a.u. SSC intensity.
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These data show that 1) IFCM is able to readily discern sub-micron sized EVs based on
theiremitted fluorescence and SSC intensities,and 2) SSC - but not BF —light scattering
intensities can be used to approximate particle sizes (following Mie calculations). The
standardization of SSC signal intensities followed by the setting of a sub-micron gate
provides a tool to selectively analyze all fluorescent EVs in complex samples such as
plasma, as long as these particles emit detectable fluorescent intensities.
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Figure 1- Calibration of scatter intensities through Mie theory.

a) Gigamix polystyrene (PS) bead populations with sizes from 900 nm down to 100 nm were
identified on the basis of SSC and FITC fluorescent intensities.

b) Counts and median scatter intensities of each PS bead population as detected by the
brightfield (BF) and side scatter (SSC) detectors (Ch0O4 and ChO6, respectively).

c) Diameter vs Scattering cross section graphs. PS beads (green lines) were modelled as solid
spheres with a refractive index of 1.5885 for a wavelength of 618.5 nm (brightfield) and 1.5783
for a wavelength of 785.0 nm (SSC). EVs (orange lines) were modelled as core-shell particles,
with a core refractive index of 138 and a shell refractive index of 1.48 and a shell thickness of
6 nm for both wavelengths. The obtained scatter intensities of the PS beads as described in b
were overlayed and a least-square-fit was performed to correlate theory and practice. Based
on these correlations, SSC signal intensities were found to be indicative of particle size and a
SSC cut-off of 900 a.u — corresponding to particles of 400 nm —was used in the rest in this work.
F: scaling factor between scattering intensity and scattering cross section; n: refractive index.
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IFCM gating strategy for the detection of single particles
<400 nm in plasma

EVs represent a heterogeneous group with different cellular origin. The analysis
of single EVs, as well as the different subsets, will provide a better understanding
of the pathophysiological state of the individual. Therefore, we designed a gating
strategy to analyze individual sub-micron sized particles based on 1) the analysis of
events within a pre-defined sub-micron size range, and 2) exclusion of multi-spot
fluorescent events from our analysis.

Based on the previous results, we selected all events with SSC intensities <900 a.u. -
corresponding with particles of 400 nm and below. (Figure 2a - I). Next, we checked
for multiplet detection within each separate fluorescent detection channel based on
the number of fluorescent spots within the pixel grid for each acquired event: these
spots were quantified by combining the “Spot Count” feature with the intensity
masks for each of the channels used per experiment. Although the camera can
spatially resolve signals originating fromm muiltiple simultaneously imaged EVs, the
software anticipates that the signals are originating from multiple locations within
1 cell. By selecting all events that showed O or 1 spot, representing either negative or
single-positive events for a fluorescent marker, we were able to exclude multiplet
events from our analysis (Figure 2a - II, lll). As a last step, we calculated the distance
between individual fluorescent spots detected in different fluorescent channels
to exclude any false double-positive events (defined as 2 different single-positive
particles within the same event). To this end, we created a new mask by combining
the intensity masks of the channels in use per experiment using Boolean logic (e.g.,
MC_Ch02 OR MC_ChO05), and combined this new mask with the “Min Spot Distance”
feature to calculate the distance between the fluorescent spots across the detection
channels used. We then excluded all fluorescent events that did not occupy the
same location on the pixel grid (Figure 2a — V). Ultimately, this gating strategy allows
for the identification and subsequent analysis of single fluorescent sub-micron sized
particles <400 nm in PPP and is applied throughout the rest of this work.

Establishment of IFCM background fluorescence

Given their physical characteristics, EVs yield faint fluorescent signals — compared
too cells — when measured with IFCM. Therefore, we assessed the fluorescent
background levels induced by our staining protocol. As no washing steps are
performed, the discrimination of EVs from fluorescent background signals is
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required to exclude false-positive particles from analysis. 0.20 um filtered PBS (fPBS
- Buffer Control) and platelet-poor plasma (PPP) samples from 5 healthy individuals
was stained with CFDA-SE (carboxyfluorescein diacetate succiminidyl ester) or a
mixture of tetraspanin-specific antibodies (anti-CD9/anti-CD63/anti-CD81) labeled
with APC. CFDA-SE is a non-fluorescent molecule converted to fluorescent CFSE
(carboxyfluorescein succiminidyl ester) by intravesicular esterases. This helps to

discriminate EV from lipoproteins, as the latter do not contain esterase activity.

PPP samples left unstained or singly stained with CFSE (Ch02) or the tetraspanin-
specific antibody mixture (ChO5) were used to set the gating areas (Figure 2b) and
compensation matrix. Following our gating strategy, analysis of unstained fPBS
or unstained PPP or fPBS + CFSE resulted in ~E5 single-positive objects/mL within
the CFSE gating area. In contrast, PPP samples single stained with CFSE showed
an average of 4.23E7 + 7.28E® objects/mL (mean * standard deviation), representing
a 100-fold higher CFSE single-positive particle concentration compared to the
unstained samples and fPBS (Figure 2c, left panel).

Similarly, analysis of positive fluorescent events upon staining with the tetraspanin-
specific antibody mixture showed that fPBS + anti-tetraspanin antibodies (fPBS
Mix) yielded 598E¢ objects/mL — a 3.6-fold increase over the concentrations of fPBS
Unstained (1.65E%objects/mL). Additionally, an isotype control was added to analyze the
specificity of the antibodies in the tetraspanin mixture. Positive particle concentrations
were obtained for both fPBS and PPP Isotypes, (6.16E% and 1.97E> + 1.07E5 objects/mL,
respectively). Analysis of PPP + anti-tetraspanin antibodies (PPP Mix) revealed an
average of 1.69E8 + 1.44E8 objects/mL - a 28-fold higher particle concentration than
fPBS + anti-tetraspanin antibodies, a 350-fold higher particle concentration than PPP
Unstained (4.86E° + 2.6E° objects/mL), and an approximate 860-fold higher particle
concentration than PPP lIsotypes (Figure 2c, right panel). An approximate 4-fold
higher concentration of fluorescent particles was observed in the PPP Mix vs CFSE
after subtraction of background concentrations before comparison.

Together, these findings show that positive fluorescently stained events can be
successfully discriminated from background signals and that the anti-tetraspanin
antibody binding in our protocol is specific. Moreover, as unstained samples and
isotype controls yielded ~E® (for CFSE) and fPBS with anti-tetraspanin antibodies
vielded ~ E® objects/mL in their respective fluorescent channels, we established the
level of the background concentrations in our setup for single positive fluorescent

events at ESand Eéobjects/mL, for CFSE ant anti-tetraspanin antibodies respectively.
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Figure 2 - Gating strategy for the detection of single EV through exclusion of coincident
events and fluorescent background analysis.

a) Generalized concept. First, particles with SSC intensities < 900 a.u. are selected, effectively
selecting all (fluorescent) particles < 400 nm (l). Subsequently, coincidence detection is
carried out based on the number of fluorescent spots within the pixel grid determined with
the standard intensity mask. Events showing O or 1 spot within each channel are selected
and used in the subsequent analysis (Il & Ill); events showing more than 1 spot are excluded
from analysis. Lastly, the distance between the individual fluorescent spots on the different
detection channels is calculated and events not overlapping on the pixel grid are excluded
(IV). Visual examples of excluded events are shown below each graph.

b) Representative example of unstained and single-stained PPP samples (stained with CFDA-
SE or the anti-tetraspanin mixture -composed of anti-CD9/anti-CD63/anti-CD81-APC) used in
the setting of the gating areas and identification of fluorescent events. X-axis: fluorescence
intensity of CFSE, detected in channel 2 (Ch02). Y-axis: fluorescent intensity of the anti-
tetraspanin mixture detected in channel 5 (ChO5).

c) Background analysis of fluorescent events (left: CFSE, right: anti-tetraspanin mixture) for
unstained fPBS (Buffer Control), 5 unstained PPP, 1 single-stained fPBS and 5 single-stained
PPP. Black dots: individual PPP samples.
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Human plasma single EV can be discriminated from
artifact signals through detergent treatment

After optimizing the protocol to identify single fluorescent sub-micron sized
particles above background in PPP of healthy individuals, we tested the protocols’
ability to discriminate legitimate EV signals from artefact signals. We hypothesized
that single EV could be identified as double-positive events after staining with
both CFDA-SE and the anti-tetraspanin mixture, as these events would represent
structurally intact, esterase containing sub-micron sized particles bearing common
EV antigens. To test this hypothesis, we examined the fluorescent populations of
particles <400 nm in diameter in 1fPBS and the same 5 PPP samples by combining
both fluorescent stains. Following our gating strategy, gating areas were re-
established on the basis of unstained and single-stained fPBS and PPP samples,
as well as isotype controls. Gating cut-offs were determined to encompass all
obtained fluorescent events for all PPP samples. Visual interrogation of the events
in the identified fluorescent gates confirmed that the events analyzed met the
criteria imposed by the gating strategy: (co-localized) single-spot fluorescence

(Figure 3a).

After acquisition of double-stained PPP (Figure 3b - I), we used detergent treatment
(30 minutes incubation with 20 uL 10% (v/v) TritonX-100) to disrupt the lipid bilayer
of EV and thereby remove EV signals from the measurement (Figure 3b — Il).
Fluorescent particles such as free antibodies or disrupted membrane fragments
bearing antigens-antibodies remaining after detergent treatment were measured
to allow the identification of artifact events, and the number of fluorescent events
still present after detergent treatment were compared with the number of total
fluorescent events before detergent treatment on a gate-by-gate basis to identify

false positive signals (Figure 3c-e).

Analysis of CFSE single-positive events before detergent treatment showed a total
of 3.25E7 + 1.16E® objects/mL acquired for PPP samples, and a 31% reduction was
observed after detergent treatment resulting in 2.25E7 + 1.03E° objects/mL (~69% of

total CFSE-single positive fluorescent events) (Figure 3c).

Analysis of antibody mixture single-positive events showed a total of 1.47E® + 9.35E
objects/mL events acquired for PPP samples, and 5.31E7 + 6.88E7 objects/mL after

detergent treatment (~36% of total events (Figure 3d).
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Analysis of double-positive events revealed 5.96E7 + 3.69E7 objects/mL total double-
positive particles across the 5 PPP samples measured, with a very limited number
of artifact particles present after detergent treatment: 3.47E® + 4.48E¢ objects/mL
(~6% of total acquired events). This revealed that almost all double-positive particles
measured (5.61E7 + 3.36E7 objects/mL, ~94% of the total concentration before
detergent treatment), were structurally intact, esterase-containing EV displaying

common EV protein signatures in the form of tetraspanin markers (Figure 3e).

By treating our samples with detergent we were able to identify to what extend
our protocol discriminates legit EV signals from artefact signals. We observed that
double-positive events were largely comprised of true EVs whereas the single-
positive populations showed a high degree of fluorescent particles still present
after detergent treatment. Therefore, we concluded that the colocalization of
two fluorophores (found as double-positive events before detergent treatment)

represent CFSE+/Tetraspanin+ EV.
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Figure 3 - Identification of true EV from PPP.
a) Images of representative CFSE single-positive, tetraspanin single-positive and double-
positive particles obtained from a double-stained PPP sample before detergent treatment.

b) Double-stained (CFDA-SE & anti-tetraspanin mixture) fPBS or PPP without (I) and with (ll)
detergent treatment to determine potential artifact signals. Detergent treatment was performed
by incubating the samples for 30 minutes with 20 uL 10% (vAv) TritonX-100 stock solution.
c) Analysis of CFSE single-positive,
d) Tetraspanin single-positive, and
e) double-positive fluorescent events in 5 PPP samples and fPBS before and after detergent
treatment (gray and orange boxes, respectively) to discriminate true EV from artifact signals
on a gate-by-gate basis. Double-positive events were found to represent mostly true EV
signals (~94% of total acquired double-positive events). Red dots: means of sample spread.
Symbols: individual PPP samples.
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Fluorescent calibration for standardized reporting

As mentioned before, flow cytometers differ in their fluorescent sensitivity and
dynamic range, and therefore data comparison between different instruments
is hindered. In order to improve data comparison fluorescent calibration must
be performed to convert arbitrary units (a.u.) into standardized units. To this end,
we used commercially available Rainbow Calibration Particles (RCP) with known
reference values in terms of the Equivalent number of Reference Fluorophores
(ERF).

Using the same settings as applied for EV measurements, we measured the Mean
Fluorescent Intensity (MFI) of each of the four RCP bead populations (1 blanc —
3 fluorescent) generated for each channel used in our setup (Figure 4a). Using
the blank bead populations, we established the lower detection thresholds for
fluorescent detection channels Ch02 (CFSE) and ChO5 (APC). We then calculated
the respective logarithmic values of each peak (Figure 4b), and performed a linear
regression analysis of the ERF values against the MFI for peaks 2 to 4, omitting
the blanc beads as these represent PS beads without fluorophores (Figure 4c). In
the example of the double-stained PPP sample presented in Figure 3b without
fluorescent calibration, we next converted the measured fluorescent intensities for
CFSE and APC of each event into their respective ERF values (Figure 4d). Lower
fluorescent thresholds were converted accordingly and resulted in 35.40 and 6.40
ERF for CFSE and APC, respectively. Upper fluorescent thresholds were calculated
at 3776 and 123 ERF for CFSE and APC, respectively. For the double-positive
fluorescent population, this conversion resulted in median values of 138.09 ERF
CFSE and 27.88 ERF APC.

These data show that the fluorescent intensities generated by imaging flow
cytometry can be readily converted into standardized units, which, in turn,
enhances the comparability of the generated data with other instruments using

the same filter sets.
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Figure 4 — Fluorescent calibration allows reporting of fluorescent intensities in standardized
units.

a) The median fluorescent intensities (MFI) of each peak of FITC and APC ERF (Equivalent
number of Reference Fluorophores) calibration beads was measured with the same
instrument/acquisition settings applied as used for EV acquisition.

b) Calculation of the log of the MFI and ERF values (provided by the bead manufacturer).

c) For each of the used detection channels, the log of the MFI corresponding to the fluorescent
peaks (P2-P4) was plotted on the x-axis, and the log of the ERF values on the y-axis; linear
regression analysis was performed.

d) Representative example of uncalibrated data (left) and corresponding ERF calibrated data
(right).

Testing EV coincidence occurrence through serial dilution

The detection of multiple EV as a single event can lead to false interpretation of the
data (e.g. underestimation of the concentration of particles of interest). To examine
the accuracy of quantification of EV from PPP by our IFCM protocol, we double
stained the 5 PPP samples with CFDA-SE and the anti-tetraspanin antibody
mixture and performed a serial dilution experiment. The concentrations and ERF
of double-positive particles in each PPP sample obtained after four 4-fold dilution
steps were analyzed using a linear regression model, with the results shown in

Figure 5. All data shown were used in the analysis and R? calculation.
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We observed that the concentrations of double-positive events were linearly
proportional to the dilution factor (Figure 5a) while the ERF of both fluorescent
signals remained stable: mean 113.47 (range 55.07-157.55) for CFSE and mean 31.83
(range 28.2-36.8) for APC (Figure 5b), showing that the IFCM platform is capable of
accurately quantifying individual EV. Serial dilution resulted into a larger spread of
CFSE ERF values at lower dilutions (64x and 256x) only, which was interpreted to
be a consequence of the lower number of particles analyzed. Additionally, double-
positive EV concentrations at the aforementioned dilutions came close to the

previously established background of our assay (~E® objects/mL).

The observed linear reduction in concentration of double-positive events according
to the dilution factor, and the stable ERF signals for both fluorescent markers,
confirm that the IFCM platform is able to quantify true single EV. Additionally, we
were able to verify that our gating strategy correctly identifies and selects single

EV (by excluding multiplet events).
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Figure 5 - Examination of the accurate quantification of single EV detection by IFCM. Analysis
of serial dilutions of 5 double-stained (CFDA-SE & anti-tetraspanin mixture) PPP samples
showed a linear correlation between a) the obtained concentration and b) Equivalent

number of Reference Fluorophores (ERF) of fluorescent detection channels ChO2 (CFSE) and
ChO5 (APC) with dilution factor (4-fold).
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Tetraspanin distribution on human plasma-derived single EV

After having established thatour IFCM methodology identifiesand quantifiessingle
EV through staining with CFDA-SE and the anti-tetraspanin antibody mixture, we
aimed to analyze whether we could detect different subsets of EV. Therefore, we
assessed the contributions of the individual tetraspanins to the double-positive
events pool. The 5 PPP samples were stained with CFDA-SE and either the anti-
tetraspanin antibody mixture or one of its individual components (anti-CD9 [clone
HI9a], anti-CD63 [clone H5C5] or anti-CD8]1 [clone 5A6]) at a concentration equal to
that used within the mixture. The concentrations of double-positive events upon
staining with each stain were compared (Figure 6a) and normalized with respect
to the concentration of double-positive events (in objects/mL) obtained with the
anti-tetraspanin antibody mixture (Figure 6b).

Thetetraspanin marker CD9 was found to be the main contributor tothe fluorescent
signal and thus responsible for most of the double-positive EV identified in PPP
when stained with the anti-tetraspanin antibody mixture: ~88 + 11% of the double-
positive events were still present when staining with only CD9 versus ~13 + 3% for
CD63 and ~9 + 5% for CD81. In short, we show that our methodology is able to
identify subsets of EV, and that tetraspanin marker CD9 - and not CD63 or CD81 -
represent the bulk of CFSE+ single EV in PPP of healthy individuals.
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Figure 6 - Tetraspanin distribution within 5 PPP samples. All samples were stained with
CFDA-SE and an anti-tetraspanin mixture or one of the anti-tetraspanin antibodies at a
concentration equal to that used in the mixture.

a) Tetraspanin distribution determined using anti-CD9 [HI9a], anti-CD63 [H5C5] and anti-
CD81 [5A6], and b) their relative frequencies of double-positive events compared to that
obtained with the anti-tetraspanin mixture. Results shown represent events (double-positive
objects/mL) obtained with each of these staining combinations and are colored as follows:
gray boxes —anti-tetraspanin mixture, orange boxes —anti-CD9, blue boxes —anti-CD63, green
boxes — anti-CD81. Red dots: means of sample spread. Black dots, individual PPP samples.

Colocalization of fluorophores indicates true EVs

Sofar, theidentification and discrimination of single EV from contaminating agents
such as lipoproteins in PPP samples has been based on the notion that lipoproteins
do not contain esterases, and hence cannot become fluorescently labelled by CFSE.
However, as not all EV may contain esterases the quantification of double-positive
events (CFSE+/Tetraspanin+) likely represents an underrepresentation when it
comes to total EV. An alternative approach to the identification of single EV in PPP
samples on the basis of intravesicular esterases would be the staining of samples
with monoclonal antibodies (mAbs) targeting EV surface proteins. Based on the
results presented in Figure 6b, we used anti-CD9 [clone HI9a] as this antibody was
shown to recapitulate the majority of the tetraspanin signal. Anti-CD31 [clone WM-
59] was chosen as a secondary marker since CD31 is ubiquitously expressed within
the vasculature and on diverse immune cell types, and therefore likely to be highly
prevalent on EV in PPP.
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Figure 7a shows the ERF calibrated (APC calibration performed as described in
Figure 4, for BV421 calibration see Supplementary Figure 1) IFCM results after
double staining of both fPBS and a representative PPP sample with anti-CD9-APC
and anti-CD31-BV421 and subsequent detergent treatment. The lower fluorescent
threshold for ChO1 (BV421) was established at 677.71 ERF; upper fluorescent
threshold was established at 112,201 ERF. A visual representation of the events
before detergent treatment within each gate is shown in Figure 7b. As stated
before, only single spot fluorescent events (with colocalized fluorescent spots for

double-positive events) were analyzed.

Focusing on double-positive particles, we acquired a total of 512E7 + 1.02E7 objects/
mL before detergent treatment and 3.61E® + 5.46E® objects/mL (~7% of total
events) after detergent treatment, thus showing that ~93% of the double-positive
events detected in the PPP sample could be classified as true single EVs with
this strategy. Mean ERF values of the double-positive events in all 5 PPP samples
(before detergent treatment) were calculated at ~7,620 (range 3,640 — 9,240) and
20.4 (range 15 - 27.9) for BV421 and APC, respectively. Additionally, analysis of fPBS
+ mMAbs (both anti-CD9 and anti-CD31 antibodies), PPP + isotype controls and fPBS
+ isotope controls yielded particle concentrations within the previously established
fluorescent background range (~ES objects/mL), both before and after detergent
treatment - indicating that the double-positive single EV detected in the PPP +
mAb samples were detected well above the level of the background concentrations

(Figure 7c).

Thus, the staining of PPP samples with anti-CD9 and anti-CD31 showed that
double-positive events (before detergent treatment) can be successfully identified
as true single EV. Although this staining approach (the combination of two surface
markers expressed on EV) differs from the previously used staining approach
(the combination of CFDA-SE and the anti-tetraspanin antibody mixture), both
strategies resulted in the identification of true EV on the basis of the colocalization
of two fluorophores within the same event - indicating that this colocalization
is membrane facilitated and therefore can be used as a criteria to identify EV in

unprocessed PPP.
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Figure 7 - Identification of single EVs on the basis of vesicular surface markers.

a) Representative, fluorescence calibrated data obtained for buffer control (fPBS, left column)
and PPP (right column) samples stained with anti-CD31-BV421 and anti-CD9-APC mAbs.
Detergent treatment was performed by incubating the samples for 30 minutes with 20
bl 10% (v/v) TritonX-100 stock solution. Red gate: Single-positive CD9 events, purple gate:
single-positive CD31 events, tan gate: double-positive events. |, double staining and I, double
staining after detergent treatment.

b) Visual interrogation of the gated populations in the representative PPP sample.

c) Quantification of double-positive fluorescent events in 5 PPP samples and fPBS, stained
with mAbs or isotypes, before and after detergent treatment. Approximately 93% of double-
positive events in PPP stained with mAbs represent PPP-derived single EV that were
detected well above the fluorescent background. Red dots: means of sample spread. Symbols:
individual PPP samples.
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IFCM facilitates specific EV subset analysis in
contaminated/diluted PPP samples

To demonstrate the discriminative capabilities of our methodology, and to show
that our staining procedure is specific, we mixed human and mouse PPP at various
ratios (10% increments) and stained these samples with CFDA-SE and both anti-
human CD31-BV421 and anti-mouse CD31-APC mAbs. For the analysis, all CFSE-
positive events <400 nm were selected, and human and mouse single EVs were
identified based on the species-specific antibody, thus ensuring the analysis of

double-positive events.

Quantification of total human and mouse single EV in 100% human or mouse PPP
revealed a ~13-fold higher concentration in human: 2.29E” + 6.25E° (CFSE+ anti-
human CD31+, Figure 8a) vs 1.8E° + 3.46E°> (CFSE+ anti-mouse CD31+, Figure 8b)
objects/mL, respectively. As expected, human EV concentrations showed a linear
increase asthe fraction of human PPP increased (R?=0.95), while mouse EV showed
the opposite trend (linear decreased as the fraction of human PPP increased — R?
0.81). Anti-human and anti-mouse concentrations obtained after staining the 100%
human and mouse samples with their corresponding isotype controls were used
to establish the background concentrations of our protocol (as indicated by the
dashed red lines in Figures 83, b), and showed that the detection of anti-human/
mouse EV is specific and above background. Additionally, no mAb cross-reactivity

between species was observed.

Together, these data show that our method enables the discrimination and
accurate quantification of distinct single EV populations in unprocessed, mixed

PPP samples.

49




Chapter 3

a Concentration of Human EV b Concentration of Mouse EV

3e+07
2.0e+06

2e+07 1.5e+06

) Anti-human CD31 1.0e+06 @ Anti-mouse CD31

Objects/mL
Objects/mL

1e+07

CFSE+ CD31+
CFSE+ CD31+

5.0e+05

0e+00 {5

[

100% 50% - 50% 100% 100% 50%- 50% 100%
Mouse PPP Mouse - Human PPP Human PPP Mouse PPP Mouse - Human PPP Human PPP

0.0e+00

Figure 8 — Quantification of single EVs in mixed human and mouse PPP samples. Samples
were stained with CFDA-SE and anti-human and anti-mouse CD31 (conjugated to BV421 and
APC, respectively). Quantification of a) CFSE+ anti-human CD31+ single EV <400 nm showed
a linear increase corresponding to the increase in human PPP abundance (R? = 0.95), while
b) CFSE+ anti-mouse CD31+ single EV <400 nm showed a linear decrease corresponding
to the decrease in mouse PPP abundance (R? = 0.81). Data were obtained through three
independent experiments using the same human and mouse PPP samples. X-axis: V/v ratio
of mouse — human PPP. Data shown represent the mean + standard error. Red dashed lines:
background concentrations of our protocol as indicated by the measurement of isotype
controls.

DISCUSSION

We developed an IFCM-based methodology to identify, phenotype and determine
the concentration of single EVs from molecular complex blood plasma without prior
isolation, providing an advantage over currently available analytical techniques,
which do require EV isolation. We present an easy-to-use sample processing and
staining protocol (Figure 9), and provide a gating strategy for the identification
of single EVs. Following this gating strategy, EV subpopulations in PPP could be
readily discerned based on the colocalization of two fluorescent markers bound
to EV membranes. Additionally, platform standardization through both size and
fluorescence calibration allows reproducibility and comparison of acquired data,

showing the potential of our method for translation into clinical application.

Given that neither the isolation of EVs from PPP nor sample washing after staining
with fluorescently labelled mAbs was performed, it was imperative to assess
the fluorescent background levels induced by our sample handling protocol.
Using control samples, we showed minimal background fluorescence and clear
discrimination of specific fluorescent events above background. Approaches taken
by other groups analyzing EV in PPP using IFCM involve sample isolation * and/
or washing steps to remove unbound mAbs 2630, here we show that such sample
isolation and/or washing steps can be omitted by detecting and eliminating the
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background produced by samples. We established the background level of the
IFCM with respect to sub-micron particle quantification at ~E* objects/mL (after
sample dilution correction). Previously published work by Goérgens et al. showed
that IFCM is able to accurately quantify single EV (cell culture-derived) up to
concentrations of ~E® objects/mL 2. Together, these data suggest that single EV
quantification with IFCM is optimal for samples between E5 — E8 objects/mL (as

demonstrated in this work).

To identify single EVs present in the PPP samples, we designed a gating strategy
based on the imaging capabilities of IFCM. Several key features or advantages
that contribute to IFCM being a more powerful platform for EV analysis compared
to conventional FC include the slower flow rate, CCD-camera based detection
(enabling higher quantum efficiency compared to conventional photon multiplier
tubes), and integration of detected signals over time using TDI 2. Additionally, IFCM
allows automatic triggering on all channels during acquisition, and thus EVs devoid
of SSC signals may still be detected based on their fluorescent probes. Conversion
of scatter intensities from arbitrary units into standardized units (using light
scatter theory and Mie calculations *2) enhances reproducibility across different FC
platforms. By performing these calculations for the BF and SSC detector channels,
we demonstrated that measured PS bead signal intensities in the BF channel
did not correlate with the theorized model. Thus, although the BF channel has its
merits for cell-based research, it should not be used for EV-based research. The
high degree of correlation between predicted and measured scatter intensities (R?
= 0.91) for the SSC detection channel underlines the utility of the SSC channel to

relate scatter signals to standard units.

Both size and fluorescence calibrations are key in the validation of sub-micron
sized particle detection and reproducibility of the generated data, respectively .
In line with previously published literature, we have shown that IFCM is able to
discriminate PS particles down to 100 nm on the basis of their emitted fluorescent
intensities 2. Regarding fluorescent calibration, we standardized the generated
fluorescent intensities into ERF values using Rainbow Calibration Particles (RCP).
It should be noted that ERF assignments to RCP are derived from a reference
instrument, and comparisons across instruments are expected to vary with filter
and laser configuration, variations that can be measured and accounted for by
cross-calibration against MESF or antibody capture beads *.
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A common artefact encountered when measuring sub-micron particles with
conventional FCis swarm detection, which is defined as a special case of coincidence
detection where instead of two or a few particles, multiple (tenths to hundreds)
of particles at or below the detection limit are simultaneously and continuously
present in the laser beam of the flow cytometer and measured as single counts. This
may occur during detection of EV in highly concentrated samples, and can lead to
erroneous data interpretation *4. While swarm detection can be prevented by dilution
of highly concentrated samples, coincidence detection may still occur (albeit at lower
frequencies). To identify coincidence detection, and exclude potential multiplets
from our analysis, we designed a gating strategy that selects all events displaying O
or 1 fluorescent spot on acquired images, thus ascertaining the analysis of events
representative for single (and not multiple) particles. The identification of multiple,
spatially separated fluorescent particles within acquired images provides insight
into the degree of coincidence detection in a given sample - which is not possible
with conventional FC. To demonstrate that our methodology correctly identifies
and quantifies single EV, we performed coincidence testing through serial dilution
¥, Analysis of the concentration of CFSE+/Tetraspanin+ EV upon serial dilution
yielded a linear correlation with the dilution factor while ERF remained stable.

In this work we examined two fluorescent labeling strategies to identify and
discriminate EV: 1) application of CFDA-SE staining in conjunction with an anti-
tetraspanin antibody mixture,and 2) staining with two mAbs targeting two different
EV surface proteins. With both approaches, single EV were identified through the
colocalization of two fluorescent markers, thus excluding the possibility of soluble
protein detection. The combination of isotype and detergent treatment controls
demonstrated the specificity of the mAbs for EV labelling (and not lipoproteins),
and the dissociation of lipid structures, respectively. Therefore, both of these
controls are highly recommmended, if not mandatory, for the correct interpretation
of acquired results. Single EV concentrations as reported in this work are in line
with concentrations reported by other groups obtained after the purification/
isolation of PPP samples 2°%¢, This shows the advantage of our methodology over
existing analytical techniques as no isolation, and therefore less manipulation, of

EV are performed in our approach.

Another FC-based method to directly measure EV in plasma, performed on a
Beckman Coulter CytoFlex and using a strategy that encompasses the labelling of
EV with a fluorescent lipid probe (VFRed) in combination with CFDA-SE or an anti-
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tetraspanin mixture similar to ours, has recently been published *. In this study,
membrane fluorescence was calibrated in terms of vesicle size (surface area) by
using a synthetic vesicle size standard, as provided in the vFC EV Analysis kit from
Cellarcus Biosciences. However, the staining with a lipid membrane dye should be
consistent for applicability. Thus, either the amount of dye needs to be approximately
matched to the number of EV, or an excess of dye should be used so that the
membrane becomes saturated with dye *2. Additionally, the staining of lipoproteins

is unavoidable when performing lipid staining strategies on PPP samples.

It must be noted that the identification and quantification of single EV through
the IFCM method presented here is also subject to limitations. First, a minimum
of 3 pixels is required before an event is recorded by IFCM as an object; fluorescent
events not passing this threshold may consequently be missed. Second, our
gating strategy excludes multiplets from analysis, and only single-spot fluorescent
events are quantified. This may yield underestimations of EV concentration in very
concentrated samples (as the frequency of multiplets may be higher than that
of singlets during the acquisition of such samples) 2. In such cases, serial dilution
experiments may prove valuable to reduce multiplet detection and obtain a high
frequency of single events. Alternatively, our gating strategy could be expended
upon: rather than excluding events representing multiplets, the individual particles
might be quantified and - following multiplication of the obtained concentrations
with a factor representing their identified multiplet value — added to the total

obtained concentrations of singlets.

Combined, we propose five criteria for the successful analysis of single EVs in PPP
through IFCM: 1) standardization of SSC signal intensities to allow estimation of
particle sizes; 2) single-spot fluorescence to ensure single-particle analysis and no
coincident events; 3) colocalization of a minimum of two fluorophores to assess
the presence of two markers in the same particle or event; 4) disappearance after
detergent treatment to confirm that the detected events represent structures
composed of lipid membranes and hence are of biological origin; and 5) a linear
correlation between concentration and dilution factor to further imply that single

EVs are analyzed. These criteria are summarized in Table 1 for quick reference.

In conclusion, we present an IFCM-based methodology and provide a framework
that will allow researchers to directly study plasma-derived EVs, expanding on

the usage of EV as non-invasive biomarkers in the clinic. We expect that this
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methodology, after validation of markers of interest, will be useful for EV analysis in
many different sample types and in a plethora of clinical settings.

# Criteria Reasoning

1 Standardization of SSC signals Allows estimation of particle sizes

2 Single Spot Fluorescence Single particle analysis / no coincidence events
3 Colocalization of fluorophores Indicating the presence of markers in the same

particle/event

4 Signal disappears after Detergent Lysis Confirmation that detected events are of
biological origin

5 Linear correlation with Dilution factor  Single particle analysis & confirmation that
events are biological

Table 1 - Criteria for events to be classified as true single EV by IFCM.

MATERIALS & METHODS

Processing and storage of human blood plasma (Steps | - 1ll)

The collection and processing of samples from 5 healthy human individuals (2
males, 3 females, average age: 43.4 years, age range: 31-56 years) was approved by
the Medical Ethical Review Board (MERB number MEC-2018-1623) and conducted
in accordance with the Declaration of Helsinki. All individuals provided written
informed consent.

In brief, 12 mL of blood was collected (one drawing) from each individual into two
BD Vacutainer® K3-EDTA-coated collection tubes (BD Biosciences, San Jose, USA)
(Figure 9 — step I). Whole blood was centrifuged (Heraeus Multifuge 1S) at 1910 x g
for 10 minutes at room temperature (Figure). The plasma layer was then collected
- leaving ~1 mm of plasma above the buffy coat - and centrifuged (Heraeus Fresco)
at 16,000 x g for 10 minutes at room temperature in TmL aliquots using Safe-Lock
Eppendorf tubes (Eppendorf AG, Hamburg, Germany). The resulting platelet-poor
plasma (PPP) was first pooled before being divided into 700-uL aliquots in cryovials
containing 28 uL of a 25x concentrated protease inhibitor cocktail solution (4%
v/) (cOmplete Protease inhibitor cocktail tablets, Roche, Mannheim, Germany)
according to the manufacturers’ instructions and stored at -80 °C (Figure 9 —step ll).
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Processing and storage of mouse blood plasma

All the procedures and animal housing conditions were carried out in strict
accordance with current EU legislation on animal experimentation and were
approved by the Institutional Committee for Animal Research (DEC protocol EMC
No. AVD101002016635). Six weeks male C57BL/6J (JAX,GSP) mice (Jackson Labs, Bar
Harbor, ME) were housed in Erasmus MC animal facility and housed in groups of
2-3/cage. They were maintained on a 1212 h light-dark cycle and allowed ad libitum
access to water and standard rodent food. The mice were anesthetized and blood
(approximately 0.8 mL) was collected via the left ventricle using a 23-25 gauge
needle. To ensure euthanasia of the animal post-procedure, mice were killed by

cervical dislocation.

Antibody preparation (Step IV)

All monoclonal antibodies (mAbs) were centrifuged for 10 minutes at 16,000 x g
to reduce the number of (potential) mAb clumps (Figure 9 — step V). A volume of
the top layer of each centrifuged mAb solution was carefully harvested (according
to the dilutions needed, described below) and diluted in 0.22 pum-filtered PBS
(fPBS) before being added to the samples (Figure 9 — step VI). The sample staining

protocol is described under step VI.

The mAbs used to stain human PPP were anti-CD9-APC, clone HI9a (6 ug/mL,
BioLegend, San Diego, USA); anti-CD63-APC, clone H5C6 (200 ug/mL, BioLegend);
and anti-CD81-APC, clone 5A6 (200 upg/mL, BioLegend. Human and mouse
PPP were both stained with anti-human CD31-BV421, clone WM-59 (50 ug/mL,
BioLegend) and anti-mouse CD31-APC, clone 390 (200 pg/mL, BioLegend). Isotype
controls used were IgG1,k-BV421, clone MOPC-21 (100 pg/mL, BioLegend); IgGl,k-
APC, clone MOPC-21 (200 pg/mL, BioLegend); and 1gG2a,k-APC, clone RTK2758
(200 ug/mL, BioLegend).

Optimal mAb concentrations were determined by performing separate titration
experiments for each mAb on human PPP and fPBS samples in parallel. The optimal
concentration of each mAb was defined as the concentration that yielded the best
discrimination between sample (PPP) and background (fPBS). All tetraspanin mAbs
were diluted 30-fold in fPBS before staining (Final concentrations: CD9: 200 ng/mL,
CD63: 6.6 ug/mL, CD81: 6.6 pg/mL); CD31-BV421 (anti-human) and CD31-APC (anti-
mouse) were diluted 1000-fold (Final concentration: 50 ng/mL) and 62.5-fold (Final
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concentration: 3.2 ug/mL), respectively. The anti-tetraspanin antibody mixture was
made by combining anti-CD9/anti-CD63/anti-CD81 in the same stock solution.

Preparation of a carboxyfluorescein diacetate succinimidyl
ester stock solution (Step V)

A carboxyfluorescein diacetate succinimidyl ester (CFDA-SE) stock solution was
made with the Vybrant™ CFDA-SE Cell Tracer Kit from Invitrogen immediately
prior to use according to the manufacturer’s instructions. In brief, CFDA-SE powder
was spun down using a table-top centrifuge, and 18 pL of dimethylsulfoxide
(DMSO) was added. The mixture was thoroughly resuspended and incubated
at room temperature for 10 — 15 minutes in the dark. Then, the dissolved CFDA-
SE was added to a total volume of 1.782 mL of fPBS to create a 50 uM CFDA-SE
stock solution. Similar to the protocol used to prepare mAbs, this stock solution
was centrifuged for 10 minutes at 16,000 x g to reduce potential CFDA-SE clumps
(Figure 9 — step V); the top layer was carefully harvested - leaving ~100 uL of liquid
in the tube — before being added to the samples.

Sample labeling (Step VI)

Staining was performed overnight at 4 °C in the dark in a total volume of 130 uL.
This volume was build-up by 30 pyL of sample, a volume of mAb stock solutions
(described under step V) as needed and brought to the total volume of 130 uL with
fPBS; 12.5 ul of the stock solutions containing mAbs labelled with —~APC and 5 pL
of the stock solutions containing mAbs labeled with —-BV421 were added, resulting
in the following concentrations used per test: CD9 - 2.5 ng, CD63 - 83 ng, CD81 -
83 ng, CD31 (anti-human) - 1 ng, CD31 (anti-mouse) — 40 ng per test. Equivalent
amounts of isotype control were used for each antibody.

For specificity and sensitivity analysis, human and mouse PPP were mixed at
varying ratios with the total volume of PPP maintained at 30 pL. Samples were
then incubated overnight at 4 °C to ensure optimal saturation of the available EV
epitopes (Figure 9- step VI); this incubation time was determined empirically by
adding the anti-tetraspanin antibody mix to fPBS and PPP samples and performing
acquisition at set intervals (1/3/6 hours and O/N).

CFDA-SE labeling was performed on the day of data acquisition by adding 100
pL of the 50 uM CFDA-SE stock solution to the samples, followed by 30 minutes
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of incubation at room temperature in the dark. Control samples not stained with
CFDA-SE were incubated with 100 pL fPBS instead. All samples were brought to a

total volume of 380 L using fPBS before IFCM measurements.

Controls

Assay controls were used in all experiments, as recommended by the MIFlowCyt-
EV framework ® (Supplementary Table 1 and 2). These controls consisted of fPBS,
fPBS with reagents, unstained samples, single-stained samples, isotype controls
(matched with their corresponding fluorophore-conjugated mAbs at the same
concentrations) and samples subjected to detergent treatment.

A10% (V/V) Triton X-100 stock solution was made by dissolving 1 mL of TritonX-100 in
9 mL of fPBS. Detergent treatment was performed by the addition of 20 uL of the
Triton X-100 stock solution (final concentration: 0.5% (v/v) per test), followed by 30
minutes of incubation at room temperature in the dark prior to acquisition. Note
that samples were first acquired as described in the section “Data acquisition (Step
VI1)" before detergent treatment and corresponding re-acquisition was performed.
Supplementary Table 3 gives an overview of these controls as well as the rationale
behind their use. All controls contained 4% (v/v) 25x concentrated protease inhibitor
cocktail solution (cOmplete Protease inhibitor cocktail tablets, Roche, Mannheim,

Germany) in accordance with the PPP samples.

Usage of polystyrene beads for calibration purposes

A mix of commercial fluorescent polystyrene (PS) beads was used to calibrate
fluorescence and light scattering signals. Megamix-Plus FSC (lot 203372) and
Megamix-Plus SSC (lot 210812) beads (BioCytex) were mixed at a 1:1 ratio, resulting
in @ mix containing green fluorescent bead populations with sizes of 100, 300 and
900 nm from the Megamix-Plus FSC bead set, and 160, 200 and 240 nm from the

Megamix-Plus SSC bead-set and 500 nm from both; this mix was termed Gigamix.

Rainbow Calibration Particles (RCP-05-5, lot ALOl, Spherotech) with known
Equivalent number of Reference Fluorophores (ERF) values for C30/FITC/APC (as
determined on a Beckman Coulter CytoFLEX) were used in the standardization
of the fluorescent detection channels Ch01,Ch02 & ChO5, respectively. For each
detection channel, the MFI of each peak from the four bead populations (1 blanc
— 3 fluorescent) were measured, and a linear regression analysis was performed of
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the log of these values against the log of the known ERF values. The resulting linear
function was used to relate the log of BV421/CFSE/APC fluorescent intensities to
the log of ERF values.

Light scatter theory and Mie calculations for IFCM

Light scattering signals of bead populations fromm Gigamix were fitted with Mie
theory using a previously described model 2. The BF detector was modelled as
a forward scattered light detector collecting light using a lens with a numerical
aperture (NA) of 0.9, which corresponds to the NA of the 60x objective. The center
wavelength of brightfield detection was 618.5 nm. The SSC detector was modelled
as a detector that is placed perpendicular to the propagation direction of the laser
beam. The NA of the collection lens was 0.9 and the wavelength was 785.0 nm.
PS beads were modelled as solid spheres with a refractive index of 15885 for a
wavelength of 618.5 nm (brightfield) and 1.5783 for a wavelength of 785.0 nm (SSC).
EVs were modelled as core-shell particles with a core refractive index of 1.38, shell
refractive index of 1.48 and a shell thickness of 6 nm for both wavelengths as the
dispersion relation for the core and shell of EVs is unknown. Beads were measured
in water, and EVs in PBS. Therefore, the refractive indices of PBS and water were
assumed to be 1.3345 and 1.3325, respectively, at a wavelength of 618.5 nm (BF) and
1.3309 and 1.3289, respectively, at a wavelength of 785.0 nm (SSC).

Effective scattering cross sections of the calibration beads were calculated by
integrating the amplitude scattering matrix elements over 576 collection angles *.
Data and theory were logl0-transformed to scale the data onto the theory using a

least-square-fit.

Data acquisition (Step VII)

All samples were analyzed on an ImageStreamX MKIl instrument (ISx; Luminex, Texas,
USA) equipped with 4 lasers set to the following powers: 405 nm: 120 mW, 488 nm:
200 mW, 642 nm: 150 mW, and 775 nm (SSC): 1.25 mW. The instrument calibration
tool ASSIST® was used upon each startup to optimize performance and consistency.
The ISx was equipped with three objectives (20x/40x/60x) and 1 CCD camera. Settings
previously established by Gorgens et al. # were used in our experiments. All data were
acquired using the 60x objective (numerical aperture of 0.9 — wherein 1 pixel images
an area of 0.1 um2) with fluidics settings set to “low speed/high sensitivity” - resulting
in a flow speed of 43.59 + 0.07 mm/sec (mean * standard deviation).
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We adjusted the default sample core size of 7 um to 6 um using the “Defaults
Override" option within INSPIRE software (version 200.1.681.0), as recommmended by
the manufacturer. Data were acquired over 180 seconds for standardization among
samples with the autofocus setting activated and the “Remove Speedbead” option

unchecked. These settings are shown in Supplementary Table 4 for quick reference.

BV421 fluorescence signals were collected in channel 1 (435-505-nm filter), CFSE
signals in channel 2 (505-560-nm filter) and APC signals in channel 5 (642-745-nm
filter). Channel 4 was used as the brightfield channel, and channel 6 (745-785-nm
filter) was used for SSC detection. Particle enumeration was achieved through the
advanced fluidic control of the ISx coupled with continuously running SBs (used by
the IFCM to measure sample velocity for camera synchronization during acquisition,
and enables particle enumeration during analysis), and application of the “objects/
mL" feature within the ISx Data Exploration and Analysis Software (IDEAS®).

Data analysis

Data analysis was performed using Amnis IDEAS software (version 6.2). The image
display mapping was linearly adjusted for all fluorescent events for each channel
and then applied to all files from their respective experiments. The IDEAS software
utilizes ‘masks’ — defined as the algorithm which selects pixels within an image
based on their intensity and localization — to define the analysis area of each event
within the pixel grid. The “masks combined” (MC) standard setting was used to
quantify all fluorescence intensities in the channels used during acquisition
corresponding to the fluorochromes used (Ch01, ChO2 & ChO5). Fluorescent events
from singly stained PPP sampleswere used in the setting of compensation matrices
(to compensate for spectral overlap between fluorochromes) such that straight
fluorescent populations were obtained when depicted in scatterplots. Single-
positive gating areas were established based on these single-positive fluorescent
populations, and double-positive gates were set based on the boundaries of the
single-positive gates. Unstained samples were used in the definition of the low-
end of the various gates. Fluorescent thresholds were verified using cut-off values
from the blanc fluorescent bead populations in the Rainbow Calibration Particles.
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Statistics and Reproducibility

Statistical analysis was performed using R version 4.0.2 and RStudio (RStudio
Team (2016). RStudio: Integrated Development for R. RStudio, Inc., Boston, MA,
URL: http://mwww.rstudio.com/) version 1.1.463. All concentrations reported in this

work were corrected for sample dilution (before acquisition — 380 uL total volume
per test containing 30 yL sample = ~12.33-fold dilution factor) and are shown as
the mean * standard deviation unless specified otherwise. In all experiments
conducted, PPP samples from the same 5 healthy individuals were used (n = 5
biologically independent samples). In the mouse vs human experiments, three
independent experiments were conducted using the same mouse and human

PPP samples (three replicates).
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Supplementary Figure 1- Fluorescent calibration of BV421
a) The median fluorescent intensities (MFI) of each fluorescent peak of BV421 ERF calibration
beads was measured with the same instrument/acquisition settings applied as used for EV

acquisition.

b) Calculation of the log of the MFI and ERF values (provided by the bead manufacturer).

c) For both detection channels, the log of the MFI was plotted on the x-axis, and the log of the
ERF values on the y-axis. A linear regression analysis was performed, respectively.

d) Representative example of uncalibrated data (left) and corresponding ERF calibrated data

(right).
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Chapter 3

Requirement

Please Include Requested Information

1.1. Purpose

1.2. Keywords

1.3. Experiment
variables

1.4. Organization
name and address

1.5. Primary contact
name and email
address

1.6. Date or time
period of experiment

1.7. Conclusions

1.8. Quality control
measures

2111.(21.21,2131)
Sample description

To develop a protocol for the direct measurement of Extracellular
Vesicles (EV) in unprocessed (human) plasma samples.

Unprocessed Human Plasma; Extracellular Vesicles; Imaging Flow
Cytometry; Quantify; Phenotype; Diagnostic Platform

Platelet-poor plasma (PPP) samples from 5 healthy individuals and/or
six week old male C57BL/6J (JAX,GSP) mice (Jackson Labs, Bar Harbor,
ME) were stained with CFDA-SE, anti-tetraspanin antibodies (CD9, CD63,
CD81) and CD31, and measured with Imaging Flow Cytometry (IFCM).

Erasmus Medical Center, University Medical Center Rotterdam, The
Netherlands.
Wytemaweg 80, 3015 CN, Rotterdam

Wouter W. Woud, wouterwwoud@gmail.com

2020 - 2021

Imaging Flow Cytometry (IFCM) can be used to identify, quantify
and phenotype fluorescently tagged EV <240 nm in unprocessed
(human) plasma samples.

The instrument calibration tool ASSIST® was used upon each startup
to optimize performance and consistency between experiments.
Additionally, commercially available mixtures of FITC-fluorescent
polystyrene beads of known sizes (Megamix-Plus FSC - 900, 500, 300
and 100 nm, and Megamix-Plus SSC - 500, 240, 200, 160 nm), as well
as Rainbow Calibration Particles (RCP-05-5, lot ALO1, Spherotech),
were used in calibrating and standardization of the IFCM platform.

Platelet-poor plasma (PPP) obtained from 5 healthy individuals was
used in this study. From each of the 5 healthy individuals, 12 mL of
blood was collected (one drawing) into two BD Vacutainer® K3-EDTA-
coated collection tubes (BD Biosciences, San Jose, USA). Whole blood
was centrifuged (Heraeus Multifuge 1S) at 1910 x g for 10 minutes at
room temperature. The plasma layer was then collected - leaving ~1
mm of plasma above the buffy coat - and centrifuged (Heraeus Fresco)
at 16,000 x g for 10 minutes at room temperature. The resulting PPP
was divided into 700-pL aliquots in cryovials containing 28 pL of a 25x
concentrated protease inhibitor cocktail solution (4% Vi) (cOmplete
Protease inhibitor cocktail tablets, Roche, Mannheim, Germany)
according to the manufacturers’ instructions and stored at -80 °C.
Additionally, PPP was generated from mice. All the procedures and
animal housing conditions were carried out in strict accordance
with current EU legislation on animal experimentation and were
approved by the Institutional Committee for Animal Research (DEC
protocol EMC No. AVD101002016635). Six weeks male C57BL/6]
(JAX,GSP) mice (Jackson Labs, Bar Harbor, ME) were housed in
Erasmus MC animal facility and housed in groups of 2-3/cage.

They were maintained on a 12:12 h light-dark cycle and allowed ad
libitum access to water and standard rodent food. The mice were
anesthetized and blood (approximately 0.8 mL) was collected via the
left ventricle using a 23-25 gauge needle. To ensure euthanasia of
the animal post-procedure, mice were killed by cervical dislocation.
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Requirement

Please Include Requested Information

2.1.1.2. Biological
sample source
description

2.1.1.3. Biological
sample source
organism description

2.1.2.2. Environmental
sample location

2.3.Sample treatment
description

2.4. Fluorescence
reagent(s) description

31. Instrument
manufacturer

3.2. Instrument
model

See above

Healthy human individuals — 2 male, 3 female, age range 31 -56
(mean 43,4).
Mouse - see above.

NA

Bloods were drawn, processed and stored as described above. For
staining, 30 uL of PPP was added to a pre-defined volume of fPBS
(dependant on the volume of mAb staining - total volume after mAb
addition was set at 130 pL): 12.5 uL of the stock solutions containing
mADbs labelled with —APC and 5 pL of the stock solutions containing
mADbs labeled with -BV421 were added, resulting in the following
concentrations used per test: anti-CD9 - 2.5 ng, anti-CD63 - 83 ng,
anti-CD81 - 83 ng, anti-CD31 (anti-human) -1 ng, anti-CD31 (anti-
mouse) — 40 ng per test. Equivalent amounts of isotype control was
used for each antibody.

Samples were then incubated overnight at 4 °C to ensure optimal
saturation of the available EV epitopes; this incubation time was
determined by adding the anti-tetraspanin antibody mix to fPBS
and PPP samples and performing acquisition at set intervals (1/3/6
hours and O/N).

CFDA-SE labeling was performed on the day of data acquisition by
adding 100 pL of the 50 yM CFDA-SE stock solution to the samples,
followed by 30 minutes of incubation at room temperature in the
dark. Control samples not stained with CFDA-SE were incubated
with 100 L fPBS instead. All samples were brought to a total volume
of 380 pL using fPBS before IFCM measurements.

The monoclonal antibodies (mAbs) used to stain human PPP were
anti-CD9-APC, clone HI9a (6 ug/mL, BioLegend, San Diego, USA);
anti-CD63-APC, clone H5C6 (200 pg/mL, BioLegend); and anti-
CD81-APC, clone 5A6 (200 ug/mL, BioLegend. Human and mouse
PPP were both stained with anti-hnuman CD31-BV421, clone WM-59
(50 pg/mL, BioLegend) and anti-mouse CD31-APC, clone 390 (200
ug/mL, BioLegend). Isotype controls used were IgG1,k-BV421, clone
MOPC-21 (100 pg/mL, BioLegend); IgG1,k-APC, clone MOPC-21 (200
ug/mL, BioLegend); and 1gG2a,k-APC, clone RTK2758 (200 pg/mL,
BiolLegend).

LUMINEX

ImageStream* MklI
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Requirement

Please Include Requested Information

3.3. Instrument
configuration and
settings

4. List-mode data
files

4.2. Compensation
description

4.3. Data
transformation
details

The ISx was equipped with three objectives (20x/40x/60x) and 1 CCD
camera. All data were acquired using the 60x objective (numerical
aperture of 0.9 — pixel area of 0.1 um?) with fluidics settings set to
“low speed/high sensitivity”.

We adjusted the default core size of 7 um to 6 pm using the
“Defaults Override” option within INSPIRE software (version
200.1.681.0), as recommended by the manufacturer. Data were
acquired over three minutes for standardization among samples
with the autofocus setting activated and the “Remove Speedbead”
option unchecked. BV421 fluorescence signals were collected in
channel 1 (435-505-nm filter), CFSE signals in channel 2 (480-560-
nm filter) and APC signals in channel 5 (642-745-nm filter). Channel
4 was used as the brightfield channel, and channel 6 (745-780-nm
filter) was used for SSC detection. Excitation lasers were set as
follows: 405 nm: 120 mW, 488 nm: 200 mW, 642 nm: 150 mW, and
775 nm (SSC): 1.25 mW. Particle enumeration was achieved through
the advanced fluidic control of the ISx coupled with continuously
running SBs and application of the “objects/mL” feature within the
ISx Data Exploration and Analysis Software (IDEAS®).

IFCM files can be obtained by contacting the corresponding author.

Fluorescent events from singly stained PPP samples were used in
the setting of compensation matrices (to compensate for spectral
overlap between fluorochromes) such that straight fluorescent
populations were obtained when depicted in scatterplots. The
following compensation matrix was established for all fluorophores
used in this manuscript:

Cho1 Ch02 Ch03 Cho4 Cho5 Chos

> ChOl 0.07 [ 0,022 0.025 0
choz |0.111 1 0 0.022 0.02 0
choz |0 0 1 0.026 0 0
cho4 |0 0 0 1 0 0
Chos |0.002 0.02 0 0.028 1 0
Chog |0.013 0,035 0 0.034 0 1

Arbitrary BV421, CFSE and APC fluorescence intensities were
converted to ERF units using 500 nm Rainbow Calibration Particles
(RCP-05-5, lot ALO1, Spherotech)

with known Equivalent number of Reference Fluorophores (ERF)
values for C30/FITC/APC. For each detection channel, the MF| of
each peak from the four bead

populations (1 blanc — 3 fluorescent) were measured, and a linear
regression analysis was performed of the log(10) of these values
against the log(10) of the known

ERF values. The resulting equations were used to convert BV421/
CFSE/APC fluorescent intensities into ERF units.
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Requirement Please Include Requested Information

4.4.. Gate description The lower fluorescence threshold for ChO1 (BV421), ChO2 (CFSE), and
ChO5 (APC) was set at 110, 170, and 170 a.u., respectively. These values
were obtained by analyzing blanc-fluorescent Rainbow Calibration
Particles (RCP-05-5, lot ALO1, Spherotech), unstained PPP samples,
and isotype control PPP samples.

When scaled to ERF units, these values translated to 1397.171/38.40 /
28.03 ERF, respectively.

Upper fluorescent limits (high-end gating cut-off) for ChO1 (BV421),
ChO02 (CFSE), and ChO5 (APC) was set at 100.000, 50.553, and

10.302 a.u., respectively. These gating cut-offs were determined to
encompass all obtained fluorescent events.

When scaled to ERF units, these values translated to 89125 / 3656 /
133 ERF, respectively.

4.4.2. Gate statistics  Median Fluorescent Intensity (MFI) — Count — Objects/mL

4.4.3. Gate See above
boundaries

Supplemental Table 2 - Checklist representing the Minimal Information about a Flow
Cytometry (FC) experiment to allow standardized EV-FC-specific reporting (MIFlowCyt-EV
checklist), as recommmended by the Minimum Information for Studies of EVs (MISEV).
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Control type Rationale

PBS Blanc - Background control

PBS + mAbs mAb mediated background control

PBS + Isotypes Isotype mediated background control

Unstained sample Autofluorescence of unstained sample

Sample + Single stain Fluorescence compensation purpose

Sample + Isotype Unspecific binding of antibodies used

Sample + Double stain Multiparameteric detection of sample of
interest

Sample + Double stain + Detergent Treatment Confirmation that detected events are of
biological nature

Supplementary Table 3 - Control types and the rationale for their use. Each control listed
above is essential for the multiparametric detection of human plasma-derived single EV.

Parameter Settings
Magnification: 60x
Lasers: 405nm - 488nm — 642nm - SSC (785 nm)
Voltage: 120mW -200mW —-150mW - 1.25mWwW
Fluidics: Low Speed & High Sensitivity
Autofocus: ON
Remove Speedbead: Unchecked
Core Widt: 6 um (Override)
Acquisition time: 180 seconds

Supplementary Table 4 - Acquisition parameter settings for the multiparametric detection
of single EV in human plasma samples using the ISx MKIl imaging flow cytometer. Lasers
were turned on as applicable for each experiment. SSC: Side Scatter.
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Chapter 4

ABSTRACT

Urinary extracellular vesicles (UEVs) are promising biomarkers for various diseases.
However, many tools measuring UEVs rely on time-consuming UuEV isolation
methods, which could induce sample bias. This study demonstrates the detection
of single UEVs without isolation using imaging flow cytometry (IFCM). Unstained
urine samples contained auto-fluorescent (A-F) particles when characterized with
IFCM. Centrifugation successfully removed A-F particles from the unprocessed
urine. Based on the disappearance of A-F particles, a gate was defined to
distinguish UEVs from A-F particles. The final readouts of IFCM were verified as
single EVs based on detergent treatment and serial dilutions. When developing
this protocol to measure urine samples with abnormally high protein levels, 25 mg/
mL dithiothreitol (DTT) showed improved UEV recovery over 200 mg/mL DTT. This
study provides an isolation-free protocol using IFCM to quantify and phenotype
single UEVs, eliminating the hindrance and influence of A-F particles, protein

aggregates, and coincidence events.

KEYWORDS

Extracellular vesicles; Imaging flow cytometry; Isolation-free methodology; Human

urine; Kidney transplantation.
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INTRODUCTION

Extracellular vesicles (EVs) are phospholipid bilayers widely released by cells into
body fluids, such as blood and urine. Their reported size ranges from 30 nm to
8000 nm, with most EVs <200 nm.* EVs reflect parental cell status via variations
in EV concentration, composition, or cargo and are considered minimally invasive
biomarkers!

Urinary extracellular vesicles (UEVs) are ideal biomarkers as urine collection is non-
invasive and easily repeated.* UEVs show meaningful values in diagnosing renal
and urinary system diseases,>” and illnesses of other systems, such as Parkinson's
disease and liver cirrhosis.8®

Despite the perspective asaclinical marker, UuEV quantification and characterization
are hampered because of their small size, urine contaminants, and lack of methods
for accurate detection.™® Nanoparticle tracking analysis (NTA), resistive pulse
sensing (RPS), and flow cytometry (FCM) are the most commonly used single-
EV-quantification techniques.! However, NTA and RPS are limited in phenotyping
capabilities, struggling to distinguish UEVs from other particles, such as protein
aggregates." Although some modern flow cytometers can detect small EVs (<
100 nm) based on light scattering, most flow cytometers in clinical research labs
have a size detection limit of >600 nm.”? Moreover, some particles in urine emit
autofluorescence, leading to false-positive signals in FCM, regardless of labeling.®
The origin of these autofluorescent (A-F) particles is still unclear and how to
distinguish them from uEVs needs more research. The direct measurement of
UEV is also hampered by Tamm-Horsfall protein (THP), a highly abundant urinary
protein, easily entrapping UEVs.>®

Due to the limitations of traditional techniques and the complex composition
of urine, UEV purification is commonly required before detection.” However, no
(combination of) isolation methods, including ultracentrifugation, ultrafiltration,
precipitation, or size exclusion chromatography, can reach 100 % UEV purity and
yield due to significant loss of UEVs or co-isolation of other particles.!” Some
purification procedure likely alters UEV properties'®20  Ultrafiltration can
disintegrate large EVs to generate smaller particles, misunderstood as natural EVs.'®
Ultracentrifugation might cause EV aggregation and encapsulation of multiple
small UEV inside bigger UEV."#1920
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Endowed with increased fluorescence detection sensitivity over conventional FCM,?
and the capability of distinguishing particles based on high-resolution imaging,?
imaging FCM (IFCM) allows quantification and characterization of UEVs to solve
the mentioned difficulties and bypass EV isolation. IFCM has been demonstrated
for single EV measurement in minimally processed plasma?, cell supernatant,?
and isolated UuEVs,??> but no methodology to detect UEVs from urine without
relying on prior EV purification. The current study aims to provide a protocol to
characterize UEVs by IFCM directly in stained urine by excluding A-F particles and

diminishing the influence of THP.

RESULTS

Outline of the manuscript

The workflow of this study is schematically summarized in Figure 1. We aimed for
standardized UEV-IFCM measurements independent of UEV purification for clinical
usage. To this end, supporting techniques (TEM, NTA, TR-FIA) were used to indicate
the size distribution, concentration, and UEV markers in unprocessed urine. The
IFCM instrument was calibrated with standardized reference material for cross-
platform comparisons and then used to quantify, phenotype and characterize uEVs
in the minimally processed urine (unprocessed urine with labeling). Urine samples
from healthy controls (HC) were initially used to establish the uEV-IFCM protocol,
which was further developed using the urine of kidney transplant recipients (KTR).
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Characterize uEVs in Calibrate the imaging
unprocessed urine using flow cytometer with
TEM, NTA and TR-FIA reference materials

unpurified uEV comparisions

Clues about Cross-platform
size and markers

( Directly measure uEVs h

by IFCM
1. Set up a gating strategy

'

2. Varify the gating
strategy and the presence
of single uEVs

\

3. Optimize the protocol
with patient samples

v

(An isolation-free protocol to quantitate)

and phenotype single uEVs by IFCM

Figure 1 - Schematic workflow of this study.

Measuring UEVs by TEM, NTA, and TR-FIA

In HC urine samples imaged by TEM, uEV-like cup-shaped structures were
observed with diameters between 50 and 100 nm (Figure 2A, large-area images
in Supplementary Figure S2). With NTA, we summarized the single-particle-
size reports from all HC urine samples. We found that 93-98 % of urine particles’
diameter was <400 nm, but 2-7 % of all detected particles showed a size from 400
nm to 1200 nm (Figure 2B). The total concentration of particles measured by NTA
was around 108/mL, which is an order of magnitude estimate of particles exceeding
the lower limit of detection (LoD).>' We estimate the LoD to be ~90 nm based on

the distribution mode.

To select appropriate labeling for UEV detection by IFCM, we compared the relative
expression levels of the tetraspanins CD9 and CD63 on UuEVs using TR-FIA. In
Figure 2C, CD63 was 6.7-fold higher than CD9 following the Europium intensity (p
= 0.0302), corresponding with previous research.? Hence, CD63+ UEV was chosen
as a targeted population to demonstrate the following isolation-free UEV-IFCM

methodology.
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Standardize the range of detected uEV size

After knowing the size range and marker of UEV in the unprocessed urine samples,
a step-by-step gating strategy was developed to distinguish single CD63+ uEV
particles from non-uEV components or coincidence events in IFCM.

As demonstrated with NTA (Figure 2B), we chose the detection range of <1200
nm to include virtually all UEVs. Based on the previously published calibration of
our IFCM, an SSC cutoff value of 5279.179 arbitrary units, corresponding to 1200-
nm (diameter) EVs, was obtained and used to include UuEVs <1200 nm for all the
following analyses.?
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Particle size distribution (nm)

Figure 2 - UEV characteristics tested by TEM, NTA, and TR-FIA in the HC urine (n =5).
A) UEV-like structures in TEM.

B) The size distribution of urinary particles in NTA.

C) UEV tetraspanin levels as reported by TR-FIA. *p < 0.05.

Exclude multiplets and false singlets

The fluorescence intensity of UEVs in multiplets cannot be individually
characterized.?® Following previous research, we also initially tried to utilize intensity
masks to calculate the spot count feature.?2?® However, the Intensity Mask mistook
close doublets as singlets (Supplementary Figure S3A). Compared with Intensity
masking, Peak Mask only selects pixels with peak intensity (Supplementary Figure
S3B).22 Therefore, spot numbers could be more precisely quantitated using the
Peak Mask. The spot-to-background ratio of the Peak Mask should not be higher
than the value of 1, lest the number of individual spots are underestimated.
When the ratio was 3, this Peak mask ignored pixels with < 3-fold of the average
intensity of the whole image, leading to missing dim spots (Supplementary
Figure S3C). Notably,“<" of this ratio has no meaning because in the Peak mask
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with the bright model, the intensity of included pixels must be higher than the
background.?® Therefore, the Peak Mask with a spot-to-cell background ratio of 1
was the most appropriate for identifying singlets and excluding events with >1 spot
in fluorescence-detecting channels (Ch02 & Ch05). The next step, coincidence/false
“singlets” (one green and one red object, but their positions did not overlap), were
excluded based on the distance between Ch02 and ChO5 spots # O.

Distinguishing uEV-singlets from auto-fluorescent
particles in labelled urine

In fDPBS, no positive particles (Figure 3A) were observed. Conversely, unprocessed
urine (without staining) contained 1.6 + 0.7 x 106 objects/mL positive particles
(Figure 3B). These events are auto-fluorescent (A-F) particles and demonstrated
positive fluorescent signals in fluorescence-detecting channels: Ch02, Ch03, and
ChO05. Ch02 and ChO5 were used to detect Alexa488, and APC signals, respectively.
No fluorescent reagent was used for Ch03, so it only presented the A-F signals. In
the minimally processed urine (urine only with labeling), the distribution of A-F
particles overlapped with positive uEVs (Figure 3C), necessitating the exclusion/
removal of A-F particles. Lowering laser power or detergent treatment did not
sufficiently remove A-F particles (Figure 3D). Hence, these A-F particles are not
phospholipid bilayer structures, and their A-F signal is unrelated to the high laser
power. A step of short-run centrifugation (10,000 g x 10 min) was found to remove
98.9 + 0.3% of A-F particles (p = 0.0058; Figure 3D).

Though centrifugation effectively removed A-F particles, it could cause a loss of
UEVs. We designed a gating strategy distinguishing non-A-F particles (UEVs) from
A-F particles based on the absence of A-F particles in centrifuged urine and aimed
to bypass centrifugation finally. First, urine was‘“cleane” using that centrifugation
(Figure 3B to 3E). Next, centrifuged urine was stained with CD63-Alexa488 and
CD63-APC to show positive UEVs (Figure 3F). The spillover fromn Ch02 to Ch03 was
compensated (value: 0.19 in the compensation matrix), so UEVs were horizontally
distributed in Figure 3G. Notably, applying this compensation to A-F particlesin the
unprocessed urine did not alter the A-F signal (Supplementary Figure S4). Based
on the remaining events after this centrifugation, a gate,"Non-A-F Particle”, was
set in ChO3 with a cutoff value of 150 A-F intensity (arbitrary unit), which is equal to
5 MESF-PE (blue gate in Figure 3G). Then, the obtained compensation matrix and
gate were applied to urine samples without centrifugation (blue gate in Figure
3H). By doing so, A-F particles were excluded from the following analysis without
requiring centrifugation, and therefore, urine was kept minimally processed until
UEV labeling, thus bypassing potential UEV loss. The“Non-A-F Particle” gate was
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permanently applied to distinguish non-A-F particles from A-F particles in all
the following UEV-IFCM analyses (Supplementary Figure S5). Typical images of
distinguished positive UEVs and excluded A-F particles were presented in Figure 3I.
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Figure 3 - Distinguish non-A-F particles/uEVs from A-F particles in the stained urine using
IFCM. No compensation in A-C, E, F. Based on fDPBS (A), the gates“Negative Particle”
and“Positive Particle” were established and applied to present A-F particlesin the unprocessed
urine (B). (C) A-F particles and positive UEVs could not be distinguished in urine with double-
CD63 staining. (D) Methods for removing A-F particles in unprocessed urine (n = 5).“Original
urine”: unstained urine without any treatments. Compared to the control, the “Lower laser
power” group used a quarter of the laser voltage of Ch02 and ChO05; “Detergent treatment”
was incubated with 2.0% TritonX-100 at room temperature for 30 min; “Centrifugation” was
centrifuged at10.000 g for 10 min and removed the pellet. **p < 0.01;*p < 0.05; ns, no significance.
(E) The absence of A-F particles in the urine supernatant after centrifugation (10.000 g 10
min). (F) Centrifuged urine was CD63-stained to present the distribution of non-A-F particles
(UEVS). (G) A compensation matrix was applied in (F) to eliminate spillovers between Ch02
and ChO03, and the gate “Non-A-F Particles” was set up. (H) The compensation matrix and

the gate “Non-A-F Particles” were applied to the CD63-stained urine (no centrifugation). (1)
Typical images of positive UEVs and A-F particles in double-CD63-stained urine.

®

A-F particles
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Detect fluorescently labelled uEV singlets

Next, we aimed to distinguish between single-positive and double-positive UEVs.
The cutoff fluorescent intensity of APC -/+ was established by staining samples with
CD63-Alexa488 and isotype (IgG1)-APC. Based on the APC threshold, we set up the
green gate in Supplementary Figure S6B to include the Alexa488-single-positive
UEVs. Likewise, the Alexa488 -/+ cutoff value was set by staining urine with 1gG1-
Alxea488 and CD63-APC and then obtaining the red gate in Supplementary Figure
S6C for APC-single-positive UEVs. Doing so allowed us to establish a compensation
matrix to minimize fluorescent spillover between Ch02 and ChOS5. Fluorescent
thresholds were set at 22 MESF-Alexa488, and 1463 MESF-APC. Using these
fluorescent thresholds, we established a double-positive fluorescent region which
allowed identification of double-positive UEVs (blue region in Supplementary
Figure SeD) from single-positive UEVs. These thresholds were established based
on multiple urine samples without gating differences observed, indicating that

these gates can be repeatedly applied.

Here, we summarized the logic of the whole IFCM gating strategy (Figure 4). After
excluding A-F particles, the analysis of double-CD63-stained HC urine samples
demonstrated three UEV populations as the final readout: CD63-Alexa488 single-
positive, CD63-APC single-positive, and double-positive UEV singlets.
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Figure 4 - The final IFCM gating strategy directly identifying CD63+ UEVs in the double-CD63-

stained urine. Each gate’'s name displays the counts and percentage of gated events (Counts;
%Gated).
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Background analysis

Without performing any wash steps, it was essential to verify the presence of CD63+
UEVs. First, detergent treatment was used to check if the readouts of IFCM represent
biological membrane structures. Before detergent treatment, for all HC urine
samples (double-CD63-stained), we found that the majority of readouts were“+"
particles, 3.8 + 1.3 x 107 objects/mL (Figure 5A). After detergent treatment,“+” events
decreased to 4.8 + 2.7 x 10° objects/mL, representing a 98.5 + 0.9% decrease compared
to no detergent (p = 0.0034). As for the single-positive particles in the stained urine,
3.2 + 2.5 x 10 objects/mL of events were“CD63-Alexa488" (Figure 5B), and 5.8 + 0.6 x
10°0objects/mL of events were“CD63-APC” (Figure 5C). After detergent treatment, the
concentration of the single“"CD63-Alexa488" events and the“CD63-APC” events was
reduced by 91.3 + 6.7% and 77.9 + 30.1%, respectively (Figures 5B & 5C).

Next to detergent treatment, the double-positive concentrations in other controls
were summarized in Figure 5A. Compared with unstained, isotype-stained, and
double-stained plus detergent-treated urine, the average uEV-to-background
concentration ratio for the double-positive region in double-stained urine is 3102.2-
fold, indicating a convincing presence of CD63+ UEVs in the minimally processed
urine. Compared to urine with other treatments, the average uEV-to-background
ratios of Alexa488 single-positive and APC single-positive events in the double-
stained urine were 10.9-fold and 26.6-fold, respectively (Figures 5B & 5C).

Double-positive particles are the majority of CD63+ UEVs and showed the highest
UEV-to-background ratio, so they were selected to represent CD63+ UEVs in the

subsequent analysis.
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Figure 5 - Quantification of background signals and presence of CD63+ UEVs with IFCM.
Concentrations of UEVs included in the double-positive gate (++; A), CD63-Alexa488 single-
positive gate (B), and CD63-APC single-positive gate (C). Negative controls compared with
the double-stained healthy urine samples (n = 5)."CD63": staining samples with CDG63-
Alexa488 and CD63-APC; Isotype” labeling urine with IgG1-Alexa488 and IgG1-APC;“+T": urine
incubated with 0.5% (v/v) TritonX-100 at room temperature for 30 min. “ns”: no significance;
**p < 0.01.

Serial dilutions confirm the single-particle analysis

Serial dilutions were performed to verify the detection of single uEVs and the
selection of singlets in the IFCM gating strategy.®® We serially diluted HC urine
samples 3- and 9-fold in fDPBS and observed a linear decrease in CD63+ UEV
concentration (R? = 0.9992; Figure 6A). This decrease corresponded with the
dilution factor, indicating the analysis of single that CD63+ uEVs.>* Moreover,
diluted samples maintained consistent MESF-Alexa488 and MESF-APC signals
of the CD63+ UEVs (Figures 6B & 6C). These findings confirmed that our gating
strategy correctly identifies and selects single UEVs.
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Figure 6 - Verification of UEV singlets in the serially diluted urine.

(A) Serial dilutions were performed on the double-stained healthy urine samples (n = 5),
showing the linear regression on the mean values of CD63+ UEV concentration. R% coefficient
of regression.

(B, C) Dilution effects on the MESF-Alexa488 and MESF-APC of CD63+ uEV. “ns” no
significance.

Application and development of the isolation-free
protocol for patient’s uEV

Our protocol has been developed using HC urine samples and showed good
inter- and intra-reproducibility in long-term and repeated measurements for
clinical applications (CV < 6.1%; Supplementary Figure S7). However, patient’s urine
differs from healthy conditions, including higher pH and increased urinary protein
levels (Supplementary Table S1). We found that normalizing urinary pH by the
commonly used dilution with fDPBS did not alter the detection of UEV numbers
(Supplementary Figure S8). Tamm-Horsfall protein (THP) is the most abundant
urinary protein, likely polymerizing and entrapping UEVs, and THP level rises
significantly during kidney dysfunctions.>34

Using electron microscopy, most UEVs observed in healthy urine were identified
as single/free structures (Supplementary Figure S2A & S2B). However, in KTR urine,
many UEVs are enclosed in aggregate- or filament-like structures (Figure 7A, large-
area pictures in Supplementary Figure S2C & S2D). These aggregates/filaments
might be associated with higher urinary total protein in KTR urine compared with
HC urine (p = 0.0050; Figure 7B). Using ELISA, KTR urine also showed significantly
elevated urinary THP compared with HC urine (p = 0.0197; Figure 7C).
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Dithiothreitol (DTT, 200 mg/mL) is a general reagent reducing THP
polymerization,®**> though excess DTT also breaks the disulfide bond in other
molecules, such as present on antibodies.*® The final concentration of DTT should
be carefully considered because there are no washing steps in our protocol. Due
to the small sample volume (500 pL) used for each test, reducing the volume of
DTT makes it hard to resuspend the urine pellet. Therefore, we opted to reduce
the concentration of DTT: we used 25 mg/mL and 200 mg/mL DTT to examine the
effect of DTT on UEV detection using IFCM.

Compared to the non-DTT group, 25 mg/mL of DTT did not affect CD63+ UEVs
concentration in HC urine samples, whereas 200 mg/mL of DTT caused a 9.5
+ 52% decline of detected UEV amounts (p = 0.0431; Figure 7D). In KTR urine, 25
mg/mL DTT elevated 12.4 + 10.4% in CD63+ UEV concentration compared to the
non-DTT usage (p = 0.0367; Figure 7D). However, 200 mg/mL DTT showed a 13.83 +
3.7% decrease in UEV numbers compared to the non-DTT group (p = 0.0109; Figure
7D) in KTR urine. Hence, 25 mg/mL of DTT was used in our developed protocol for

applications in patient urine with high levels of THP.
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Figure 7 - DTT usage in the IFCM protocol.

A) UEVs in the KTR urine samples measured by TEM. White arrows indicate UEVs.

B, C) Total protein concentrations and THP of HC urine samples (n = 5) and KTR samples (n =
5).**p < 0.01; *p < 0.05.

D) DTT effects on CD63+ UEV numbers in the HC (n = 5) and KTR urine (n = 5).

“ns”: no significance; “*" : p < 0.05.
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DISCUSSION

We successfully characterized and phenotyped single UEVs in healthy and KTR urine
without priorisolation using IFCM in this study. Our protocol is based on the absolute
sizing of EVs with the Mie Theory to realize cross-platform reproducibility.2°%7
Conversion of SSCsignalsinto particle size has been demonstrated for our instrument
to selectively analyze plasma-derived EVs <400 nm.? Here, we expanded the analysis
range to investigate UEVs <1200 nm because larger uEVs might also be meaningful
as a biomarker. Podocytes can release UEVs (2400 nm) containing abundant RNA
and protein markers, serving as an indicator of kidney injury.'**® In addition to size, EV
shape or membrane orientation might also be of interest, but EV signals with IFCM
are indicated with only a few pixels. Therefore other UEV morphology information,
such as shape, is challenging to be explored.

The most significant novelty and improvement is the exclusion of urinary A-F
particles from UEVs in minimally processed urine. The presence of autofluorescence/
A-F particles is a natural property of urine!**® A-F particles presented similar
fluorescent characteristics in all the urine samples (HC or KTR). Those particles can
be substantially excluded from uEVs with the same gate and compensation matrix
(Supplementary Figure S5), indicating possibly no necessity to adjust the gate or
compensation matrix when measuring different urine samples. Following published
FCM research,*“ we also found that A-F particles in all urine samples showed
fluorescence with emission wavelengths 505-595 nm and 642-745 nm. The broad
emission wavelength range indicates that A-F particles hinder specific fluorescent
EV detection using many typical fluorophores, such as Alexa488, fluorescein
isothiocyanate (FITC), PE, Alexab647, and APC. This problem might be avoided by
using fluorophores with other emission wavelengths, such as near-infrared ones.“°

Compared to UEVs, A-F particles might be larger/denser because A-F particles were
removed by moderate-speed centrifugation while UEVs were maintained. Large
UEVs are co-isolated with A-F particles in the low-centrifugation pellet!* Luca et
al. tried a masking strategy to delimit A-F in particular channels but observed that
30-40 % of“positive UEV" remained after detergent lysis.* We found that detergent
treatment could not entirely remove A-F particles (Figure 3B), suggesting a non-
EV structure. We assume A-F particles likely remained in their readouts after
their mask strategy. Droste et al. processed urine with a 200 nm filter and did not
observe A-F particles using IFCM, but they detected about 10% objects/mL CD63+
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UEVs.24 In contrast, in our protocol without filtration, we found around 107 objects/
mL of CD63+ UEVs. These findings suggest not using filtration or centrifugation

when aiming to investigate the full (detectable) spectrum of uEVs.

We chose two CD63 antibodies to demonstrate our methodology. Researchers can
easily replace the labeling for detecting other markers but should be cautious in
the antibody selection. The single staining with CD63-Alexa488 detected around a
5-fold UEV concentration compared to CD63-APC (Compare Supplementary Figure
S5B with S5C). This finding might be attributed to the fluorophore to protein (F/P)
ratio of CD63-Alexa488 (5.20) being much higher than CD63-APC (1.22). A Higher
F/P value means brighter fluorescence of each antibody-epitope complex and
hence higher sensitivity in the EV detection by FCM.4

In this study, we developed our protocol for application in patient samples. During
kidney injury, the kidney excretes more THP than in healthy conditions,** leading
to more entrapment of UEVS.® In the patient samples, we found the recovery of
UEVs using DTT (10%) is not as significant as previous reports (20%),'*4? which might
result from a lower concentration of DTT (25 mg/mL) we used than previous studies

(200 mg/mL), because considering the detrimental effects of DTT on antibodies.?43

The limitation of this study is the absence of other quantitative techniques available
to compare our IFCM results. However, we do see a correlation between TR-FIA
and IFCM (Supplementary Figure S9A). TR-FIA, independent of isolation, revealed
that UEV concentration, not the epitope density on single UEVs, might determine
the total UEV protein numbers. Our study met all the requirements of accurate
IFCM measurement in the MISEV2018 guideline and MIFlowCyt-EV framework."
As a method paper, we demonstrate that IFCM is a feasible tool to quantitate and
characterize UEVs without bias-concomitant isolation. With our protocol (Figure
8), UEV researchers can measure targeted subpopulations of UEVs from 500 uL
of urine by simply changing the antibody to other markers. More patient urine

samples should be enrolled to make the results more robust for clinical application.

Most EV studies relying onisolation used disunified isolation methods, which results
in non-comparable data among them. Promoting standardized and isolation-free
detection equals diminishing the research heterogeneity and integrating the data
from single-center clinical studies. In conclusion, IFCM provides insight into the
differences between single UEVs, A-F particles, and UEV multiplets, allowing for

characterizing single uEVs without purification.
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MATERIALS & METHODS

Urine samples were measured by (1) transmission electron microscopy (TEM), (2)
nanoparticle tracking analysis (NTA), (3) time-resolved fluorescence immunoassay
(TR-FIA), and (4) IFCM without using any UEV isolation method. Supernatant
harvested from COLO-205 cells was used as a positive control to investigate the
inter- and intra-assay reproducibility during IFCM measurement. TEM, NTA, and
TR-FIA protocols were introduced in supplementary materials, including the
COLO-205 cell culturing, the measurement of urine protein, creatinine, pH, Tamm-

Horsfall protein, and urine treatment with dithiothreitol (DTT).

Collection of urine samples

Urine was collected from 5 healthy controls (HC; Medical Ethical Review number
2018-1623) and 5 kidney transplant recipients (KTR) with acute kidney injury in
the first 2 weeks post-transplantation (Medical Ethical Review number 2018-035),
approved by the institutional review board of the Erasmus MC. Details regarding
the collection of urine samples were demonstrated in the Supplementary material.
The gender, age, pH, urinary total protein concentration, and urine creatinine
concentration of included individuals are shown in Supplementary Table S1.

Labeling EVs from urine for IFCM

CD9andCD63aretetraspanins playingcriticalrolesin EV generation and excretion.?®
Both are used as general UEV surface markers.?” Urine and COLO-205 cell medium
(positive control) were stained with antibodies (all from Biolegend, USA): CD63-
Alexa488 (clone H5C6; fluorophore-to-protein ratio 5.20); CD63-APC (clone H5Ce6;
fluorophore-to-protein ratio 1.22); IgGl-Alexa488 or IgG1-APC (both clone MOPC-
21). Our study aims to investigate diverse UEV populations by combining markers
conjugated with different fluorophores, so two CD63 antibodies were used to
demonstrate the influence of fluorophore conjugation on the UEV-IFCM detection
and compare the single- and double-positive backgrounds. Antibodies (100-200
pL) were centrifuged at 16,000 g at 4 °C for 10 min (FrescoTM 17 Microcentrifuge,
Thermofisher Scientific), and only the supernatant was pipetted to avoid
aggregates. Based on titration, the final concentration of all antibodies in the
sample solution was 0.44 pg/mL. 112 pL of samples were incubated with 4 uL of
15-fold-diluted CD63-Alexa488 and 4 uL of 15-fold-diluted CD63-APC at 4 °C in the
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dark overnight (dilution by 0.2-pm-pore-filtered Dulbecco’'s phosphate-buffered
saline; fDPBS). IgGl-Alexa488 and IgGl-APC were used as isotypes. The stained
sample was treated with 6 pL of 10% (v/v) Triton-X-100 at room temperature for 30

min to lyse biological structures, such as EVs.

Acquisition settings of ImageStreamx Mkl

Multispectral IFCM was performed using Amins ImageStream MKII (ISx, Luminex,
Seattle, WA, USA), with data acquisition by software INSPIRE® (version: 200.1.681,
EMD Millipore). INSPIRE® runs a quality control procedure with built-in ASSIST® as
the daily startup procedure. The settings of INSPIRE® in the acquisition: low-speed
(velocity: 40 mm/s) & high sensitivity, 6 um core diameter, 60X magnification,
488-nm laser power at channel 02 (Ch02) detecting Alexa488: 200 mW,; 642-nm
laser power at channel 05 (Ch05) detecting APC: 150 mW, 1.25 mW laser power at
channel 06 (Ch06) detecting side scatter (SSC), and activated channel 04 (Ch04)
for detection of bright field. To monitor sample flow and maintain the camera’s
focus in ISx, polystyrene speed beads (catalog no. 400041, Luminex) were loaded
together with samples at 15%. Each acquisition lasted 180 s, the"“Prim” function was
clicked once for loading samples fast, and“Remove Speed Bead” was unchecked to

maintain speed beads during acquisition.

IFCM analysis

Raw image files acquired from INSPIRE® were analyzed by ISx Data Exploration
and Analysis Software (IDEAS® 6.2, EMD Millipore). “Mask” define a specific area
within images to select and quantify pixels. Masks in ChO1 to Ch06 pictures were
labeled from MO1to M06, and Mask Combined (MC) includes MO1 to MO6. Different
functions can be applied to each Mask to adjust the position and region of selected
pixels. Mask with the“Intensit” function contains pixels showing higher intensity
than the backgrounds. The Mask with the“Pea” function (model: Bright) identifies
the brightest pixels with the peak intensity in each event, designed for fluorescent
spot recognition.?® The intensity threshold of the Peak Mask is determined by its
cell-to-background ratio. The name of M0O2 in Ch02, with Peak function, Bright
model, and cell-to-background ratio 1, is simplified as Peak (M02, Ch02, Bright, 1).
Masks, Peak (M02, ChO2, Bright, 1), and Peak (M0O5, ChO5, Bright, 1) were used to
include the pixels of Alexa488+ and APC+ fluorescent spots. By using the Boolean

logic function, Peak masks applied for Ch02 and ChO5 were combined as“Peak
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(MO2, Ch02, Bright, 1) OR Peak (M05, ChO5, Bright, 1".

“Feature” is further applied upon Mask to analyze quantitative and positional
information of selected pixels. Mask selection significantly influences feature
characteristics because Mask determines the region of analysis for any given
Feature.?® Hence, the combination of Feature and Mask is instrument/analysis-
specific and independent of the sample. Intensity MC is designed to match
Intensity Feature for quantifying fluorescence in Ch02, Ch03, ChO5, or SSC signals
in ChO6. We chose Peak Masks (M02, Ch02, Bright, 1) and (M0O5, Ch05, Bright, 1) to
be combined with “Spot Count Ch02" and “Spot Count ChO5" features, respectively,
because Peak Mask can sensitively recognize fluorescent spot numbers in Ch02
and ChO05.2228 Distance between spots presented in a single event but different
channels can be analyzed after combining Masks in those channels. The feature
“Spot Distance Min" was applied on the composite mask “Peak (M02, Ch02, Bright,
1) OR Peak (MO5, ChO5, Bright, 1)" to measure the minimal distance between
Alexa488+ and APC+ spots within an image.? When this value of “Spot Distance
(Ch02 & Ch05)" was 0, the positions of Alexa488+ and APC+ particles overlapped.?

An analysis template that summarizes all used features and accompanying masks
can be found in Supplementary Table S2.

Calibration of the IFCM

Size-related calibration was performed by measuring SSC of beads of known
diameter and refractive index (Gigamix, BioCytex, The Netherlands) followed by Mie
theory using the scripts of Rosetta Calibration (v1.29, Exometry, The Netherlands).?®
EVs were modeled as core-shell particles with a core refractive index of 1.38, a shell
refractive index of 1.48 and a shell thickness of 6 nm. The calibration based on SSC
using Gigamix and Rosetta Calibration has previously been reported by our team

using the same machine and acquisition settings.?

Calibration of the fluorescence intensity was based on three Quantum™ MESF
(molecules of equivalent soluble fluorochrome) kits containing four populations of
beads with varying amounts of Alexa488, APC, or PE (Bangs Laboratories, USA).?
For each kit, the median fluorescence intensity (MFI) of beads was measured by
IFCM and converted into MESF based on the instructions of the manufacturer
(https:/Mmww.bangslabs.com/quickcal). Data was presented in Supplementary

Table S3 & Figure Sl1. The regression coefficient values for each fluorochrome (R?-
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Alexa488: 0.9987; R>-PE: 0.9948; R>-APC: 0.9955) indicated that obtained MFI could
be readily converted into MESF values.

EV-Track

Experimental details have been uploaded to the EV-TRACK (ID: EV220008), an
open-access knowledgebase recommended by the International Society for

Extracellular Vesicles to track worldwide EV research.!*°

Statistical Analysis

GraphPad Prism 8.0 (GraphPad Software, USA) was used to analyze and visualize
the data. Data were presented as mean * standard deviation. In the calibration
of MESF in IFCM, the analysis templates calculated the correlation coefficient
(R?) values between MFI and MESF. The coefficient of variation (CV) reflected the
reproducibility of IFCM. Paired t-tests were used to show the differences in UEVs
numbers or urinary pH between urine samples with different treatments. Unpaired
t-tests were utilized to show the differences in urinary protein levels between HCs
and KTRs. Linear regression analysis demonstrated the association between IFCM
and TR-FIA readouts. Statistical significance was defined by p-values < 0.05 (two-
tailed).
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Supplementary Figure S1 - Calibration of MESF detection of IFCM based on standardized
fluorescent beads. (A ~ C) IFCM measured 5 populations of beads per kit with standardized
MESF-Alexa488 (A), MESF-PE (B), or MESF-APC (C). (D ~ F) The regression analysis between
log MESF and log MFI for Alexa488 (D), PE (E), or APC (F). Regression formulas were calculated
based on non-blank populations (P1-4), and the R? denoted the regression coefficient. Marks:
*¥H < 0.001; ¥*p < 0.01. Abbreviations: MESF, molecules of equivalent soluble fluorochrome;
MFI, median fluorescent intensity; IFCM, imaging flow cytometry; PB: blank population.
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Supplementary Figure S2 - The large-area pictures obtained from transmission electron
microscopy showing urinary extracellular vesicles from healthy individuals (A & B) and kidney
transplant recipients (C & D).
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Supplementary Figure S7 - Inter- and intra-assay reproducibility to detect CD63+ UEV by IFCM.
(A - C) Individually repeated IFCM experiments measured the concentration, MESF-Alexa488,
and MESF-APC of CD63+ EV from the positive control (COLO205 cell line supernatant) on 14
separate days. The CV represented the reproducibility of IFCM. (D - F) One IFCM experiment
repeatedly measured the concentration, MESF-Alexa488, and MESF-APC of CD63+ EV from
the positive control (n=1) and healthy urine sample (n =3) at each hour. The range of CV was
shown (n =4). Abbreviations: CV, coefficient of variation; MESF, molecular equivalent soluble
fluorochrome; MFI, median fluorescence intensity; PC, positive control.
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MESF of CD63+ UEV by IFCM and CD63 expression levels in healthy urine samples (n = 5). R?
denoted the coefficient of regression. Marks: *p < 0.05; ns, no significance. Abbreviations: Eu,
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Clinical parameters

Healthy controls Kidney transplant recipient with

(n=5) acute kidney injury in 2 weeks

post-transplantation (n = 5)
Gender (male/female) 4/ 4/1
Pathology presented in biopsy - Rejection (n = 2);

Acute tubular necrosis (n = 3)
Age (year) 27.80 +1.30 63.40 +7.73
Urine pH 568 +0.98 6.20 + 0.45
Urinary total protein concentration (g/L) 0.07 + 0.04 0.65+0.30
Urinary creatinine concentration 16.46 +7.76 8.80 + 4.77

(mmol/L)

Supplementary Table S1 - Clinical parameters of enrolled subjects.

Built-in or self-made Feature Mask

Built-in Intensity_MC_ChO02 MC

Built-in Intensity_MC_ChO03 MC

Built-in Intensity_MC_ChO5 MC

Built-in Intensity_MC_ChO06 MC

Self-made Spot Count Ch02 Peak (M02, Ch02, Bright, 1)
Self-made Spot Count Ch0O5 Peak (MO5, ChO5, Bright, 1)
Self-made Spot Distance Min (Ch02 & Ch05) Peak (M02, Ch02, Bright, 1) Or

Peak (MO5, ChO5, Bright, 1)

Supplementary Table S2 - All used features with MCs in the IFCM analysis.
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Chapter 5

ABSTRACT

Extracellular vesicles (EVs) are tissue-specific particles released by cells containing
valuable diagnostic information in the form of various biomolecules. The
characterization of EVs released by kidney grafts during Normothermic Machine
Perfusion (NMP) may present a promising avenue to assess graft status prior to
transplantation.

Here, we phenotyped and determined the concentrations of EVs in the perfusate
of 8 discarded expanded-criteria donor (ECD) human kidneys during 6 hours
of NMP. Perfusate samples were taken at 0/60/180/360 minutes and examined
with Nanoparticle Tracking Analysis (NTA) and Imaging Flow Cytometry (IFCM).
Using IFCM, EVs were identified by their expression of common EV markers CD9,
CD63 and CD81 (tetraspanins) in combination with either platelet endothelial cell
adhesion molecule (CD31), pan-leukocyte protein (CD45) or CFSE fluorescence.
NTA measurements revealed the release of nanoparticles <400 nm into the
perfusate during NMP. With IFCM, tetraspanin protein signatures of the released
nanoparticles were characterized, and the majority (~75%) of CFSE+ EV were
found to be CD81+ while ~16% were CD9+ and ~8% CD63+. Correlation analysis of
concentrations of identified EV subset with crude donor characteristics and NMP
viability characteristics revealed significant correlations with cold ischemia time,
donor age, and renal flow.

Ourfindings demonstrate that discarded ECD kidney grafts release distinct subsets
of EV during NMP. As these subsets correlate with well-established indicators of
transplant outcome, EV might represent new potential candidates for assessment
of kidney graft quality.
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INTRODUCTION

The shortage of available grafts, the increasing number of patients on the waiting
listand the generalaging of the population hasled toanincreased use of expanded-
criteria donor (ECD) grafts as well as grafts procured from donation after circulatory
death (DCD) . Both ECD and DCD grafts are associated with poorer transplant
outcomes when compared to organs from standard criteria donors 2 3. This is in
part because older grafts are more susceptible to ischemia reperfusion injury (IRI)
as well as the inability to fully recover after transplantation as a consequence of
natural loss of nephron mass “ Moreover, an essential problem with the usage
of these kidneys is the lack of quality measures needed to guide the clinician in
deciding whether to accept or decline the organ. Combined, this has forced the
transplant community to 1) investigate new methods of organ preservation aimed

at reducing IRl and 2) to develop tools to evaluate transplant kidney quality.

The most recent development in organ preservation is normothermic machine
perfusion (NMP). In contrast to hypothermic machine perfusion (HMP), NMP
aims to restore cellular metabolism and function to the organ, which is achieved
through circulation of a warm, oxygenated red blood cell based solution through
the organ prior to transplantation >¢. Because metabolism is activated, NMP offers
the possibility to assess graft status prior to transplantation through monitoring

of the perfusion dynamics and analysis of biomarkers in the perfusion fluids 2578,

Potential candidates for the assessment of graft status are Extracellular vesicles
(EVs).EVsare lipid bilayer membrane structures (30-8000 nm in diameter °) involved
in cellular communication '°. They express surface markers and carry a ‘cargo’ (e.g.
DNA / RNA / Lipids / proteins "), both of which are thought to be indicative for
the status of its cell of origin. EVs are excreted by virtually all cell types and are
considered an excellent, stable biomarker platform as their cargo is protected from
fragmentation and degradation by the lipid bilayer 2. In transplantation, levels of
(human) donor-specific EVs in animal models have been shown to be associated
with acute rejection of the allograft ™. Additionally, miRNA, RNA and proteomic
profiling of EVs obtained from kidney preservation fluids ' or the urine of kidney
recipients ' suggest that EV analysis might enable kidney health assessment and
prognostication in kidney transplantation.

Despite the interest in EVs as biomarker, the analysis of EVs is hampered by their

physical characteristics such as their small size, low epitope copy number ¢, the
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variety of protein markers depending on the cell source and the confinement of
some markers on the luminal side of the vesicles 2. In the absence of a specific
marker, EVs are identified by their expression of common markers such as CD9,
CD63 and CD8I1. These proteins have a broad tissue distribution, belong to the

tetraspanin superfamily, and are enriched on EVs 2.,

Previously, our group was able to quantify the release of nanoparticles (such as
protein aggregates and EVs) by ECD kidneys during NMP 22, Here we apply our
recently developed Imaging Flow Cytometry (IFCM)-based methodology % to
identify, phenotype and determine the concentration EVs < 400 nm in diameter
released by discarded human kidney grafts during NMP. We show the identification
of distinct EV subsets based on their tetraspanin profile in combination with
the detection of esterase activity, platelet endothelial cell adhesion molecule
(CD31) or the pan-leukocyte protein (CD45). Additionally, in the absence of post-
transplantation kidney function, we perform correlation analysis of the identified
EV subsets with crude donor and NMP viability characteristics to explore the

potential clinical implications of the identified EVs.

RESULTS

Kidneys release nanoparticles during NMP

To study whether discarded kidneys release nanoparticles during NMP, perfusate
samples drawn at 0/ 60 /180 /360 minutes were measured with NTA to determine
the particle concentration and size distribution (Figure 1). We observed a baseline
concentration of 2.05E° + 213E8 particles/mL (mean * standard deviation, area
under the curve) within the perfusate prior to contact with the kidney (TO, baseline
perfusate). Total particle concentrations were observed to increase over time
during NMP: 196E™ + 7.21E8 / 2.54E"° + 7.85E8 / 3.06E + 6.27E8 objects/mL at 60, 180
and 360 minutes respectively. Average particle size was established to be <400 nm
irrespective of the time of sampling.
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Figure 1 - Concentration and size distribution of particles released by a discarded kidney
during (60, 180, 360 minutes - T60 / T180 / T360, respectively) Normothermic Machine
Perfusion (NMP), as measured with Nanoparticle Tracking Analysis (NTA). TO represents
particle concentration and size distribution in baseline perfusate. A clear increase in particle
concentration was observed during NMP and the majority of released particles were observed
to be < 400 nm (red striped lines).

Detergent treatment confirms the analysis of EVs

Next, we stained the perfusate samples of 8 NMP kidneys with CFDA-SE and an
anti-tetraspanin antibody mixture (anti-CD9/anti-CD63/anti-CD81) labeled with
APC, and measured the samples with Imaging Flow Cytometry (IFCM). CFDA-
SE is converted to CFSE (carboxyfluorescein succiminidyl ester) by intravesicular
esterases and was used to discriminate EVs from contaminating agents such as
lipoproteins. Identification and validation of single EV measurement by IFCM is
presented in Supplemental Figure 1.

For the stained samples, we observed CFSE and tetraspanin single positive — but
very few double-positive (< 70 events) - fluorescent background events in perfusate
samples drawn before exposure to the kidney (TO). Samples collected after 60 /
180 / 360 minutes of NMP showed increases in fluorescent events across all three
populations (CFSE single-positive, Tetraspanin single-positive and CFSE and
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Tetraspanin double-positive). Detergent treatment was applied on each sample
after initial acquisition to discriminate between vesicular and non-vesicular events
(Figure 2A).

First, concentrations of fluorescent objects before and after detergent treatment
were compared for each time point. For CFSE single-positive objects we observed
a ~69% / 72% /[ 76% reduction in concentration after detergent treatment at 760 /
T180/ T360, respectively (Figure 2B). This implies that a large fraction (~31% / 28%
/ 24%) of these objects represent non-vesicular (background) objects as they had
not been dissolved by the detergent treatment. Consequently, the CFSE single-
positive population was excluded from further analysis. Detergent treatment
reduced Tetraspanin single-positives (Figure 2C) and CFSE and Tetraspanin
double-positives (Figure 2D) with 97.7% * 0.004% and 99.8% *+ 0.0002% respectively
(normalized mean # standard deviation, average reduction over all time points).
Background levels (concentrations obtained after detergent treatment) of the
Tetraspanin single-positive population resided around ~E® objects/mL whereas the
level of CFSE and Tetraspanin double-positives were observed to be <E5 objects/mL.
These background levels were comparable to the baseline perfusate (TO) samples

before detergent treatment.

Second, for Tetraspanin single-positive and CFSE and Tetraspanin double-positive
populations we observed ~43 /56 / 57 and ~507 / 572 / 471 - fold increases after 60
/180 / 360 minutes of NMP compared to TO, respectively (comparison of means).
Comparing the mean concentration of Tetraspanin single-positive events to the
mean concentration of Tetraspanin and CFSE double-positive events revealed ~4 /
5/6-fold differences at 60/180 /360 minutes of NMP respectively — indicating that
less CFSE-positive EVs were detected as NMP progressed.

Taken together, these findings indicate that 1) kidneys release EVs during NMP and
2) different subpopulations (based on tetraspanin expression in combination with

the absence/presence of CFSE) can be identified using IFCM.
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Figure 2 - EV release by discarded kidneys during NMP. A) Representative scatter plots of a
stained sample (top row) and the corresponding sample after detergent treatment (bottom
row) for each time point measured (TO / T60 / T180 / T360, minutes). B-D) Concentrations of
single-positive CFSE, single-positive Tetraspanin and double-positive CFSE and Tetraspanin
fluorescent objects/mL respectively, before and after detergent treatment per time point
measured. Red dots/black lines representing the means/median values of each time point,
respectively. Statistical analysis (unpaired t-test, two sided, (*p < 0.05, *p < 0.01, **p < 0.001,
¥ p < 0.0001)) showed significant release of EV for all time points with respect to pre-NMP
samples (C and D); Only the Tetraspanin single positive population (C) showed a significant
increase from 60 to 180 minutes. No significant differences in release were observed between
the other time points/populations.
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EVs released during NMP express predominantly CD81

Following the identification of EVs on the basis of tetraspanin expression, we
examined the tetraspanin distribution on the released EVs by staining the
NMP samples with CFDA-SE and one of the individual components of the anti-
tetraspanin antibody mixture at a concentration equal to that used within the
mixture. We observed that CD81+ EVs represented ~ 86% and ~74% of single and
double-positive fluorescent events, respectively, across the time points analyzed
(normalized average of time points 60, 180 and 360 minutes, Figure 3A-B). CD9+
and CD63+ EV were found to represent ~5% and ~9% of the detected single positive,
and 16% and 9% of the double-positive fluorescent events, respectively.

These findings show that tetraspanin CD81 is predominantly expressed on EVs
released during NMP. Additionally, CFSE fluorescence was detected in conjunction
with all tetraspanins studied, indicating that esterase activity is not exclusively

linked to any of these tetraspanins.

Leukocyte and Endothelial-derived EVs are released
during NMP

Surface proteins on EVs reflect the biological origin of their parental cells and next
we determined the expression of either CD45 (as pan-leukocyte marker) or CD31 (as
prominent endothelial marker) on the CD81+ EVs. We performed double staining
of the perfusates with anti-CD45 or anti-CD31 in combination with anti-CD81, and
analyzed each fluorescent population. For the CD45 single-positive events, ~52%
of the events were still present after detergent treatment (data not shown) and
no significant increases were observed during NMP when compared to baseline
perfusates (TO — 2.7E7 + 5.4E¢ objects/mL) despite high specificity of the mAbs as
indicated by isotype controls (dashed lines - 1.7E® + 9.8E* objects/mL, Figure 3C).
Thus, CD45 single-positive EVs could not be discriminated from baseline perfusate
signals. Analysis of CD81 and CD45 double-positive events yielded ~97.5% reduction
after detergent treatment, a significant 18 /19 / 23 — fold difference in objects/mL at
60 /180 / 360 minutes of NMP compared to TO (2.6E¢ + 1.4E5 objects/mL), and high
specificity as indicated by isotype controls (4.3E + 4.1E* objects/mL, Figure 3C).

Analysis of CD31 single-positive events showed ~91% reduction after detergent
treatment, 11 /14 /13 - fold difference in objects/mL at each time point of sample
drawing compared to TO (2.6E5 + 1.8E* objects/mL), and an isotype background of
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6.39E° + 4.67E5 objects/mL. For CD81and CD31 double-positive events, we observed
>99% reduction of fluorescent events after detergent treatment, ~950 / 1130 / 1100
- fold difference in objects/mL at each time point of sample drawing compared to
TO (2.2E* + 1.9E% objects/mL), and an isotype background of 3.28E* + 1.53E* objects/
mL (Figure 3D).

We then analyzed the relative abundance of both double-positive EV populations
with respect to the total CD81+ EVs detected. We observed that 6.8% of CD81+ EVs
expressed the endothelial cell marker CD31,and only 1.7% of CD81+ EVs was found to
express the commmon leukocyte antigen CD45 (Figure 3E). The far majority of CD81+

EVs detected (91.5%) were found to not express either of the measured markers.

In summary, these data show that leukocyte and endothelial-derived EVs are
released during NMP. Surprisingly, the majority of CD81+ EVs did not bear either of
the studied markers.
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Concentrations of released EV subsets are correlated with
donor demographics and NMP viability characteristics.

To determine whether the identified EV subsets can be used as indicators of
kidney quality prior to transplantation, we performed correlation analysis between
the concentrations of EVs released by each individual kidney, and — in the absence
of post-transplantation kidney function - donor kidney characteristics (specified
in Table 1) and NMP viability characteristics (as a surrogate for kidney quality -
specified in Table 2).

Analysis of anti-CD9 single-positive EVs and CIT revealed a significant correlation
after 360 minutes of NMP (R? = 0.64, p = 0.017, Figure 4A), whilst no significant
correlations with CIT were obtained for any of the other single-positive EV subsets.
For CFSE and anti-CD9 double-positive EVs, significant correlations were observed
for all time points analyzed (p < 0.05, Figure 4B). Additionally, CFSE and anti-CD63
double-positive EV were found to be significantly correlated after 60 minutes (R? =
0.79, p = 0.003) — but not after 180 and 360 minutes — of NMP (Figure 4C). Analysis
of CD81 and CD45 double-positive EVs revealed a positive correlation with donor
age after the first 60 minutes of NMP only (R? = 0.81 and p = 0.0023, Figure 4D).
Anti-CD31 single-positive EVs were found to be the only EV subset that showed
significant correlations with an NMP viability characteristic. For all time points
analyzed, a positive correlation between concentrations of CD31+ EVs and renal
blood flow was observed (Figure 4E), whilst negative correlations were found with
intrarenal vascular resistance (Figure 4F). Although we did observe trends between
some of the other donor kidney characteristics or NMP viability characteristics (e.g.,
kidney weight or impact of initial cold preservation — SCS vs HMP) and EV subset
concentrations, none were found to be statistically significant.

The differences between the individual ECD kidneys in terms of NMP viability
characteristics (Table 2) did not correspond to e.g. matched kidney grafts retrieved
from the same donor (K1 and K2, K7 and K8) or transplantability assessment post
NMP (K3 and K5 were deemed of sufficient quality to be transplantable after 6
hours of NMP) when analyzing each kidney individually (as represented by the
different shapes in Figure 5).

Altogether, these findings indicate that the release of the identified EV subsets
are differentially correlated to donor kidney characteristics and NMP viability

characteristics.
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Kidney ID K1 # K2 # K3 K4 K5 K6 K7 ## K8 ##
Donor age 7 7 65 53 70 63 75 75
(years)
Donor gender
M M M M M M M M
(F/M)
Donor type
(DBD/DCD) DCD DCD DBD DCD DBD DCD DCD DCD
Cause of . . Trauma: . CVA/
death Circ/CA Circ/CA CVA CVA/CI capitis Circ/CA CVA/ICB ICB
Warm
ischemia m mn / 27 / 19 14 14
time
(minutes)
C:old ischemia 22 6.4 17,8 14,3 14,3 16,1 1,4 20,2
time (hours)
Initial cold
preservation SCS SCS HMP SCS SCS HMP SCS SCS
(SCS/HMP)
Left/right ) ) ) )
kidney Left Right Left Right Left Right Right Left
Reason for ngere ngere Suspected Duodenum Hepatitis surgical, Medical Medical
. kidney kidney ; - ureter
discard . . malignancy perforation B reasons reasons
failure failure too short
Kidney 266 352 377 519 298 308 410 213
weight (g)

Table 1 - Donor and retrieval data. F, female; M, male; DCD, donation after cardiac death;
DBD, donation after brain death; Circ/CA, circulational: cardiac arrest; CVA, cerebral vascular
bleeding; ClI, cerebral ischemia; ICB, intra cerebral bleeding; SCS, static cold storage HMP,
hypothermic machine perfusion; # and ## represent paired kidney grafts from same donor.
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Kidney ID K1 # K2 # K3 K4 K5 K6 K7 ## K8 ##
Renal Blood Flow (mL/minute/100gr)

T60 16,54 84,66 83,02 12,14 30,54 2338 1658 2582
T180 31,20 84,66 93,37 25,63 36,24 3571 24,39 3192
T360 451 91,48 15119 30,44 4799 66,23 5854 9296
Intrarenal Vascular Resistance (mmHg/mL/minute)

T60 1,7 0,25 0,24 1,19 0,82 1,04 1,1 1,36
T180 0,9 0,25 0,21 0,56 0,69 0,68 0,75 1,10
T360 0,63 0,23 0,13 0,47 0,52 0,37 0,31 0,38
Total Urine Production (mL) - Accumulated

T60 0 71,5 63 0 o] 0] (0]
T180 0 100,5 120 0 12 0] (0]
T360 0 16 303 0] 48 0] 0]
Transplantability No No Yes No Yes No No No

assessment post NMP

Table 2 - NMP viability characteristics as measured at 60 /180 / 360 minutes of NMP. After
6 hours of NMP, each ECD kidney was judged by an independent transplant surgeon
and nephorologist whether or not the organ was deemed suitable for transplantation
(transplantability assessment). # and ## represent paired kidney grafts from same donor.
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Figure 4 - Correlation analysis of concentrations of released EV subsets with donor kidney
and NMP viability characteristics. Overview of the EV subsets for which statistically significant
correlations were obtained. Analysis of A) correlation between CD9 single-positive, B) CFSE
and CD9 double-positive, and C) CFSE and CD63 double-positive EVs with CIT. D) Analysis
of correlation between CD81 and CD45 double-positive EVs with donor age. Most notably,
correlation analysis of CD31 single-positive EVs with E) renal flow and F) intrarenal vascular
resistance showed inverse correlations. EV concentrations as excreted by each ECD kidney
are represented by shape, with open triangles representing K3 and K5 (which were deemed
transplantable post NMP —Table 2). # and ## represent paired kidney grafts from same donor.
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DISCUSSION

A major benefit of machine perfusion is that it allows for the assessment of kidney
quality prior to transplantation through analysis of biomarkers (such as EVs) in the
perfusion fluid 257 Especially during NMP, where cellular metabolism becomes
activated, the monitoring of EVs may be a promising tool to infer kidney quality
prior to transplantation 6. Additionally, the characterization of EVs released during
NMP may shed light on the origin and composition of EVs released into circulation
of transplant recipients and increase our understanding of (distal) immune
responses 2722, However, although EVs are subject to intensive biomarker studies in
various fields 33031 little is currently known regarding EV release by kidney grafts

during NMP and its association with kidney status.

In this observational study we examined and characterized the release of EVs by
discarded human ECD kidneys during NMP. In line with our previous findings 22, we
found that the majority of released nanoparticles were <400 nm in size irrespective
of the time of sampling and that total particle concentrations increased as NMP
progressed. Using IFCM we found that EV concentrations significantly increased
during the first 60 minutes of NMP and that concentrations remained relatively
stable during the remainder of the NMP procedure (up to 6 hours). We reason that
the observed stabilization of EV concentrations are due to the establishment of an
equilibrium between EV biogenesis and breakdown during NMP and/or uptake
by (endothelial) cells of the kidney. These findings may contribute to the debate
regarding optimal NMP perfusion times: since EV release is considered an active
process *, release dynamics during NMP may be dependent on the metabolic

status of the kidney graft.

Examination of the tetraspanin profile onthe released EVsrevealed that the majority
of detected EVs expressed tetraspanin CD81. Recently, CD81 has been shown to
serve as a regulator of B cell signaling through complex formation with CD19 at
the plasma membrane. Upon B cell activation CD19 dissociates from CD81 while
in naive B cells CD8T (epitope 5A6) is complexed by CD19 . Given that the majority
of detected EVs released during 6 hours of NMP expressed the CD81 epitope
5A6, the fusion of these CD81+ EVs with recipient B cells may have a dampening
effect on B cell signaling as the addition of extra CD81 onto the B cell membrane
may affect CD81-CD19 dissociation kinetics. Additionally, it has been shown that
allograft-derived EVs bearing intact donor MHC molecules (CD63+ and CD9+CD81+
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EV subsets) are able to cross-decorate and activate alloreactive recipient B cells in
a mouse skin-transplant model °. In a human setting, this cross-decoration might
be facilitated by CD81+ EVs.

When determining the origin of detected CD81+ EVs, we found only marginal
co-localization of CD81 with endothelial and hematopoietic markers CD31 and
CD45. However, part of the CD81+CD31+ EV may represent CD45+ EVs derived
from monocytic origin. Additionally, the low percentages of colocalization may be
influenced by the usage of mAbs targeting extravesicular epitopes ° (thus ignoring
the presence of markers on the luminal side of EV). Moreover, the released particles
were determined to be <400 nm (as shown by NTA, and selected in the IFCM
analysis), and therefore were assumed to consist largely of exosomes. Exosomes
form through inward budding of the membrane of early endosomes (forming
multivesicular bodies in the process) which eventually fuse with the cell plasma
membrane, releasing its content into the extracellular space *¢. Consequentially, it
is hypothesized that not all exosomes necessarily bear parental cell surface markers
—which may explain why >90% of CD81+ EVs were found to not be colocalized with
either anti-CD31 or anti-CD45.

Correlation analysis of CFSE+ EVs and CIT revealed negative correlations for EVs
bearing tetraspanins CD9 or CD63 (during the first 60 minutes of NMP) - but not
CD8l1. Since CFDA-SE needs intravesicular esterases to acquire its fluorescent
properties (CFSE+), these negative correlations may be explained by 1) the negative
impact of CIT on cellular (and thus vesicular) enzyme (esterase) activity or 2)
reduced release of EVs containing intravesicular esterases as a consequence of
CIT. Diminished correlations of CFSE+ and CD9+/CD63+ double-positive EVs with
CIT were found after 180 and 360 minutes of NMP — which might be explained by
restoration of cellular metabolism during the course of NMP >26,

As the perfusion pressure during NMP is fixed, the perfused kidneys autoregulate
their blood flow according to intrarenal vascular resistance. The inverse correlation
between low renal blood flow and high intrarenal vascular resistance during NMP
has been described in literature, and has been associated with increased vascular
injury or interstitial oedema **. We demonstrate that the release of CD31+ single-
positive EVs (likely to be of endothelial origin) is positively correlated with renal blood
flow, and consequently inversely correlated with intrarenal vascular resistance. As

it is well-known that the endothelial cell layer of microvessels is a key modulator
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of vasodilation through the synthesis and release of vasoactive substances ¢, CD3]
single-positive EVs might be indicative for kidney quality prior to transplantation.
Recently, to aid clinicians in determining kidney quality during NMP, a scoring
system has been developed based on the macroscopic appearance and thresholds
of renal blood flow and urine output *. The presence of different EV subsets (such as
CD31+ EVs) might be added - after extensive validation in transplanted cohorts - to
this scoring system. Potential identification of other EV subsets and their correlation
with kidney function post KTx may provide insight into 1) kidney quality, and 2) the
specific compartment(s) of the kidney which are injured/functioning sub-optimally
before transplantation. However, in the current work, correlation analysis of the other
identified EV subsets with donor kidney characteristics or NMP viability markers did
not result in any statistically significant correlations; either when analyzed as a group
or when examining EV release for each kidney individually. Although K3 and K5 were
determined to be of sufficient quality to be transplantable after 6 hours of NMP, we
did not observe any trends that differentiated these kidneys from the other ECD
kidneys during NMP for any of the markers examined in this study.

It must be noted that no direct inferences could be made between kidney quality
prior to transplantation (or transplant outcome) and the released EV subsets as none
of the kidneys studied were actually transplanted. Additionally, as these kidneys
represent ECD kidneys the reported concentrations and observed correlations
might be different for non-ECD kidneys. Another limitation of this study is the small
sample size: the heterogeneity among the ECD kidneys with respect to e.g., cause
of donor death and the type of organ storage might (further) impact the amount
and/or subsets of EVs released. However, the observed correlations of different EV
subsets with CIT and donor age during the first 60 minutes of NMP do indicate that
EV release is related to well-established indicators of kidney quality: both CIT and
donor age are known to be detrimental to kidney quality/transplant outcome “%.

In conclusion, our findings demonstrate that discarded human ECD kidney grafts
release different EV subsets during NMP, and that their release is correlated with
well-established indicators of kidney quality such as CIT, donor kidney age, renal
blood flow and intrarenal vascular resistance. The identification, quantification and
phenotyping of kidney-derived EVs released during NMP may represent a starting
point to study the role of EVs as potential biomarkers for kidney graft quality prior
to transplantation. How and if the identified (and other) EVs subsets are correlated

with kidney function post transplantation will be the focus of future research.
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MATERIALS & METHODS
Ethical approval

Ethical approval (number B19.019) for experiments with discarded donor kidneys
was granted by the Medical Ethical Committee of the Leiden University Medical
Center (LUMC) and University Medical Center Groningen (UMCG). Research

consent was obtained from the relatives of all donors prior to organ retrieval.

Procurement, preparation of the kidney, and sample
drawing

The included kidney grafts (N=8) were procured from deceased donors according
to Dutch national guidelines and were deemed untransplantable because of
procurement-related factors or factors determined prior to retrieval (specified
in Table 1). After in situ flushing of the abdominal organs with cold University of
Wisconsin (UW) preservation solution, the kidneys were retrieved, preserved
by either static cold storage (SCS) or HMP, and transported to the participating
centers (LUMC or UMCG) where NMP was initiated and performed up to 6 hours
(Figure 5). Upon arrival in the participating centers, kidney grafts were inspected
and prepared for connection to the NMP circuit under sterile conditions, while the
perfusion machine (Kidney Assist, Organ Assist, Groningen, The Netherlands) was
primed. The NMP setup was primed as previously described in the PROPER study
24, Kidneys were subjected to subsequent NMP when the Cold Ischemia Time (CIT)

did not exceed 24 hours at arrival.

Perfusate samples were drawn prior to (0) and after 60 /180 /360 minutes of NMP,
centrifuged at 3700 rpm at room temperature, and the supernatant was stored at
-80 °C.

Preparation
: of NMP
Organ - | Transportation | — 6 hours of NMP
Procurement
Back Table
Donor after Cardiac Death Hypothermic Machine
(DCD) Perfusion (HMP)
Perfusate collected
OR OR

at (minutes): 0 60 180 360

Donor after Brain Death Static Cold Storage (SCS)
(DBD)

Figure 5 - Schematic overview representing procurement, transportation, preparation of the
kidneys, and sample drawing.
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Nanoparticle Tracking Analysis

Size distribution and concentration of nanoparticles within the perfusates were
measured with the Malvern Panalytical NanoSight NS300 and analyzed with
Nanoparticle Tracking Analysis (NTA) software version NTA 3.4 Build 3.4.003.
Samples were diluted in 0.2 um filtered PBS (fPBS) until 20 — 60 particles were in
the field of focus during acquisition and 10 videos of 15 seconds were recorded with

camera level 11 and analyzed with detection threshold 5.

Sample Labelling and Controls

Perfusateswerestained with monoclonalantibodies (mAbs) and Carboxyfluorescein
diacetate succinimidyl ester (CFDA-SE) as extensively described in our previous
work 2 and detailed in SDC, Materials and Methods; Sample Labelling.

To ascertain EV measurements the following controls were applied, as
recommended by the MIFlowCyt-EV framework 25 buffer only, buffer with
reagents, unstained samples, isotype controls, and detergent treatment, which
aims to disrupt the membranous structure of EVs thereby allowing discrimination
between biological and artificial events. Detergent treatment was performed by
adding 20 L of a 10% (V/V) TritonX-100 detergent to the samples followed by 30
minutes of incubation at room temperature prior to acquisition.

Data acquisition and analysis

All samples were acquired on an ImageStreamX MKIl instrument (IS%; Luminex).
Settings as extensively described in our previous work 2 and detailed in SDC,
Materials and Methods; Acquisition were used.

Data analysis was performed using Amnis IDEAS software (version 6.2). To ensure
the analysis of EVs we 1) selected all particles with SSC intensities < 900 a.u., and
2) identified and excluded coincidence detection by counting the number of
fluorescent spots within the pixel grid for each event acquired; events showing
multiple spots were excluded from analysis 2. This gating strategy ensures the
selection and analysis of single spot fluorescent particles <400 nm. Gating areas
and cut-offs were established through identification of (fluorescent) populations
in unstained and single stained samples, and arbitrary fluorescent intensities
were converted into Equivalent Molecules of Fluorescence (ERF) values based on
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previously published calibration data %. Lower and upper gating area cut-offs were
defined as 677 — 112,201 ERF for BV421; 35.40 — 3776 ERF for CFSE; 206 — 14,770 ERF
for PE; and 6.40 — 123 ERF for APC.

Statistical Analysis

Statistical analysis was performed using R version 4.0.2 and RStudio (RStudio
Team (2016). RStudio: Integrated Development for R. RStudio, Inc., Boston, MA
URL http:/mwww.rstudio.com/.) version 1.1.463. Statistical significance between EV
concentrations and binary data was determined through two-sided t-tests, 95% Cl
with unpaired data. Linear correlations with continuous variables were examined
using the Pearson correlation method. R? values > 0.6 and P values < 0.05 were
considered significant.

ACKNOWLEDGMENTS

The authors would like to thank the members of the PROPER Consortium
(PROlonged ex-vivo normothermic machine PERfusion for kidney regeneration)
for setting up the study, provision of the normothermic machine perfusion
samples and input in research design: Prof. Dr. lan Alwayn, Prof. Dr. Rutger Ploeg,
Dr. Dorottya de Vries, Dr. Volkert Huurman, Jason Doppenberg and Asel Arykbaeva
from the Leiden University Medical Center, Prof. Dr. Henri Leuvenink, Dr. Robert
Pol, Dr. Cyril Moers, Tim Hamelink, Veerle Lantinga and Leonie van Leeuwen from
University Medical Center Groningen and Dr. Robert Minnee from the Erasmus
Medical Center, Rotterdam, the Netherlands. Additionally, the authors would like
to thank Manou van Alphen for her assistance with NMP sample measurements
with [FCM.

AUTHOR CONTRIBUTIONS

W.W.W. participated in the research design, performance of the research, data
analysis, article drafting and is the corresponding author. AA. performed the
normothermic machine perfusion of kidneys and provided perfusate samples.
|.P.J.A. orchestrated the prolonged normothermic machine perfusion study
design. C.C.B. participated in the research design. R.C. provided clinical expertise.
M.J.H., K.B. participated in the research design and writing of the manuscript. All
authors reviewed the manuscript and approved its final version.

140



Extracellular Vesicles are Associated with Human Donor Kidney Characteristics

CONFLICT OF INTEREST

The authors declare no conflicts of interest.

FINANCIAL DISCLOSURE

The authors declare no funding was received for this study.

141



Chapter 5

REFERENCES

1.

10.

1.

12.

13.

14.

15.

6.

142

Summers DM, Watson CJ, Pettigrew GJ, Johnson R3J, Collett D, Neuberger JM, et al. Kidney
donation after circulatory death (DCD): state of the art. Kidney Int. 2015;88(2):241-9.

Brat A, Pol RA, Leuvenink HG. Novel preservation methods to increase the quality of
older kidneys. Curr Opin Organ Transplant. 2015;20(4):438-43.

Callaghan CJ, Harper SJ, Saeb-Parsy K, Hudson A, Gibbs P, Watson CJ, et al. The discard
of deceased donor kidneys in the UK. Clin Transplant. 2014;28(3):345-53.

Barbari A, Stephan A, Masri MAK, G, Karam, A., Kilani HAD, I. Nephron Mass in Kidney
Transplantation. Transplantation Proceedings. 2002;34(6):2401-2.

Hosgood SA, Saeb-Parsy K, Wilson C, Callaghan C, Collett D, Nicholson ML. Protocol
of a randomised controlled, open-label trial of ex vivo normothermic perfusion versus
static cold storage in donation after circulatory death renal transplantation. BMJ Open.
2017;7(1):e012237.

Vallant N, Wolfhagen N, Sandhu B, Hamaoui K, Cook T, Pusey C, et al. A Comparison
of Pulsatile Hypothermic and Normothermic Ex Vivo Machine Perfusion in a Porcine
Kidney Model. Transplantation. 2021;105(8):1760-70.

Moers C, Varnav OC, van Heurn E, Jochmans |, Kirste GR, Rahmel A, et al. The value of
machine perfusion perfusate biomarkers for predicting kidney transplant outcome.
Transplantation. 2010;90(9):966-73.

Xu J, Buchwald JE, Martins PN. Review of Current Machine Perfusion Therapeutics for
Organ Preservation. Transplantation. 2020;104(9):1792-803.

Arraud N, Linares R, Tan S, Gounou C, Pasquet JM, Mornet S, et al. Extracellular
vesicles from blood plasma: determination of their morphology, size, phenotype and
concentration. J Thromb Haemost. 2014;12(5):614-27.

pPitt IJM, Kroemer G, Zitvogel L. Extracellular vesicles: masters of intercellular
communication and potential clinical interventions. J Clin Invest. 2016;126(4):1139-43.

Zaborowski MP, Balaj L, Breakefield XO, Lai CP. Extracellular Vesicles: Composition,
Biological Relevance, and Methods of Study. Bioscience. 2015;65(8):783-97.

Minciacchi VR, Zijlstra A, Rubin MA, Di Vizio D. Extracellular vesicles for liquid biopsy in
prostate cancer: where are we and where are we headed? Prostate Cancer Prostatic Dis.
2017;20(3):251-8.

Vallabhajosyula P, Korutla L, Habertheuer A, Yu M, Rostami S, Yuan CX, et al. Tissue-
specific exosome biomarkers for noninvasively monitoring immunologic rejection of
transplanted tissue. J Clin Invest. 2017;127(4):1375-91.

Habertheuer A, Ram C, Schmierer M, Chatterjee S, Hu R, Freas A, et al. Circulating Donor
Lung-Specific Exosome Profiles Enable Noninvasive Monitoring of Acute Rejection in a
Rodent Orthotopic Lung Transplantation Model. Transplantation. 2021.

Gremmels H, de Jong OG, Toorop RIJ, Michielsen L, van Zuilen AD, Vlassov AV, et al.
The Small RNA Repertoire of Small Extracellular Vesicles Isolated From Donor Kidney
Preservation Fluid Provides a Source for Biomarker Discovery for Organ Quality and
Posttransplantation Graft Function. Transplant Direct. 2019;5(9):e484.

Turco AE, Lam W, Rule AD, Denic A, Lieske JC, Miller VM, et al. Specific renal parenchymal-
derived urinary extracellular vesicles identify age-associated structural changes in living
donor kidneys. J Extracell Vesicles. 2016;5:29642.



Extracellular Vesicles are Associated with Human Donor Kidney Characteristics

17.

18.

19.

20.

21.

22.

23,

24.

25.

26.

27.

28.

29.

30.

3l

32.

Lozano-Ramos S, Bancu |, Carreras-Planella L, Monguio-Tortajada M, Canas L, Juega J, et
al. Molecular profile of urine extracellular vesicles from normo-functional kidneys reveal
minimal differences between living and deceased donors. BMC Nephrol. 2018;19(1):189.

Welsh JA, van der Pol E, Bettin BA, Carter DRF, Hendrix A, Lenassi M, et al. Towards
defining reference materials for measuring extracellular vesicle refractive index, epitope
abundance, size and concentration. J Extracell Vesicles. 2020;9(1):1816641.

Simonsen JB. What Are We Looking At? Extracellular Vesicles, Lipoproteins, or Both? Circ
Res. 2017;121(8):920-2.

Blijdorp CJ, Tutakhel OAZ, Hartjes TA, van den Bosch TPP, van Heugten MH, Rigalli IP, et
al. Comparing Approaches to Normalize, Quantify, and Characterize Urinary Extracellular
Vesicles. 3 Am Soc Nephrol. 2021.

Andreu Z, Yanez-Mo M. Tetraspanins in extracellular vesicle formation and function.
Front Immunol. 2014;5:442.

Woud WW, Merino A, Hoogduijn MJ, Boer K, van den Hoogen MWF, Baan CC, et al.
Nanoparticle Release by Extended Criteria Donor Kidneys During Normothermic
Machine Perfusion. Transplantation. 2019;103(5):e110-€1.

Woud WW, Pol E, Mul E, Hoogduijn MJ, Baan CC, Boer K, et al. AN IMAGING FLOW
CYTOMETRY-BASED METHODOLOGY FOR THE ANALYSIS OF SINGLE EXTRACELLULAR
VESICLES IN UNPROCESSED HUMAN PLASMA. bioRxiv. 2022:2022.02.24.481807.

Arykbaeva AS, de Vries DK, Doppenberg JB, Engelse MA, Hankemeier T, Harms AC, et
al. Metabolic needs of the kidney graft undergoing normothermic machine perfusion.
Kidney Int. 2021.

Welsh JA, Van Der Pol E, Arkesteijn GJA, Bremer M, Brisson A, Coumans F, et al. MIFlowCyt-
EV: a framework for standardized reporting of extracellular vesicle flow cytometry
experiments. J Extracell Vesicles. 2020;9(1):1713526.

Elliott TR, Nicholson ML, Hosgood SA. Normothermic kidney perfusion: An overview of
protocols and strategies. Am J Transplant. 2021;21(4):1382-90.

Quaglia M, Dellepiane S, Guglielmetti G, Merlotti G, Castellano G, Cantaluppi V.
Extracellular Vesicles as Mediators of Cellular Crosstalk Between Immune System and
Kidney Graft. Front Immunol. 2020;11:74.

Rutman AK NS, Saberi N, Tchervenkov J, Paraskevas S. Donor Kidney Perfusion Fluid
Extracellular Vesicles as Markers of Graft Function [abstract]. Am J Transplant. 2020;20:
https://atcmeetingabstracts.com/abstract/donor-kidney-perfusion-fluid-extracellular-
vesicles-as-markers-of-graft-function/.

Zeng FC, Z. Chen, R. Shufesky, W.J. Bandyopadhyay, M. Camirand, G. Oberbarnscheidt,
M.H. Sullivan, M.L.G. Baty, C.J. Yang, M.Q. Calderon, M. Stolz, D.B. Erdos, G. Pelanda, R.
Brennan, T.V. Catz, S.D. Watkins, S.C. Larregina, AT. Morelli, A.E. Graft-derived extracellular
vesicles transported across subcapsular sinus macrophages elicit B cell alloimmunity
after transplantation. Sci Transl Med. 2021;13(585).

McBride JD, Rodriguez-Menocal L, Badiavas EV. Extracellular Vesicles as Biomarkers and
Therapeutics in Dermatology: A Focus on Exosomes. J Invest Dermatol. 2017;137(8):1622-9.

Karpman D, Stahl AL, Arvidsson |. Extracellular vesicles in renal disease. Nat Rev Nephrol.
2017;,13(9):545-62.

Raposo G, Stoorvogel W. Extracellular vesicles: exosomes, microvesicles, and friends. J
Cell Biol. 2013;200(4):373-83.

143




Chapter 5

33.

34.

35.

36.

37.

144

Susa KJ, Seegar TC, Blacklow SC, Kruse AC. A dynamic interaction between CD19 and the
tetraspanin CD81 controls B cell co-receptor trafficking. Elife. 2020;9.

Doyle LM, Wang MZ. Overview of Extracellular Vesicles, Their Origin, Composition,
Purpose, and Methods for Exosome Isolation and Analysis. Cells. 2019;8(7).

Hosgood SA, Barlow AD, Hunter JP, Nicholson ML. Ex vivo normothermic perfusion for
quality assessment of marginal donor kidney transplants. Br J Surg. 2015;102(11):1433-40.
Durand M3, Gutterman DD. Diversity in mechanisms of endothelium-dependent
vasodilation in health and disease. Microcirculation. 2013;20(3):239-47.

Kayler L, Yu X, Cortes C, Lubetzky M, Friedmann P. Impact of Cold Ischemia Time in
Kidney Transplants From Donation After Circulatory Death Donors. Transplant Direct.
2017:3(7):e177.



Extracellular Vesicles are Associated with Human Donor Kidney Characteristics

SUPPLEMENTARY DATA

Materials and Methods; Sample Labelling
EVs released by ECD kidneys during NMP were phenotoyped and quantitated with

Imaging Flow Cytometry. Samples were labelled with an anti-tetraspanin antibody
mixture (consisting of anti-CD9/anti-CD63/anti-CD81), anti-CD3], anti-CD45, or CFDA-SE.
All mAbs used - (CD9-APC, clone HI9a (6 ug/mL, Biolegend), CD63-APC, clone H5C6
(200 ug /mL, Biolegend), CD8T-APC, clone 5A6 (200 ug /mL, Biolegend), CD31-BV42],
clone WM-59 (50 ug/mL, BioLegend), CD45-PE, clone HI30 (12.5 ug/mL, BD Biosciences),
IgG1,k-BV421, clone MOPC-21 (100 ug/mL, BioLegend); IgG1,k-APC, clone MOPC-21 (200
ug/mL, BioLegend); and IgG1,k-PE, clone MOPC-21 (125 pg/mL, BD Biosciences) - were
centrifuged at 16,000 x g (to remove potential mAb clumps).Tetraspanin mAbs were
diluted 30-fold in fPBS before staining (Final concentrations: CD9: 200 ng/mL, CD63: 6.6
pg/mL, CD8T: 6.6 ug/mL); CD31-BV421 was diluted 1000-fold (Final concentration: 50 ng/
mL); CD45-PE was used undiluted (Final concentration: 12.5 ug/mL).

A 50 uM Carboxyfluorescein diacetate succinimidyl ester stock solution (Vybrant™
CFDA-SE Cell Tracer Kit, Invitrogen) was prepared according to the manufacturers’

instructions and, similar to the mAbs, centrifuged for 10 minutes at 16,000 x g.

Staining was performed by adding 30 L of perfusate followed by addition of the
diluted mAbs into a pre-determined volume of fPBS (V, = fPBS + sample + mAbs
=130 pL) followed by O/N incubation at 4 °C, with 2.5 ng anti-CD9, 83 ng anti-CD63,
83 ng anti-CD81, 0.25 ng anti-CD31, and 156 ng anti-CD45 per test. Staining with
CFDA-SE was performed by adding 100 pL of the stock solution to the samples
followed by 30 minutes of incubation at room temperature in the dark. All samples

were brought to a total volume of 380 uL using fPBS before IFCM measurements.

Materials and Methods; Acquisition

Perfusate samples were interrogated with IFCM (ImageStreamX Mkll, Luminex) to
phenotype and quantitate Extracellular Vesicles. Lasers were turned on as applicable
per fluorophore and set to their maximum power (488 nm : 200 mW, 642 nm 150
mW) with the exception of the 785 nm SSC laser (1.25 mW). Data was acquired over a
time period of 180 seconds — to standardize among samples — using the 60x objective
with fluidics set to ‘low speed / high sensitivity'. This resulted in a flow speed of 43.59
+0.07 mm/sec (mean * standard deviation). Core size was set at 6 um, autofocus was

activated and the ‘Remove Speedbead’ was option unchecked.
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BV421 fluorescence signals were collected in channel 1 (435-505-nm filter), CFSE
signals were collected in channel 2 (505-560 nm filter), PE fluorescence signals
were collected in channel 3 (560-595-nm filter), APC signals in channel 5 (642-745
nm filter), and SSC signals in channel 6 (745-785 nm filter). Particle enumeration
was achieved through the advanced fluidic control of the IS* coupled with
continuously running speed beads, resulting in the “objects/mL" feature within the
IS* Data Exploration and Analysis Software (IDEAS®).
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Supplementary Figure 1 - Identification and validation of single EV measurements using
Imaging Flow Cytometry (IFCM). A) From left to right: fluorescence intensity scatterplots
representative for unstained, stained (CFDA-SE & anti-tetraspanin antibody mixture (anti-
CD9/anti-CD63/anti-CD81)), and isotype control end-point NMP perfusate samples (T =
360 minutes). Fluorescent populations were established on the basis of unstained and
single-stained end-point NMP samples (data not shown). B) Visual examination of events
representative for each fluorescent population demonstrated the selection and subsequent
analysis of particles showing single spot fluorescence (no coincidence events), indicating
the selection and analysis of single EVs. C) Quantification of fluorescent events in each gate
for unstained, stained and isotype control (N=2), showing the specificity of our staining
protocol. In unstained samples, no fluorescent events were observed indicating that no
auto-fluorescent events were detected. In stained samples, we observed concentrations of
fluorescent events (>E8 objects/mL) well above unstained and isotype levels (<ES Objects/mL),
indicating that the fluorescent events acquired in samples stained with the anti-tetraspanin
antibody mixture represent specific fluorescent positive events.
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ABSTRACT

Extracellular vesicles (EVs) are tissue-specific particles containing valuable
diagnostic information. However, single EV analysis in blood is challenging due
to their physical properties, the molecular complexity of plasma, and a lack of
robust data interpretation methods. We assess the applicability of our recently-
developed calibrated Imaging Flow Cytometry (IFCM)-based methodology to
detect/characterize circulating tissue-specific EV subsets in the clinical setting of
kidney transplantation.

Platelet-poor plasma (PPP) was generated from 36 HLA-A3 mismatched donor
(HLA-A3+) and kidney transplant recipients (KTRs; HLA-A3-). Samples taken before
transplantation, 3 days, 7 days, and 6 months after transplantation as well as before
‘for-cause’ kidney transplant biopsies were stained with anti-CD9 (plasma EV-
marker) and anti-HLA-A3.

Before transplantation, no significant differences in total CD9+ EV concentrations
were detected between donor and KTR samples. Tissue-specific EVs were identified
as CD9+HLA-A3+. Serial dilution experiments of HLA-A3+ in HLA-A3- PPP showed
that single CD9+HLA-A3+ EVs were detectable down to ~1% above the recipient
‘self-signal’. After transplantation, CD9+HLA-A3+ EVs were detected above pre-
transplantation concentrations in individuals with stable allograft function, but not
in individuals with allograft dysfunction.

These results demonstrate the applicability of our calibrated IFCM-based
methodology in the direct detection of tissue-specific EV subsets in clinical
samples. We believe that this EV methodology is applicable in a variety of clinical

contexts.
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INTRODUCTION

Extracellular vesicles (EVs) are lipid bilayer-delimited membrane particles (30-8000
nm in diameter') excreted by all cell types, which act as signaling intermediaries
during normal homeostasis and during pathologic processes #¢. EVs carry proteins
on their surface and/or a variety of macromolecules as cargo (e.g. DNA, RNA, lipids
and proteins?), which are thought to reflect the status of their cell of origin. Indeed,
EVs are regarded as “snapshots” of the status of their cell of origin and are examined
to assess the presence of various diseases, e.g., cancer or viral infection &° As EVs
are present in body fluids (e.g. blood'/ saliva™® / urine™2), they are considered to be

minimally-invasive biomarkers and so-called “liquid biopsies” 23,

The quantification and characterization of EVs is hampered by their physical
characteristics such as their small size, low epitope copy number 7, and the variety
of protein markers depending on the cell source ®, all of which contribute to the
well-documented EV heterogeneity. The identification of EVs in plasma is further
hindered by the molecular complexity of the plasma, which contains multiple
elements (e.g., lipoproteins, cell debris and soluble proteins), that interfere with EV
analysis'®2°, Moreover, a lack of robust methods and ambiguities in how data should
be interpreted for EV analysis, makes comparison between studies challenging 222,

To overcome the selection biases or introduction of artefacts that are introduced
by performing commonly used EV isolation methods ® 2°, our group recently
developed a standardized Imaging Flow Cytometry (IFCM)-based methodology
for the direct measurement of single EVs <400 nm in diameter in diluted plasma
samples, without prior isolation of EVs 2. By omitting the need for sample isolation,
this method has the potential to directly show the status of an individual by
measuring distinct EV subsets, which is greatly beneficial for the monitoring of

EVs in health and disease %22,

Expanding upon the previously reported ability of our methodology to directly
detect and discriminate human- and mouse-derived EVs in mixed human/mouse
plasma samples 23, we here aimed to assess the ability of our protocol to identify,
discriminate and analyze EV subsets within human patient plasma samples. To this
end, the setting of clinical organ transplantation offers a unique scenario in which
tissue-specific EVs originating from the allograft are released into circulation after
transplantation 2425 We present an application of our methodology that allows for
the direct detection of donor-derived EVs (dd-EVs) in plasma samples from kidney
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transplant recipients (KTRs) on the basis of donor-recipient Human Leukocyte
Antigen (HLA) mismatching by analyzing samples obtained before (control, no
donor EVs present) and after (signal validation, detection of dd-EVs originating
from the allograft) transplantation. Dd-EVs were measured against a background
of recipient EVs in longitudinally collected KTR samples, and the dynamics of dd-
EVs was monitored over time, as well as at time of ‘for-cause’ biopsy samples.

RESULTS

Direct detection of single EVs < 400 nm in donor and KTR
plasma samples

Compared to donor samples, the plasma composition of KTRs contains multiple
elements (e.g., elevated creatinine and urea, (medicinal) waste products) which
may interfere with single EV detection. Therefore, we first tested the ability of our
protocol to directly detect single EVs < 400 nm in diameter in plasma samples
obtained from KTRs before transplantation. To this end, PPP samples from living
donors (used as healthy controls) and KTRs were diluted in fPBS, and stained with
either anti-CD9 (as commmon plasma EV marker) or isotype control (to infer labelling
specificity) before analysis with IFCM. After initial acquisition, detergent treatment
was applied on each anti-CD9 labeled sample to discriminate between vesicular
and non-vesicular events.

Total concentrations of CD9+ objects/mL (Figure 1A) as measured in donor and KTR
plasma samples were compared (Figure 1B). In the donor group, we detected 1.26E®
+ 6E7 objects/mL before, and 2.74E¢ + 6.7E¢ objects/mL after detergent treatment.
This represented an approximate 98% reduction — which implies that the majority
of CD9+ events analyzed represent EVs. In the plasma samples obtained from
KTRs, we detected 1.07E8 + 5.3E7 objects/mL before, and 1.6E® + 51E6 objects/mL after
detergent treatment (~97% reduction). No significant differences in total CD9+ EV
concentrations were observed between both groups. Additionally, isotype staining
resulted in 4.16E° + 3.85E° objects/mL and 5.27E° + 1.22E5 objects/mL for donor and
KTR samples, respectively, illustrating the high specificity of our labelling strategy
(~300-fold difference with mAb labelling). Buffer only controls (measured each day
of sample acquisition) showed no detectable events - indicating that no signals

derived from antibody aggregates were detected.
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These data suggest that our IFCM protocol is able to directly detect single CD9+ EVs
in diluted plasma samples obtained from donors and KTRs before transplantation,

despite the differences in molecular composition of the plasma between both
groups.
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Figure 1- Detection of CD9+ EVs in both (living) donor and kidney transplant recipient (KTR)
samples obtained before transplantation. A) left to right: representative histogram plots
of a PPP sample stained with anti-CD9, the same sample after detergent treatment (to
discriminate between vesicular and non-vesicular events), and isotype staining. B) For each
of the controls applied: quantification of total CD9+ EV concentrations as detected in PPP
samples obtained from (living) donors, KTRs, and buffer only controls.
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Identification and discrimination of single dd-EVs based
on HLA phenotype

In order to identify dd-EVs in the circulation of KTRs after kidney transplantation, we
assessed whether IFCM is capable of discriminating EVs based on HLA phenotype.
To this end, we labelled the same PPP samples (donors — HLA-A3+, and recipients
(before KTx) — HLA-A3-) with anti-CD9 and anti-HLA-A3, and performed the same

control experiments as described above.

Figure 2A shows representative scatter plots for both a donor and recipient
PPP sample analyzed with IFCM, before and after detergent treatment. Visual
examination of events representative for each fluorescent population (before
detergent treatment) demonstrated the selection and analysis of particles
showing single spot fluorescence (no coincidence events), indicating the selection
and analysis of single EVs 2 (Figure 2B).

For HLA-A3+ single-positive events, we observed only marginal reduction by
detergent treatment, showing that these events are not representative of biological
particles. Moreover, buffer only controls showed a high degree of fluorescent events,
indicating that these signals are most likely representative of antibody aggregates
(Figure 2C). Therefore, HLA-A3 single-positive fluorescent events were interpreted

to not be representative of EVs, and were excluded from further analysis.

Analysis of CD9+HLA-A3+ double-positive fluorescent event concentrations in the
KTR group showed that our assay produced background signals that varied among
the different recipients (recipient-specific background) despite recipients all being
HLA-A3 negative. Luminex single antigen assay for the anti-HLA-A3 antibody
showed no cross reactivity of the antibody with other HLA epitopes (Supplementary
Data S1 online), thus validating the specificity of the antibody. Comparison of
CD9+HLA-A3+ concentrations between the donor and recipient groups (1.60E7 +
1.03E7 objects/mL vs 4.29E® + 4.48E¢ objects/mL, respectively) showed that these
double-positive fluorescent events can be used to discriminate samples on the
basis of HLA phenotype. Concentrations of CD9+HLA-A3+ double-positive events
as measured in donor PPP samples showed an approximately 96% reduction after
detergent treatment, with concentrations after detergent treatment residing in the
range of the isotype and buffer controls (Figure 2D). Consequently, CD9+HLA-A3+

double-positive fluorescent events were identified to represent EVs.
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It should be noted that some samples showed low/minimal reduction in
concentrations of fluorescent events detected after detergent treatment (as
illustrated by 1 recipient sample in Figure 2D). These events were interpreted to
not represent membrane-delimited vesicular events, but rather be indicative for
protein complexes (which are unaffected by detergent treatment). To identify and
exclude such samples from future analysis, we established a threshold of >95%
reduction (in concentration) after detergent treatment for samples to be included
in future analysis. This cut-off value was established to ensure that only samples
are included that are representative (>95%) of membrane-delimited particles (as
opposed to protein complexes).

These observations show that our IFCM protocol is able to identify and discriminate
single EVs in diluted PPP samples on the basis of their HLA phenotype by analyzing
events that are both CD9+ (plasma EV marker) and HLA-A3+ (to discriminate
between HLA-A3+ and HLA-A3- individuals).
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Figure 2 - Discrimination of EVs based on HLA phenotype. A) Representative scatter plots of
an HLA-A3+ PPP sample (left) and an HLA-A3- PPP sample (right) stained with anti-HLA-A3
(X-axis) and anti-CD9-APC (Y-axis) before and after detergent treatment (top and bottom row,
respectively). B) Visual examination of events representative for each fluorescent population
demonstrated the selection and subsequent analysis of particles showing single spot
fluorescence (no coincidence events), indicating the selection and analysis of single EVs. C-D)
Concentrations of HLA-A3+ and CD9+HLA-A3+ fluorescent events in all pre-transplantation
donor, recipient, and buffer only (control) samples before and after detergent treatment, and
after isotype staining (grey, orange, and blue boxes, respectively). HLA-A3+ events were found
to not be indicative of EV signals and were excluded from analysis. Double-positive events
were found to be indicative of EV signals, as well as to be discriminative between HLA-A3+
and HLA-A3- PPP samples.
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IFCM discriminates single CD9+HLA-A3+ EVs down to 1%
above recipient-specific background

To determine the discriminative power of our IFCM protocol to detect CD9+HLA-A3+
EVs above (recipient-self) background signals in KTR samples, we serially diluted
(2-fold dilutions) HLA-A3+ PPP into HLA-A3- PPP (5 matched donor-recipient
couples), labelled these samples with anti-CD9 and anti-HLA-A3, and analyzed
these with IFCM.

For each of the 5 donor-recipient couples, we quantified the concentrations of
CD9+HLA-A3+ EVs as detected for each dilution step (Figure 3A). Similar to the
previous observation, we observed that each of the 5 HLA-A3- PPP recipient
samples (without any spiked-in HLA-A3+ PPP) yielded varying background
concentrations. These were interpreted to represent the recipient-self sample-
specific background (indicated with dashed green lines, Figure 3A). We were able
to detect CD9+HLA-A3+ EVs above their respective sample-specific background
concentrations down to ~100-fold dilution, thus with CD9+HLA-A3+ EVs being

detectable ~1% above the recipient ‘self’ signal.

Next, we examined the accuracy of our IFCM protocol to detect single CD9+HLA-A3+
EVsin mixed plasma samples—as opposed to the coincidence detection of multiple
particlesrecorded as asingle event. For each individual (donor-in-recipient) dilution
experiment, the concentrations of CD9+HLA-A3+ EVs as detected for each dilution
step (range: 100% to 1.56% HLA-A3+ PPP) were analyzed using a linear regression
model (Figure 3B). We observed that the concentrations of CD9+HLA-A3+ EVs
were linearly proportional to the dilution factor, as indicated by the R? values.
Additionally, analysis of the (standardized) fluorescent intensities as detected in
both detection channels revealed that the fluorescent intensities were unaffected
by serial dilution; mean: 1315 (range 1085 - 1604) ERF for BV421 (HLA-A3), and 29.5
(range 25.7 — 35.8) ERF for APC (CD?9) (Figure 3C).

Taken together, these data indicate that IFCM is able to detect single dd-EVs
directly in recipients’ circulation if their fraction exceeds ~1% above their recipient

specific background.
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dd-EVs are detected in KTRs with stable allograft function
Next, we examined whether dd-EVs could be directly detected in PPP of KTRs

after transplantation. As stated previously, samples not passing the threshold of
>95% reduction after detergent treatment were excluded from analysis; excluded
samples were not associated with any specific time-point. Sample exclusion
on the basis of detergent treatment resulted in the exclusion of 10 KTR sample
series, leaving 26 KTR sample series in the analysis. Table 1 shows the patient
characteristics corresponding to the samples included in our analysis, stratified

into the four groups as described in the methods section.

First, we compared the total concentrations of double-positive events measured in
PPP samples taken before (n =13) and 2-4 days (n =17) after transplantation (Figure
4A). We observed a statistically significant difference between these time points
which confirms the release of dd-EVs into KTR's circulation.

We then performedalongitudinal analysisof dd-EV concentrationscomparing KTRs
in the control group with KTRs who underwent a ‘for-cause’ kidney biopsy (‘Biopted’
group) (Figure 4B). In the control group, we observed significant increases in dd-EV
concentrations at 2-4 days, 6-8 days and 6 months after transplantation compared
tothe concentrations detected before transplantation. These dd-EV concentrations
were observed to be stable throughout follow-up, suggesting that stable allograft
function (without a biopsy) leads to a detectable dd-EV signal in KTR plasma. This
notion was further strengthened by the observation that dd-EV concentrations did
not increase (compared to levels detected before transplantation) in individuals
who did experience allograft complications (‘Biopted’ group); this effect was
observed up to at least 6 months after transplantation (Figure 4C).

To examine a potential diagnostic value of dd-EVs, we next compared the
concentrations of CD9+HLA-A3+ EVs measured in ‘for-cause’ biopsy samples taken
at 6 days after transplantation (median, range: 2 — 60) with the concentrations as
detected in samples taken 6 — 8 days after transplantation from patients in the
‘control’ group.

The concentration of dd-EVs was higher in time-matched KTR samples without a
biopsy compared to concentrations detected at the moment of a for-cause biopsy
(irrespective of their pathological classification, 5.36E8 + 2.05E° objects/mL vs 3.24E¢
+ 8.55E5 objects/mL, respectively, p = 0.05). However, no statistical differences were
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observed when comparing dd-EV concentrations between the control samples
and biopsies indicative for ATN (N=2), Presumed Rejection (N=3), or Biopsy Proven
Acute Rejection (BPAR - 3x aABMR and 3x aTCMR2a) , demonstrating that dd-EVs
were unable to discriminate between the type of complication (Figure 4D).
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Figure 4 — Detection of dd-EVs after transplantation. A) Analysis of the concentrations of
CD9+HLA-A3+ events before and 2-4 days after kidney transplantation revealed a significant
increase after transplantation. B) longitudinal analysis of dd-EV concentrations in KTR blood
samples subdivided into either 1) the control group (representing all samples from patients
whom did not experience any complications after transplantation) or 2) the biopted group
(encompassing all samples from patients whom underwent a biopsy), showing that dd-
EVs are detectable above baseline (before transplantation) only in patients whom did not
experience complications after transplantation. C) Representative CD9 vs HLA-A3 scatter
plots of PPP samples taken 6 months after KTx from an individual in the control (left) and
biopted (right) group. D) dd-EV concentrations as detected in ‘for-cause’ biopsy samples
compared to time-matched control samples.
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Control Other Presumed Rejection p-test
Diagnosis  Rejection

n= n 3 5 7
Recipient Age (Years) 58.64 (10.06) 62.33(1021) 6120 (14.55) 5829 (16.43) 0.95
Recipient Gender (Male) 9 (81.8) 3 (100.0) 1(20.0) 3 (42.9) 0.04
Recipient BMI 2745 (513) 28.03 (11.94) 26.62 (227) 2744 (492) 0.99
Donor Type 0.60

DBD 3(27.3) 1(33.3) 0 (0.0) 3(42.9)

DCD 3(273) 2 (66.7) 1(20.0) 2(28.6)

Living Donor - Related 1(9.) 0 (0.0) 1(20.0) 0 (0.0)

Living Donor - Unrelated 4 (36.4) 0 (0.0) 3 (60.0) 2 (28.6)
Donor Age (Years) 54.09 (17.68) 66.00 (2.65) 61.20 (13.55) 64.00 (6.90) 0.38
Donor Gender (Male) 4 (36.4) 1(33.3) 4 (80.0) 3(429) 0.40
Missmatch HLA-A 0.217
o 0 (0.0) 0 (0.0) 1(20.0) 0 (0.0)
1 9 (81.8) 2 (66.7) 1(20.0) 4 (57.)
2 2(18.2) 1(33.3) 3 (60.0) 3(42.9)
Missmatch HLA-B 0.56
o 2(182) 0 (0.0) 0 (0.0) 0 (0.0)
1 4 (36.4) 1(33.3) 1(20.0) 4 (57.)
2 5 (45.5) 2 (66.7) 4 (80.0) 3 (42.9)
Missmatch HLA-DR 0.02
o 4 (36.4) 0 (0.0) 0 (0.0) 3(42.9)
1 5 (45.5) 0 (0.0) 5 (100.0) 2(28.6)
2 2(182) 3(100.0) 0 (0.0) 2(28.6)
Induction Therapy
Basiliximab 11 (100.0) 3(100.0) 5 (100.0) 5 (71.4) 012
Alemtuzumab 0 (0.0) 0 (0.0) 0 (0.0) 2 (28.0) 0.12
Maintenance
Immunosuppression
TAC / MMF / Prednisolone 11 (100.0) 3 (100.0) 5 (100.0) 7 (100.0) NA

Table 1 - Patient characteristics corresponding to the samples included in our analysis after
exclusion of samples not passing the 95% reduction after detergent treatment. For the
dd-EV analysis, samples from a total of 26 KTRs were included in the analysis (Figure 4B).
Continued variables are described as mean (SD). Categorical variables as number of cases (%).
ATG, antithymocyte globulin; BMI, body mass index; DBD, donation after brain death; DCD,
donation after circulatory death; MMF, mycophenolate mofetil; MPA, Mycophenolic Acid; TAC,

tacrolimus.
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DISCUSSION

EVs have great potential value as (minimally invasive) biomarkers 26, but sensitive
and reproducible methods for single EV analysis are essential to understand the
role of EVs in human health and disease 2. In the current work, we assessed the
applicability of our recently developed IFCM-based methodology # to directly
measure EV subsets in human patient plasma samples — as exemplified by the

detection of single dd-EVs in KTR plasma samples after kidney transplantation.

In addition to their physical properties and current technological challenges,
the detection of EV subsets during health and disease may - depending on the
disease — be hampered by the presence of ‘contaminating’ agents in the sample
matrix. In the current study, components such as urea and creatinine are elevated
as a consequence of kidney failure and may interfere with single EV detection. We
show that our IFCM protocol is able to detect single CD9+ EVs in plasma samples
obtained from both donors (healthy controls) and KTRs before transplantation,
thereby suggesting that single EV detection by our IFCM protocol is uninfluenced
by such contaminating components. The concentration of EVs in urine is related
to nephron mass, explaining a lower concentration of total CD9+ EVs in KTRs
compared to donors ?7. Here, we did not observe a difference in total CD9+ EVs
between both groups in blood plasma, which is most likely due to the contribution
of multiple organs to the total plasma CD9+ EV pool.

The concept of plasma circulating dd-EV detection and characterization with
IFCM has been presented previously “* Mastoridis et al. showed that by analyzing
CFSE+ events in combination with an exosome-specific marker (CD63) and an
origin-specific marker (donor-HLA), circulating dd-EVs could be detected in the
circulation of a liver transplantation recipient % However, our protocol provides
several improvements over the approach presented in previous work: 1) our
IFCM platform is both SSC (size) and fluorescence calibrated — which enhances
reproducibility, 2) no EV isolation was performed — thus the ‘full spectrum’ of
detectable EVs was analyzed, and 3) by analyzing CD9+ EVs (shown to be highly
prevalent in plasma samples) 2 in combination with donor-HLA, we were able
to analyze a broad spectrum of circulating dd-EVs — as opposed to the analysis of
donor-derived CFSE+CD63+ exosomes (a donor EV subset). Additionally, we prove
the detection of single dd-EVs by our IFCM protocol and determined its sensitivity
through serial dilution of HLA-A3+ plasma into HLA-A3- plasma demonstrating a

linear correlation with the dilution factor and stable ERF %
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Currently, it is consensus that CD9+ EVs detected in PPP are most likely platelet-
derived. As platelets express HLA Class | antigens on their surface, one might
expect a high degree of co-localization of HLA Class | antigens with CD9 on these
EVs. However, we found that CD9+HLA-A3+ particles are only a fraction (~16%) of
the total CD9+ particles in HLA-A3+ donors. This observation may be explained by
1) different modes of EV biogenesis influencing whether HLA Class | antigens are
present on EVs and/or whether their epitope topology is directed to the vesicular
surface (and thus detectable with our setup), and 2) CD9 (but not HLA Class |

antigens) may also be found on lipoproteins .

The identification and quantification of single dd-EVs with IFCM as presented here
is also subject to limitations. First, IFCM needs a minimum of 3 pixels before an
event is recorded %. Consequently, EVs with a low HLA-A3 epitope-density might
be missed by our assay. Second, although we calibrated the arbitrary fluorescent
SSC intensities of our platform to reflect particle-size, we obtained a goodness-
of-fit measure (R?) of 91%, which implies a 9% error when selecting particles with
SSC intensities corresponding to EVs <400 nm %. For reference, (conventional)
clinical-grade Flow Cytometers typically result in R? values >0.99 - although
lacking the resolution to detect EVs <300 nm 828 29 Additionally, we excluded
samples not passing the threshold of >95% reduction after detergent treatment
from analysis, which imposes an analytical bias towards samples containing ‘high’
concentrations of fluorescent events. However, by applying this selection criteria on
our samples we ensured the analysis of fluorescent events of biological origin well
above the (fluorescent) background of our assay. An alternative to the detergent
treatment threshold could be the selective analysis of samples with a minimum
number of events in the gate of interest (exceeding the number of events acquired
in negative control samples e.g., buffer + reagents, unstained plasma, plasma +

isotype staining) after acquisition.

In transplantation, the potential of EVs as biomarker for the detection of allograft
rejection has been reported by a few groups®*-¢. Most notably, animal models of
heterotopic heart transplantation (mouse into mouse)?, islet xenotransplantation
(human into mouse)*, and a lung transplantation model between rats (Wistar
into Lewis)?®, have provided evidence that concentrations of allograft-derived EVs
diminish during rejection well before alterations in classical biomarkers occur or
histologic manifestations of injury were observed. In the current study, we observed

a stable release of dd-EVs in KTRs who did not experience allograft dysfunction
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after transplantation but were unable to detect dd-EVs above pre-transplantation
signals in KTRs who underwent a ‘for-cause’ biopsy.

Mechanistically, it is currently unknown whether the lower concentrations of dd-
EVs during allograft dysfunction is a consequence of decreased production of
EVs by the allograft, increased consumption of dd-EVs by recipient immune cells,
or a combination of both . Donor exosomes have been shown to be involved in
donor antigen presentation to recipient alloreactive T cells in lymphoid organs by
the recipient dendritic cells in a phenomenon known as cross-dressing * 373, As
Habertheuer et al. suggested, this mechanism of T cell activation may suppress
production of exosomes by the transplanted tissue even before there is targeted
injury to the allograft ?*. At any rate, the detection of dd-EVs can be associated
with stable allograft function — which is in contrast to the detection of e.g. donor-
derived cell-free DNA, which has been observed to increase in concentration as a

conseqguence of allograft damage .

In conclusion, our calibrated IFCM-based methodology to directly detect and
characterize plasma-derived EV subsets is applicable in patient human plasma
samples. We believe that this methodology - after validation of markers of interest
— could boost the EV biomarker research in a variety of clinical contexts, of which

monitoring of kidney transplant integrity appears especially promising.

MATERIALS & METHODS
Clinical sample selection

To analyze distinct donor-derived EVs (dd-EVs) in KTR plasma samples, 36 donor-
KTR couples were selected on the basis of an HLA-A3 mismatch between donors
(HLA-A3+) and KTRs (HLA-A3-). KTRs had not received a previous HLA-A3+ graft.
All donor-KTR couples participated in an observational study which aimed to
identify minimally invasive biomarkers for the diagnosis of acute kidney transplant
rejection, and was approved by the institutional review board of the Erasmus MC
(Medical Ethical Review Board number 2018-035); details of this study are described
elsewhere “°, All patients provided written informed consent. Blood samples from
living donors were obtained before donation and collected as part of our ongoing
Biobank program (Medical Ethical Review Board number 2010-022). These donors
served as healthy controls. The study was conducted in accordance with the

principles of the Declaration of Helsinki.
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Sample collection and processing

From both donors and KTRs, whole blood samples (EDTA) were collected before
transplantation, and, for KTRs, 3 days, 7 days, and 6 months after transplantation.
Additionally, blood sampleswere collected on the morning of (or the day preceding)

a ‘for-cause’ kidney transplant biopsy.

Blood was drawn from each individual into two BD Vacutainer K3-EDTA-coated
collection tubes (BD Biosciences, San Jose, USA). Whole blood was centrifuged at
1910 x g for 10 minutes at room temperature and the plasma layer was then collected
at 16,000 x g for 10 minutes at room temperature in 1 mL aliquots using Safe-Lock
Eppendorf tubes (Eppendorf AG, Hamburg, Germany). The resulting platelet-poor
plasma (PPP) was first pooled before being divided into 700-uL aliquots in cryovials
containing 28 uL of a 25x concentrated protease inhibitor cocktail solution (4%
Vv/V) (cOmplete Protease inhibitor cocktail tablets, Roche, Mannheim, Germany)

according to the manufacturers’ instructions and stored at -80 °C.

Stratification of KTRs based on biopsy scores

Biopsies were scored by an experienced renal pathologist, and KTRs were divided
into 4 groups based on 1) no ‘for-cause’ biopsy and no anti-rejection therapy
(‘Control’ group), 2) acute tubular necrosis (ATN) as the main finding in the biopsy
and noanti-rejection therapy (‘ATN' group), 3) no histopathological signs of rejection
but treated with anti-rejection therapy on the basis of clinical suspicion of rejection
(‘Presumed Rejection’ group), and 4) biopsy-proven acute rejection (BPAR-aABMR
or aTCMR2A) in combination with anti-rejection therapy (‘Rejection’ group). In case
patients underwent multiple biopsies over the course of the study, only the first
biopsy was used in the analysis.

Sample labelling

PPP sampleswere stained with monoclonal antibodies (mAbs) and isotype controls
as extensively described in our previous work %, In the absence of a specific marker,
EVs are identified by their expression of common markers such as CD9, CD63 and
CD81 “. In this study, we used CD9 (which has been shown to be highly prevalent
on plasma-derived EVs) as common EV marker . Additionally, following the
characterization of kidney-derived EVs released during normothermic machine

perfusion, we determined that CD9 co-localizes to a higher degree with MHC
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Class | molecules compared to CD63 (~3-fold difference) (Supplementary Figure S1
online). mAbs used in this study were CD9-APC, clone HI9a (6 pg/mL, Biolegend,
San Diego, USA), and HLA-A3-BV421, clone GAP-A3 (200 pug/mL, BD Biosciences,
New York, USA). Matched isotype controls were IgG1, k-APC, clone MOPC-21 (200 ug/
mL, BioLegend), and 1gG2a, k-BV42]1, clone G155-178 (200 ug/mL, BD Biosciences).
Specificity of the anti-HLA-A3 mAbs was confirmed by Luminex single antigen
assay (Supplementary Data S1 online). Prior to staining, mAbs and isotypes were
centrifuged at 16,000 x g for 10 minutes at room temperature to remove potential
mADb clumps (to reduce false-positive signals from analysis), and were diluted in
0.20 um filtered PBS (fPBS) before staining (final concentrations: 200 ng/mL).

Staining was performed by addition of the diluted mAbs/isotypes to 30 uL of PPP
followed by a pre-determined volume of fPBS (V= fPBS + sample + mAbs =130

uL) followed by O/N incubation at 4 °C. All samples were brought to a total volume

of 380 pL using fPBS before IFCM measurements.

Controls

To ascertain EV measurements the following controls were applied, as
recommended by the MIFlowCyt-EV framework 2% buffer only, buffer with
reagents, unstained samples, isotype controls, and detergent treatment, which
aims to disrupt the membranous structure of EVs thereby allowing discrimination
between membrane-enclosed vesicles (which lyse upon detergent treatment) and
other protein complexes (which are unaffected by detergent treatment). Detergent
treatment was performed by adding 20 yL of 10% (V/V) TritonX-100 to the samples

followed by 30 minutes of incubation at room temperature prior to acquisition.

Data acquisition

All samples were acquired on an ImageStreamX MKIl instrument (IS, Luminex).
Settings as extensively described elsewhere were used %. In brief, lasers were
turned on as applicable per fluorophore and set to their maximum power (405 nm
:200 MW, 642 nm 150 mW) with the exception of the 785 nm SSC laser (1.25 mW).
High Gain mode — an upgrade of the IFCM that increases the photonic sensitivity
and object detection of the system — was activated. Data was acquired over fixed
time periods — to standardize among samples — of 180 seconds using the 60x

objective with fluidics set to ‘low speed / high sensitivity'. This resulted in a flow
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speed of 43.59 + 0.07 mm/sec (mean * standard deviation). Core size was set at 6
pm, autofocus was activated and the ‘Remove Speedbead’ option was checked.
BV421 fluorescence signals were collected in channel 1 (435-505-nm filter), APC
signals in channel 5 (642-745 nm filter), and SSC signals in channel 6 (745-785 nm
filter). Particle enumeration was achieved through the advanced fluidic control of
the 1S* coupled with continuously running speed beads, resulting in the “objects/

mL" feature within the IS Data Exploration and Analysis Software (IDEAS).

Data Analysis

Data analysis was performed using Amnis IDEAS software (version 6.2). Image
display mapping was linearly adjusted for all fluorescent events for each channel
and then applied to all files of the respective experiment. To ensure the analysis
of EVs we 1) selected all particles with SSC intensities < 900 a.u., and 2) identified
and excluded coincidence detection by counting the number of fluorescent spots
within the pixel grid for each event acquired; events showing multiple spots were
excluded from analysis . This gating strategy ensures the selection and analysis
of single spot fluorescent particles <400 nm. Gating areas and cut-offs were
established through identification of (fluorescent) populations in unstained and
single stained samples, and arbitrary fluorescent intensities were converted into
Equivalent number of Reference Fluorophores (ERF) values based on previously
published calibration data?. Lower and upper gating area cut-offs were defined as
677 — 12,201 ERF for BV421, and 6.40 — 123 ERF for APC.

Statistical Analysis

Statistical analysis was performed using R version 4.0.2 and RStudio (RStudio Team
(2016). RStudio: Integrated Development for R. RStudio, Inc., Boston, MA URL http://
www.rstudio.com/) version 11.463. All concentrations reported in this work were
corrected for sample dilution (before acquisition — 380 pL total volume per test
containing 30 pyL sample = ~12.33-fold dilution factor) and are shown as the mean
+ standard deviation unless specified otherwise. Statistical significance between
EV concentrations and groups was determined through two-sided t-tests, 95% CI
with unpaired data.
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ENGLISH SUMMARY

Extracellular Vesicles (EVs) are submicron-sized particles released by all cells. EVs
carry proteins on their surface and a variety of macromolecules as cargo — which
are thought to reflect the status of their cell of origin. As ‘snapshots’ of the releasing
cells, EVs gain more and more interest as potential biomarkers for various diseases.
In the context of clinical kidney transplantation, allograft status may be deduced

through the analysis of EVs in perfusion fluids, blood plasma, or urine.

The current gold standard for the analysis of EVs in such (complex) biological
samples involves the separation of EVs from “contaminating” components. In
practice, this is complicated as the nature of these components differ according
to the sample of interest, but often overlap with EVs in terms of their biophysical
properties (e.g. size, density). In recent years it has become clear that isolation
methods such as ultracentrifugation (the most used EV-isolation method to-
date) may alter EV properties — thus influencing down-stream analysis and data
interpretation. Additionally, as numerous methodologies to isolate and analyze
EVs are employed, the EV-field struggles with the reproducibility of EV research -
which is a prerequisite for understanding the biological significance of EVs.

Introductory chapter 1 outlines these challenges, as well as the limitations of current
EV detection techniques, and identifies the unmet need for an EV analysis platform
which allows accurate, reproducible quantitation and characterization of single EVs
in complex biological samples. The chapter then continues to describe a set of criteria
for a reproducible EV analysis platform, and postulates Imaging Flow Cytometry

(IFCM) as a potential technique for the analysis of single EVs in suspension.

Before exploring IFCM as a potential EV detection platform, in chapter 2 we first
describe the quantitation of nanoparticles released into the perfusion fluids by
Expanded-Criteria Donor (ECD) kidneys during Normothermic Machine Perfusion
(NMP). The term ‘nanoparticles’ is used to indicate all uncharacterized sub-micron

particles (including, but not limited to EVs) in a given sample.

NMP is an experimental organ-preservation technique in which a 37 °C, oxygenated
perfusion fluid is pumped through the donor kidney. Consequently, cellular
metabolismis activated,and we demonstrate that ECD kidneys release nanoparticles
during NMP. However, the analysis platform used in these experiments (nanoparticle
tracking analysis — NTA) has limited phenotyping capabilities, and consequently, is
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unsuitable to further characterize the released nanoparticles, and thus unsuitable to
confirm that the released nanoparticles represent EVs.

In chapter 3 we present, following the criteria established in chapter 1, an IFCM
method for the detection of single EVs in plasma samples which omits the use of
EV isolation techniques. Therefore, our method is able to directly show the status of
an individual (as reflected by EV concentrations and phenotypes), which is greatly
beneficial in the monitoring of EVs in health and disease. As plasma is considered
to be the most complex bio fluid for single EV detection (due to the interference
of protein aggregates, cell debris and lipoproteins), this methodological
development has the potential to push the EV-field further. Additionally, this
chapter demonstrates that light scattering signals generated by IFCM can be
correlated to particle size through Mie theory. This latter achievement represents a
much needed step towards the calibration of IFCM light scattering signals and this
standardization improves the reproducibility of EV measurements. Ultimately, the
methodology as described in this chapter allows the analysis of single EVs < 400
nm in diameter.

The direct detection of single EVs in urinary samples required an adaptation of the
IFCM methodology as developed for the direct detection of single EVs in plasma,
as ‘Auto-Fluorescent’ particles in urine interfere with true EV signals (chapter 4).
These ‘Auto-Fluorescent’ particles are not representative of UEVs as they are not
lysed by detergent treatment, and consequently should be removed from analysis.
We designed a gating strategy which removes such particles from analysis, whilst

maintaining events representative for uEVs.

Chapter 5 returns to the clinical setting of organ preservation with NMP
(chapter 2). In a new ECD kidney cohort, we validate that ECD kidneys release
nanoparticles (<400 nm in diameter) into the perfusion fluids. Using our developed
IFCM methodology, we 1) are able to show that these nanoparticles are indeed
representative of EVs, 2) identify different EV subsets based on the detection of
different antigens on the EV surface, and 3) show that some of the identified EV
subsets correlate with well-established indicators of transplant outcome. This
suggests that EVs might represent new potential candidates for the assessment of

kidney graft quality prior to transplantation.

As a first step towards clinical applicability, chapter 6 sets out to determine
whether the developed IFCM methodology is able to detect and follow-up single,
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donor tissue-derived EVs in plasma samples of kidney transplant recipients. In this
‘needle-in-a-haystack’ scenario, we demonstrate that our IFCM methodology is
able to 1) differentiate between donor- and recipient-derived EVs on the basis of
HLA phenotype differences, 2) detect donor-derived EVs down to ~1% above pre-
transplantation background levels, and 3) detect donor-derived EVs above pre-
transplantation background levels in individuals with stable allograft function,
but not in individuals with allograft dysfunction. In conclusion, this chapter
demonstrates the applicability of our calibrated IFCM-based methodology in the

direct detection of tissue-specific EV subsets in clinical samples.

In chapter 8, the findings and implications of the research described in chapters
2-6 are discussed, conclusions are drawn, and recommendations for future research

are made.
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NEDERLANDSE SAMENVATTING

Extracellulaire vesikels (EVs) zijn miniscule (sub-micron) blaasjes die door alle cellen
worden uitgescheiden en opgenomen. EVs hebben verschillende eiwitten op hun
opperviak (de buitenzijde) en ook een verscheidenheid aan macromoleculen als
lading (aan de binnenzijde). Aangenomen wordt dat de combinatie van deze
eiwitten en macromoleculen de status van de ouderlijke cel weerspiegelen. Als
‘momentopnames’ van cellen staan EVs steeds meer in de belangstelling als
potentiéle biomarkers voor verschillende ziekten. In de context van klinische
niertransplantatie zou de status van de getransplanteerde nier wellicht kunnen
worden afgeleid door EVs aanwezig in perfusievloeistoffen, bloedplasma of urine

te analyseren.

De huidige gouden standaard voor de analyse van EVs in dergelijke (complexe)
biologische monsters houdt in dat de EVs worden gescheiden van ‘niet-EVs'. In
de praktijk is dit lastig omdat deze 'niet-EVs' verschillend zijn afhankelijk van
het monster van interesse, terwijl de biofysische eigenschappen (bijv. grootte,
dichtheid) van de 'niet-EVs' vaak overlappen met die van EVs. In de afgelopen jaren
is het duidelijk geworden dat isolatiemethoden zoals ultracentrifugatie (de meest
gebruikte EV-isolatiemethode tot nu toe) de eigenschappen van EVs kunnen
veranderen, waardoor de analyse en gegevensinterpretatie worden beinvioedt.
Naast ultracentrifugatie wordt er een verscheidenheid aan verschillende methoden
gebruikt om EVs te isoleren en te analyseren, waardoor het EV-veld worstelt met
de reproduceerbaarheid van EV-onderzoek. Dit laatste is een belangrijke vereiste
voor het interpreteren van de biologische waarde van EVs.

Hoofdstuk 1 beschrijft deze uitdagingen, de beperkingen van de huidige EV-
detectietechnieken, en identificeert de onvervulde behoefte aan een optimaal
EV-analyseplatform. Dit analyseplatforrm moet nauwkeurig en reproduceerbaar
individuele EVs kunnen kwantificeren en karakteriseren in complexe biologische
monsters. Het hoofdstuk beschrijft vervolgens een aantal criteria waaraan dit EV-
analyseplatform zou moeten voldoen, en presenteert Imaging Flow Cytometry
(IFCM) als een potentiéle techniek voor de analyse van individuele EVs in klinisch

relevante biologische monsters.

Voordat IFCM als potentieel EV-detectieplatform onderzocht wordt, beschrijft
hoofdstuk 2 de kwantificering van nanodeeltjes in de perfusievloeistoffen van

marginale (sub-optimale) donornieren tijdens normotherme machine perfusie
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(NMP). De term ‘nanodeeltjes’ wordt hier gebruikt om alle niet-gekarakteriseerde
sub-micron deeltjes (inclusief, maar niet beperkt tot EVs) in een bepaald monster

aan te duiden.

NMP is een experimentele orgaanconserveringstechniek waarbij een zuurstofrijke
perfusievloeistof van 37 °C door de donornier wordt gepompt, met als doel het
activeren van cellulair metabolisme. Duidelijk wordt dat marginale donornieren
nanodeeltjes uitscheiden tijJdens NMP. Het analyseplatform dat in deze
experimenten wordt gebruikt (nanoparticle tracking analysis - NTA) heeft echter
beperkte mogelijkheden om de vrijgekomen nanodeeltjes te karakteriseren, en is

dus ongeschikt om te bevestigen dat deze nanodeeltjes werkelijk EVs zijn.

Hoofdstuk 3 presenteert, in overeenstemmming met de in hoofdstuk 1 opgestelde
criteria, een IFCM-methode voor de detectie van individuele EVs in plasmamonsters
zonder dat isolatie van EVs nodig is (‘directe-detectie’). Hierdoor is deze methode in
staat om direct de status van een individu weer te geven, zoals weerspiegeld in EV-
aantallen en aanwezigheid van specifieke eiwitten/moleculen aan de buitenzijde van
de EVs. Dit biedt een voordeel bij het analyseren van EVs ten tijden van gezondheid en
ziekte aangezien er geen EV modulatie plaats vindt d.m.v. EV isolatie. Omdat plasma
wordt beschouwd als het meest complexe biologische monster met betrekking
tot de detectie van individuele EVs, heeft deze methodologische ontwikkeling
het potentieel om het EV-veld verder te brengen. Daarnaast laat dit hoofdstuk
zien dat lichtverstrooiingssignalen gegenereerd door IFCM gecorreleerd kunnen
worden aan deeltjesgrootte met behulp van Mie-theorie. Deze laatste ontwikkeling
vertegenwoordigt een essentiéle stap in de richting van de kalibratie van IFCM-
lichtverstrooiingssignalen, waardoor de reproduceerbaarheid van EV-metingen wordt
verbeterd. Al met al maakt de methode zoals beschreven in dit hoofdstuk de analyse
van individuele EVs met een diameter < 400 nm mogelijk in plasma monsters.

De directe-detectie van individuele EVs in urinemonsters vereist een aanpassing
van de |IFCM-methodologie aangezien ‘auto-fluorescente’ deeltjes in urine
interfereren met EV-signalen (hoofdstuk 4). Aangetoond werd dat deze deeltjes
niet uit lipiden zijn opgebouwd aangezien de ‘auto-fluorescente’ signalen niet
veranderden na behandeling met een detergens (gericht op het verbreken van
lipide structuren). Om deze ‘auto-fluorescente’ deeltjes te verwijderen uit de
analyse werd een strategie ontwikkeld waarbij signalen die representatief zijn voor

urine EVs behouden blijven.
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Hoofdstuk 5 keert terug naar de klinische setting van orgaanpreservatie met
NMP (hoofdstuk 2). In een nieuw cohort van marginale donornieren vonden
we opnieuw nanodeeltjes (<400 nm in diameter) in de perfusievloeistoffen. Met
behulp van de ontwikkelde IFCM-methodologie (hoofdstuk 3) wordt duidelijk
dat 1) deze nanodeeltjes inderdaad representatief zijn voor EVs, 2) verschillende
EV-subsets, te herkennen aan verschillende eiwitten op hun oppervlak, aanwezig
zijn, en 3) dat specifieke EV-subsets correleren met welbekende parameters van
transplantatie uitkomst. Samengenomen suggereren deze bevindingen dat EVs
nieuwe, potentiéle biomarkers kunnen zijn om de kwaliteit van donornieren te

beoordelen véoér de transplantatie.

Als eerste stap op weg naar klinische toepasbaarheid wordt in hoofdstuk 6
onderzocht of de ontwikkelde IFCM-methode in staat is om individuele, van
donorweefsel afkomstige EVs te detecteren in plasmamonsters afgenomen van
patienten voér en na niertransplantatie. In dit ‘naald-in-een-hooiberg’-scenario
wordt duidelijk dat de IFCM-methode in staat is om 1) onderscheid te maken
tussen EVs afkomstig van donoren en ontvangers door gebruik te maken van
verschillen in HLA-moleculen, 2) donor-EVs te detecteren zijn tot ~1% boven de
patiént-specifieke achtergrondniveaus vooér transplantatie, en 3) donor-EVs te
detecteren zijn (na transplantatie) boven deze achtergrondniveaus bij patienten
met een stabiele transplantaatfunctie. Deze verhoging van donor-EVs werd niet
waargenomen bij patiénten die in verband met een achteruitgang in nierfunctie
een nierbiopt kregen. Dit hoofdstuk demonstreert de toepasbaarheid van de
ontwikkelde, gekalibreerde IFCM-methode ten behoeve van de directe-detectie
van weefselspecifieke EV-subsets in klinisch relevante plasmamonsters.

In hoofdstuk 8 worden de bevindingen en implicaties van het onderzoek
beschreven in de hoofdstukken 2-6 besproken, worden conclusies getrokken en

worden aanbevelingen gedaan voor toekomstig onderzoek.
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Chapter 8

How did we get here?

The ideas that EVs could have physiological roles, could be used as biomarkers,
and could have therapeutic applications, led to an explosion of interest in EVs in
the early 21st century "2 This resulted in the tremendous growth of EV-related
research, and, consequently, in the development of a plethora of techniques for
the isolation and characterization of EVs — often designed for specific downstream
purposes. However, many of these techniques are poorly standardized, and as such
reproducibility between studies - which is a prerequisite for understanding the
biological significance of EVs - is hindered *. To address this issue, the research in this
thesis describes the development and validation of a standardized methodology

which allows the direct-detection and analysis of single EVs in suspension.

PART 1- SINGLE EV-DETECTION: DEVELOPMENT
Pre-analytical variables — minus one

The current gold standard approach for EV analysis is based on the isolation or
concentration of EVs (chapter 1) despite yielding low-purity EV samples due to the
co-isolation of non-desired molecules “° However, emerging evidence suggest that
some widely used EV isolation methods may alter EV properties and thus modulate
EV function ®7. Therefore, while researchers are encouraged to follow the guidelines
established in the ‘Minimal Information for Studies on Extracellular Vesicles' (MISEV)
& — downstream observations with respect to EV-isolates may not necessarily be

representative of either the natural biological state of EVs, or EVs at all.

If EVs are to be translated into clinical practice (as a diagnostic tool), it is imperative
to reduce, or, better yet, avoid any form of EV modulation. The benefits of
eliminating EV-isolation methods are two-fold. First, given the plethora of EV-
isolation techniques available to EV researchers, omitting the need for sample
isolation prior to EV analysis will lead to improved reproducibility. Secondly, the
status of an individual (as reflected in EV concentration, size, protein makeup and
content) can be directly monitored and related to well-established indicators of
disease, which is greatly beneficial in the monitoring of EVs in health and disease.
Thus, while the guidelines postulated by MISEV regarding the reporting of pre-
analytical variables (e.g., EV source, sample collection, storage conditions, isolation
methods performed) are a good step towards increasing standardization and
reproducibility, this thesis argues that the full removal of EV isolation will also

increase reproducibility between studies.
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Controls are key

Omitting EV isolation requires an analysis platform that is able to 1) detect and
discriminate EVs from contaminating components in molecularly complex
samples, and 2) report the results in a standardized manner (e.g. according to the
international system of units). In this thesis, we identified Imaging Flow Cytometry
(IFCM) as a suitable technique that can detect EVs, discriminate distinct EV
subpopulations, and distinguish EVs fromm non-EV particles in complex biofluids
without prior EV isolation (chapters 3 and 4). The protocols as developed and
described in this thesis are compliant with MIFlowCyt-EV ° - a reporting framework
for single EV flow cytometry designed by members of MISEV.

To ensure the identification and analysis of single EVs, we performed a strict set
of assay controls designed to prove the detection of single EVs, and discriminate
them from interfering components such as e.g. lipoproteins or protein aggregates
(highly abundant in platelet-poor plasma 4). These controls included buffer only,
buffer with reagents, unstained controls, isotype controls, single-stained controls,
and procedural controls. Additionally, serial dilution and detergent-treated EV
samples are used throughout this thesis.

Serial sample dilution assists in evaluating whether EVs are detected as single
particles, or to identify potential coincidence detection - also known as “swarm
detection” °. Obtaining a linear particle count consistent with the dilution factor,
and maintaining a stable fluorescence and/or light scatter signal are indicative of
single particle analysis °". Using the imaging capabilities of IFCM, we designed a
gating strategy which allows the simultaneous (selective) analysis of both single
and multiple fluorescent events, thereby providing insight into the degree of
coincidence detection for any given sample. This is (currently) a unique feature for
IFCM which may prove to be beneficial in identifying highly concentrated samples
- which consequently need to be further diluted to reduce/eliminate coincidence
detection.

Detergent controls aid in determining whether detected events represent
membrane-enclosed particles. Following incubation with a detergent, the
membranous structures of EVs are lysed — reducing their numbers and signals -
whilst protein complexes or other particles will persist ™5, In this thesis, in all
biofluids assessed, we identified double-positive fluorescent events to be largely

comprised of EVs as a > 94% reduction in concentration was observed following
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detergent treatment. However, it should be noted that detergent treatment is non-
discriminatory between EVs or other lipid-composed particles (such as lipoproteins)

—which stipulates the importance of the assay controls described above.

Standardized reporting

Like conventional flow cytometry (FCM), the signals generated by IFCM are
expressed in arbitrary units, which hinders data interpretation and comparison
of measurement results between instruments and laboratories. As multicenter
studies are needed to validate the clinical relevance of EVs during health and
disease, e.g. with different instruments measuring the same concentration of
cell-type specific EVs in a given sample ', it is imperative that EV detection assays
produce results in a standardized manner. One way to achieve standardization is
through calibration, which is a conversion of arbitrary units into standard units .
While the calibration of fluorescence signals can be readily achieved by measuring
beads with known fluorescent intensities (e.g., expressed Equivalent number of
Reference Fluorophores (ERF - chapter 3) or in units of Molecules of Equivalent
Soluble Fluorochrome (MESF — chapter 4) '¢, the calibration of light scattering
signals into particle size presents an ongoing challenge for IFCM.

In this thesis, we demonstrated — for the first time — the calibration of light scatter
signals into particle size for IFCM using Mie theory. The high degree of correlation
between predicted and measured side scatter (SSC) intensities for polystyrene
beads beads (R? = 0.91) underlines the utility of the SSC channel to relate scatter
signals to standard units. This development enhances reproducibility between
different IFCMs, and even across FC platforms with different optical configurations
and settings. However, it should be noted that heterogeneity of the membrane
and cargo composition of EVs affects their refractive index (and thus their level of
scattering) and may potentially introduce errors in the estimated EV sizes.

In summary, following the application of strict assay controls, and calibration of both
fluorescence and SSC signals for IFCM, we developed a standardized methodology
which allows analysis of single EVs in complex biofluids such as platelet-poor plasma,
urine, and perfusion fluids. Our methodology does not require prior isolation of EVs
(thus limiting EV modulation), is able to simultaneously analyze EV concentration,

phenotype, and size, and reports these parameters in standardized units.
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Single-EV FC Strategies

The ideal platform for single EV analysis would 1) be widely available in clinical
laboratories, 2) be technically validated, 3) have a high throughput, 4) have high
reproducibility, and 5) be able to reveal EV subpopulations via phenotyping .
Consequently, bulk EV analysis methods — which report only average properties of
an EV preparation — such as Western Blot, ELISA/TR-FIA, or mass-spec proteomics
are limited in their usefulness * when aiming to examine the diagnostic potential
of EVs.

Flow Cytometry (FC) as an analysis platform fits all the above criteria, but — as
described in chapter 1- most FCs are designed for cell measurements and are not
readilyadaptedto measure EVs“'®9 Toaddress thisissue, several different strategies
have been introduced to the field. For example, using an optimized configuration of
the commercially available BD Influx FC, Vlist et al have demonstrated the detection
of isolated cell supernatant-derived EVs ~100 nm in diameter ?°. However, applying
these configurations to the FC requires an experienced operator with technical-
expertise. Additionally, such modifications will turn the FC into a dedicated EV
detection platform, thus ‘losing’ the ability to be used for cell analysis.

Another published FC-based method, performed on a commercially available
Beckman Coulter CytoFlex, describesastrategy todirectly measure EVsin plasma by
labelling the EVs with a fluorescent lipid probe (VFRed) in combination with CFDA-
SE or an anti-tetraspanin mixture 2. In this study, rather than relating SSC signals
into particle size through Mie calculations, EV size (surface area) is determined by
calibration of EV. membrane fluorescence by using a synthetic vesicle size standard,
as provided in the vFC EV Analysis kit from Cellarcus Biosciences. Staining with
the lipid membrane dye should be consistent for applicability, meaning that either
the amount of dye needs to be approximately matched to the number of EVs
(which is unknown before analysis), or an excess of dye should be used so that the
membrane becomes saturated with dye ?2. An excess of dye will, however, lead
to increased background signals, which, in turn, will hinder discrimination of EVs

above background.

These two examples highlight the current status of the EV FC field, where either
dedicated EV-detection platforms are being developed, or existing platforms are
tested for their sensitivity to detect sub-micron particles. The development of the
IFCM-methodology as described in the first part of this thesis falls into the second
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category. At the moment of writing, IFCM as a platform has been commercially
available for over a decade, yet its ability to detect EVs has only relatively recently
been discovered %526, Key features or advantages that contribute to IFCM being
a more powerful platform for EV analysis compared to conventional FC include
the slower flow rate, CCD-camera based detection (enabling higher quantum
efficiency compared to conventional photon multiplier tubes), and integration
of detected signals over time using Time Delayed Integration #7. Additionally,
IFCM does not require an experienced operator with technical-expertise, allows
standardized reporting following calibration (this thesis), and can be used for the
analysis of both cells and/or EVs (even simultaneously) 7.

As promising as this platform seems, there are some inherent limitations. First, due
to the recording of images associated with detected events, the size of individual
data files are large compared to conventional FC data files. As clinical trials often
involve the measurement of large sample cohorts, the accumulation of many large
data files will lead to an increased need for computational storage space, as well as
analysis power. Second, the low flow rate (approximately 0.3 uL/minute as used in
oursetup) hinders the rate of sample throughput. This becomes especially apparent
when increasing sample acquisition times to identify rare EV subpopulations.
However, this can be resolved by automating the process of sample acquisition

with a 96-well plate reader and performing overnight measurements.

PART 2 - SINGLE EV-DETECTION: VALIDATION
The Promise of Perfusion

At the moment of writing, the field of organ transplantation is suffering from a
shortage of donor organs. To increase the donor-pool, increasing numbers of
expanded-criteria donor (ECD) kidneys as well as kidneys procured from donation
after circulatory death (DCD) % are used in kidney transplantation (chapter 1).
ECD kidneys are, however, associated with poorer transplant outcomes when
compared to kidneys from standard criteria donors 2230, and as such the field is
exploring options to infer kidney quality prior to transplantation. Normothermic
machine perfusion (NMP) is extensively being researched as a platform which
may allow assessment, preservation, and even treatment of marginal quality
donor kidneys 23 32, Because metabolism is activated at 37 °C, NMP offers the

possibility to assess kidney status prior to transplantation through monitoring of
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the perfusion dynamics and analysis of biomarkers (e.g., neutrophil gelatinase-
associated lipocalin, kidney injury molecule-1, and endothelin-1 %) in the perfusion

ﬂuids 29, 31, 34, 35

Probing Perfusion Fluids

In the first-ever kidney NMP pilot trial in the Netherlands, we examined the release
of nanoparticles by ECD kidneys during NMP with Nanoparticle Tracking Analysis
(NTA) (chapter 2). Whilst 11 ECD kidney were included in this trial %, we were able
to demonstrate significant nanoparticle release (compared to baseline perfusion
fluids) in 3 out of 11 kidneys. In the other 8 kidneys, we observed high concentrations
of nanoparticles already present in the perfusion fluids before the perfusion
procedure, which was attributed to the addition of Olimel (a mixture of glucose,
amino acids, and lipids) as an energy source for cellular metabolism. Given that NTA
is a technique which detects light scattering of individual particles in suspension,

the addition of lipids to the perfusion fluids interfered with nanoparticle detection.

In a second NMP study, Olimel was replaced with a non-lipid containing solution,
and nanoparticle release during NMP was confirmed with NTA in 8 ECD kidneys
(chapter 5). Characterization of these nanoparticles (using our single-EV IFCM
protocol as developed in part | of this thesis) confirmed that these nanoparticles
are representative of EVs, and showed that the detected EVs are representative
of several subtypes based on their phenotypes. For example, after labelling the
perfusion samples with a mixture of three common EV-markers (CD9, CD63, and
CD81 - all belonging to the tetraspanin protein family), we found that the majority
of detected EVs expressed CD8I. This was a surprising find given that platelet-
poor plasma or urine samples predominantly yielded CD9+ (chapter 3) or CD63+
(chapter 4) EVs, respectively. These findings suggest that the phenotypes and
subsets of EVs differ dependent on the type of bio-fluid, representing a starting

point for future researchers when examining EVs in different complex bio-fluids.

To determine the cellular origin of the CD81+ EVs released during NMP, we labelled
the perfusion fluids with anti-CD81 and anti-CD31 (endothelial marker). However,
we found only marginal co-localization of these markers, suggesting that the
majority of CD81+ EVs are either not of endothelial origin, or do not express CD31

on the vesicular surface.
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A last observation was the correlation of the identified EV-subsets with crude donor
kidney and NMP viability characteristics cold ischemia times (CIT) and renal blood
flow. Both CIT and renal blood flow are parameters in a recently developed scoring
system to aid clinicians in determining kidney quality during NMP ¥7. We therefore
postulate that EV release during NMP is not random, but rather indicative of the
biological status of the (ECD) kidneys.

The needle in the haystack

Compared to perfusion fluids (which contain multiple components released by
a single organ), the biological complexity of platelet-poor plasma (containing
multiple components from multiple organs) makes single-EV detection much
more challenging. To examine the applicability of the protocol (as developed in
part | of this thesis) in the detection of low abundant EVs, we utilized the unique
setting of clinical organ transplantation.

In chapter 6 we aimed to directly analyze donor tissue-derived EVs (dd-EVs) in
plasma samples of kidney transplant recipients (KTRs). To detect dd-EVs, we took
advantage of two concepts: 1) plasma EVs express surface MHC antigens, and
2) donor-recipient MHC mismatch enables identification of transplant organ-
derived EVs from recipient bodyfluids 8%, These concepts enabled the detection
of a relatively low abundant population of dd-EVs with the recipient serving as its
own control (pre-transplantation) to rule out non-specific antibody targeting, and

confirm the detection of dd-EVs post transplantation (signal validation).

Although the detection of human dd-EVs through IFCM has been demonstrated
by other research groups 2> 4°, our protocol provides several improvements over
the approach presented in previous work. First, the full calibration (both size and
fluorescence) of our IFCM platform enhances the reproducibility of our findings.
Second, as no EV isolation (and thus modulation) was performed, our protocol
allows the analysis of the ‘full spectrum’ of detectable EVs representative of their
natural biological state. Third, we omitted the use of CFDA-SE as ‘pan-EV’ marker
as to date no marker capabale of identifying all EV has been reported. Fourth, we
demonstrated the analysis of single dd-EVs by our IFCM protocol and determined
its sensitivity through serial dilution of donor plasma into KTR plasma.
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What have we learned?

This thesis started by presenting an analogy between the studying (quantification)
of bees and EVs to infer environmental or cellular status. In both cases, specific tools
are needed to fulfil this purpose. For example, bee-keepers may count the number of
inter-frames covered with adult bees from above the hive body to estimate the adult
worker population size of a given colony “. In this thesis we developed and validated
a standardized assay for the direct detection of single EVs in complex biofluids using
IFCM. Although many techniquesfor EV characterization and quantification have been
(and continue to be) developed, the method as presented in this thesis represents
an important step towards the standardized reporting of analytical parameters such
as size and fluorescence for single EVs. The ability of our protocol to detect even low
abundant subpopulations of EVs without performing EV isolation demonstrates its
potential to become a key tool in the EV-field, and we expect that EV IFCM may one
day be used in the diagnosis, prognosis and monitoring of health and disease.

FUTURE DIRECTIONS
Is the technology ready for the clinic?

Single EV FC is considered the holy grail in EV characterization as it has the potential
to detect, size, and phenotype thousands to millions of single EVs per minute . The
work described in this thesis has identified IFCM as a suitable platform for single EV
detection. We believe that IFCM could serve as a diagnostic tool in the clinic, especially
given its ability to detect low abundant EV subpopulations as demonstrated in this
thesis. However, there are some areas in which the technique can be further improved.

In this thesis, we calibrated the light scattering intensities as detected by our IFCM
to reflect particle sizes (through Mie theory). However, the obtained degree of
correlation between predicted and measured scatter intensities for polystyrene
(PS) beads (R? = 0.91) was not on the level of conventional, state-of-the art FCMs
(R?> 0.99). This implies an approximate 8% error when estimating the size of EVs,
which, in turn, impairs reproducibility. Thus, the calibration of light scattering
signals into particle size should be further optimized for IFCM. Ongoing efforts are
currently examining whether light scattering signals generated by a 405-nm laser
may lead to improved scatter-to-size resolutions, using PS beads to calibrate light
scatter signals and hollow organosilica beads (HOBs - with refractive resembling
that of EVs %?) to validate these calibrations ™.
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The development of reference materials such as HOBs reflects the ongoing efforts
of the EV-field in cross-platform standardization. The benefit of using HOBSs, rather
than PS beads, is that HOBs with a given size will allow the gating of EVs of the
same size without the need of Mie theory to correct light scattering signals into
particle size “2. Therefore, HOBs are ideal reference beads with which to standardize
optical measurements of EV concentrations within a predefined size range. Future
improvements to HOBs could be fluorescent labelling (similar to PS beads with
attributed MESF or ERF values), with the aim of creating a single reference reagent

which allows simultaneous calibration of both light scattering and fluorescent signals.

On a less technical note, the low flow rates and consequential long acquisition
times, as well as the sizes of data files generated by IFCM may impair its clinical
implication. Newer platforms, such as the recently developed CellStream, may
solve these problems as this platform has an approximate 10-fold higher flow rate,
and does not record images for each detected event — thus leading to smaller data
files and shorter acquisition times. However, the downside of not having images
associated with recorded events is that it would be impossible to 1) perform spot
counts on individual events to determine potential coincidence detection (‘swarm’
effect) in individual samples, and 2) visually assess outlying events to determine
whether these represent contaminating components such as cellular debris

(which show brightfield images).

Is the clinic ready for the technology?

Itisapparentthat EV FC is state-of-the-art nanoparticle characterization and thereby
more demanding that conventional (cellular) FC. At the moment of writing, this is
largelyduetothecurrenttechnicallimitationsand rapid technological developments,
which demand a high level of expertise — both on the level of sample acquisition
as well as data analysis. Although the field is regularly updating its consensus on
standardization efforts (through MISEV position papers), and more easy-to-use
reference materials are being introduced, we have only just began to fully appreciate

and recognize the biological significance of EVs in health and disease.

The observation that ECD kidneys release EVs during NMP, and that subsets of EVs
are correlated with well-established indicators of transplant outcome provides a
stepping stone for future research into the potential of EVs as indicators of kidney
quality prior to transplantation. For example, EV parameters such as concentration,

size, and phenotype may be analyzed in perfusion fluids of both ECD and non-ECD
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kidneys to examine potential differences. Alternatively, perfusion fluids obtained
after hypothermic (4 degrees Celsius) machine perfusion of kidneys may be
analyzed and compared with perfusion fluids obtained after NMP to determine
if cellular activation has an influence on EV release. Ideally, future research should
aim to correlate EV parameters to post-transplantation graft status such as delayed
graft function and creatinine levels.

The clinical kidney transplantation samples demonstrated that circulating donor-
derived EVs are present at higher concentrations in recipients with stable allograft
function than in recipients with allograft dysfunction. These findings are in line
with animal models % 3% 4 which demonstrated reduced concentrations of dd-
EVs before histological proof of allograft rejection. Mechanistically, it is currently
unknown whether the lower concentrations of dd-EVs during allograft dysfunction
is a consequence of decreased production of EVs by the allograft, increased
consumption of dd-EVs by recipient immune cells, or a combination of both “.
These intriguing questions may be answered by future researchers ideally using
a secondary patient cohort using both the same donor-recipient HLA mismatch
(HLA-A3) to validate our findings (serving as a technical replicate), as well as using

a different donor-recipient HLA mismatch (to validate the biological significance).

In summary, although EV FC requires a higher level of expertise compared to
conventional FC, its potential asa tool for single EV characterization in both healthand
disease is promising. It must be noted that EV analysis with IFCM has been performed
in fields other than transplantation e.g., oncology (to characterize glioblastoma-
derived EVs %64 or leukemia-derived EVs %), diabetes (to examine the protective
effects of EVs released by adipose-derived stem cells on obesity “°), or immunology
(to study the interface between pathogen-derived EVs and host recipient cells #7).
However only a few studies have performed calibration of their fluorescent signals,
and none - other than those presented in this thesis - have performed calibration of
light scattering intensities when using IFCM. As multicenter studies are needed to
validate the clinical relevance of EVs during health and disease, e.g. with different
instruments measuring the same concentration of cell-type specific EVs in a given
sample ™ it is imperative that EV detection assays produce results in a standardized
manner. The calibration of arbitrary signals generated by IFCM into standard units
as presented in this thesis represents an important step towards increasing the
reliability of EV measurements between instruments and laboratories, which are

pre-requisites for understanding the biological and diagnostic significance of EVs.
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