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Abstract

Exosomes are released by cells as self-contained vesicles with an intact lipid bilayer that
encapsulates a small portion of the parent cell. Exosomes have been studied widely as
information-rich sources of potential biomarkers that can reveal cellular physiology. We suggest
that quantification is essential to understand basic biological relationships between exosomes and
their parent cells and hence the underlying interpretation of exosome signals. The humber of
methods for quantifying exosomes has expanded as interest in exosomes has increased. However, a
consensus on proper quantification has not developed, making each study difficult to compare to
another. Overcoming this ad hoc approach will require widely available standards that have been
adequately characterized, and multiple comparative studies across platforms. We outline the
current status of these technical approaches and our view of how they can become more coherent.
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Introduction

Exosomes are small vesicular structures, ranging from 40-150 nm in diameter, that are
released by almost all cell types. Exosomes are important because they contain a wide range
of cargo that is not typically thought to be released by viable cells including transcription
factors, cell-surface receptors, cytosolic and nuclear proteins, microRNA and mRNA.
Hence, exosomes represent a novel source of biomarkers for the state of the cells from
which they are derived.

Exosomes are formed as part of the endosomal pathway (Figure 1), as opposed to other
classes of EVs, which are formed by direct outward budding from the plasma membrane.
Plasma membrane-derived endocytosis results in the formation of endocytic vesicles inside
the cell, each of which contains extracellular fluid and has an inside-out membrane
orientation. Endocytic vesicles can then fuse with each other to form an endosome. As the
endosome grows and matures, it becomes a multivesicular body (MVB). During this
maturation process, the endosome/MVB outer membrane deforms inward, generating
intraluminal vesicles inside of the endosome/MVB, each of which contains cytosolic
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contents and now has a right side-out membrane orientation. The MVB then follows one of
two paths: it either fuses with a lysosome to degrade and recycle its contents (endolysosomal
degradative pathway), or it is routed to the cell surface (exosome release). When the MVB
fuses with the plasma membrane, its intraluminal vesicles are released into the extracellular
space as exosomes (Thery et al., 2002).

In our search for novel urine biomarkers for acute kidney injury, we tested whether
exosomes could contain miRNA, and found that at least two abundant kidney miRNAs were
detectable under normal conditions in urine exosomes. Furthermore, when rats were
subjected to ischemia/reperfusion injury, a classic acute kidney injury animal model, we
found that the urine exosomal levels of one of these miRNAs (miR-192) increased as much
as 60-fold compared to control levels (Zhou et al., 2008). In contrast, a wide variety of
stimuli change cellular miRNA levels by only two- to three-fold across a broad range of cell
types and tissues. Two main hypotheses emerged that could explain this discrepancy: a) the
number of miRNA molecules per exosome changes, or b) the total number of exosomes
released containing this specific miRNA increases. In either case, the number of exosomes
in urine would need to be determined to further our fundamental understanding of the
biology underlying our biomarker observations.

The importance of quantifying exosomes is illustrated by three groups, examining the
stoichiometry of miRNAs per exosome. Stevanato et al (Stevanato et al., 2016) observed a
stoichiometry of 12-60 molecules of a specific miRNA per vesicle in exosomes derived from
an immortalized neural stem cell line. Akers et al. (Akers et al., 2013; Akers et al., 2016)
isolated extracellular vesicles, primarily exosomes, from cerebrospinal fluid (CSF) samples
and then determined the number of exosomes by Nanosight Nanoparticle Tracking Analysis
and the total content of specific miRNAs by gRT-PCR. The stoichiometry varied widely,
ranging from 107> to ~10 miRNA molecules per vesicle. Chevillet et al. (Chevillet et al.,
2014) similarly found a range of 107 to 10~ miRNA molecules per vesicle in exosomes
derived from plasma, seminal fluids, cultured dendritic cells, a mast cell leukemia cell line,
and an ovarian cancer cell line. The wide range of stoichiometry suggests that not only are
exosomes diverse in terms of their miRNA content, but also that the presence or absence of a
small percentage of exosomes containing a single molecule of MiRNA can skew the final
value. This is particularly true in our case, as the urine exosome population is very
heterogeneous, comprised of exosomes derived from the numerous epithelial cell types that
line the nephron as well as the rest of the genitourinary tract. Additionally, understanding
changes in exosome release is further complicated by the variation in urine composition
throughout the day. The kidneys can alter urine osmolarity across almost two orders of
magnitude, making it challenging to understand exosomal biomarker concentrations, when
the normalization method uses volume as a denominator (per ml). Efforts to normalize to
urine markers that are excreted at a more constant rate, such as creatinine (per mg
creatinine), mitigates against some variability. Unfortunately these markers/denominators
can also vary during non-steady states (such as kidney injury). When urine collection can be
timed, an excretion rate (per hour or per day) does not need to be normalized, and two
biomarker excretion rates can be properly compared, even if their concentrations are very
different.
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Techniques for Exosome Quantification

There are a variety of techniques available that are currently used for exosome
quantification, but there is a lack of consensus in the field and there is a need for more
rigorous head-to-head comparisons of the different techniques.

Nanosight Nanoparticle Tracking Analysis

Nanosight Nanoparticle Tracking Analysis (Malvern Instruments, Figure 2) provides a
combined analysis of Brownian motion via light scattering to count and size nanoparticles in
a liquid suspension (Dragovic et al., 2011; Filipe et al., 2010; Gardiner et al., 2013;
Oosthuyzen et al., 2013)). Particles in suspension are passed through a flow chamber and are
illuminated using a laser source. The light scatter produced from this is recorded using a
video camera. The instrument is able to account for net flow, allowing for the addition of a
syringe pump to the system. The use of a syringe pump improves measurement quality due
to the significantly larger quantity of unique particles analyzed. Nanosight NTA is currently
considered to be the best method available for exosome quantification because it does not
rely on detection of a specific marker and because the exosomes can be suspended in a wide
range of solutions. Despite this, there are still important limitations to using Nanosight NTA
for exosome quantification. Nanosight instruments have a somewhat limited dynamic range
for particle concentration measurements of ~107-10° particles/mL, and it is important that
the sample be diluted to a concentration within that range to obtain accurate and
reproducible size distribution and concentration data. There is also the potential for some
variability based on the choice of camera level and detection threshold settings used, making
it important to ensure that users are properly trained on how to use the instrument and NTA
software (Filipe et al., 2010)). Additionally, there are inconsistencies in the Nanosight
protocols used in different laboratories that can further complicate comparisons. The most
critical decision is whether or not to use a syringe pump with the instrument. The syringe
pump slowly pushes particles through the chamber which allows for the visualization and
analysis of more unique particles in the sample compared to one static field of view.
Although many Nanosight users do not use a syringe pump, we have found that it greatly
improves the quality and reproducibility of Nanosight data.

Tunable Resistive Pulse Sensing

Tunable resistive pulse sensing (TRPS) (1zon Science) detects the passage of individual
particles through a pore in a membrane (Figure 3), and operates similar to a Coulter counter.
A pore is created in a membrane and a voltage is applied across the membrane creating a
current through the pore (Blundell et al., 2015). A sample is applied to one side of the
membrane and individual particles pass through the pore driven by a pressure difference and
the voltage. As the particles have a higher resistance than the electrolyte they momentarily
reduce the current passing through the pore. This can be detected providing both
concentration and size information. The concentration is calculated from the frequency of
events; the particle size is calculated from the drop in current. The membrane used is elastic
and can be stretched to alter the pore size. By tuning the size of the pore the sensitivity and
accuracy of the technique can be optimized for every sample. Momentarily dilating the pore
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or reversing the pressure differential across the membrane can be used to clear any
blockages. Changes in the pressure and voltage applied across the membrane can also be
used to detect particle charge, although to date, particle charge has not been reported for
exosomes (Maas et al., 2014). Drawbacks to using TRPS for exosome quantification include
issues with pore clogging and instrument sensitivity. It has been shown that a significant
portion of smaller exosomes can fall below the detection threshold for TRPS when
compared to EM quantification, an observation that may explain variability in TRPS-
determined exosome data in the literature (Anderson et al., 2015). Additionally, TRPS
analysis is limited to counting and sizing all particles within a given sample, while other
techniques provide the ability to discriminate between particle subpopulations using
antibody binding and fluorescence.

Vesicle Flow Cytometry

Flow cytometry detects particles suspended in a fluid by their interaction with a laser beam
as they flow through a detection cell. A sheath fluid is used to spatially confine particles in
the center of the detection cell. As particles pass through the laser beam they scatter light,
and if appropriate fluorophores are present, the particles also fluoresce. Flow cytometry
instruments used for the detection of exosomes have either been commercial instruments
originally designed for cells then modified to lower the detection threshold (Groot
Kormelink et al., 2016; van der Vlist et al., 2012), or custom instruments (Pospichalova et
al., 2015; Yang et al., 2009). Modifications include smaller probe volumes, reduced flow
rates and changes to the optics and detectors used. Detection of scattered light requires the
highest sensitivity. Although forward and side scatter is widely used for the analysis of cells
the intensity is proportional to the sixth power of the particle diameter, meaning that for very
small particles such as exosomes the signal intensity is very close to the background noise.
Fluorescence can provide a stronger signal and has been used on modified commercial
instruments. A limitation of flow cytometry is the insensitivity in the smallest size range,
which may potentially skew size distributions towards larger particles. Even microvesicles,
which are larger than exosomes, can have a “swarming” effect, where a threshold
concentration of particles is required to see any signal, which at the low end of detection is
not linear with respect to concentration (Erdbrugger et al., 2014). Determining size is also
challenging, as differences in the optical properties of any standard will alter the relationship
between particle size and signal intensity. Analysis by side scatter requires a standard of
similar refractive index to exosomes, and for fluorescence an equivalent number of bound
fluorophores is needed.

Surface Plasmon Resonance

Unlike the above techniques, surface plasmon resonance (SPR) based approaches for
quantification of exosomes have not yet been developed commercially. SPR can detect
exosome binding to a surface by the changes induced in the optical properties of the surface
(Imetal., 2015; Zhu et al., 2014). The requirement for binding potentially compromises the
determination of particle concentration with existing reports using immuno-affinity for
CD63, a widely expressed, but not necessarily universal exosome marker. There are
conflicting reports in the literature, with at least one claiming CD63 as the most universal
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outward facing immune-affinity target on exosomes (Kowal et al., 2016), and at least one
report claiming that other markers work better (Salih et al., 2016). Thus, the detector will
miss any exosomes not displaying CD63. A combination of multiple markers could improve
detection, and SPR may yet find its niche in quantifying exosome subpopulations or
individual proteins present in exosomes, rather than in determining the number or
concentration of exosomes.

Electron Microscopy

As the first method used to identify exosomes, electron microscopy (EM) serves as a gold
standard for verifying the quality of exosome preparations. Although EM has been used to
count exosomes, this method is not as commonly used for several reasons, primarily the
labor-intensive, low-throughput nature of the technique. Standard EM methods are likely to
cause exosome loss during dehydration and embedding (Thery et al., 2006). Thus, EM-based
quantification is likely to significantly underestimate exosome numbers (Akers et al., 2016).
Additionally, there is a lack of studies quantifying the yield of the EM sample preparation
process, and there is little information on the variability in yield for this process
(Chairoungdua et al., 2010; Fernandez-Llama et al., 2010).

Discussion

Developing a consensus on methods and standards for exosome quantification will be
important in bringing prospective exosomal biomarkers closer to clinical use. Independently
verified NIST-certified nanosphere standards are currently used to calibrate instruments to
measure particle size properly. Concentration standards do not yet exist but are needed to
calibrate exosome counting techniques, as significant differences have been reported in
comparative studies (Akers et al., 2016; van der Pol et al., 2014). Currently, the only option
is to use the sizing nanosphere standards back-calculated to an approximate particle
concentration based on density. There are significant limitations to this approach, as the
calculated value has only two significant figures due to the density data provided by the
manufacturer of the nanospheres. This is particularly important when for some of these
techniques, it is necessary to perform a 1,000,000-fold dilution of a standard in order to have
a particle concentration within an instrument’s dynamic range, a process that can introduce
significant additional variability into the measured concentration. In the absence of an
independently verified concentration standard, sharing an exosome preparation would be an
easy way to normalize measurements and reproducibility between laboratories, but this still
does not establish absolute quantitation. Ideally, a set of certified concentration standards
should cover the dynamic ranges of each of these techniques and consist of particles with a
size range similar to exosomes. Their composition should match the physical properties
exosomes as closely as possible, as differences between standard and sample can introduce
artifact, such as the impact of refractive index on flow cytometry (Chandler et al., 2011) or
Nanosight NTA (Filipe et al., 2010) measurements. The development of a particle
concentration standard would also allow for the use of the standard addition method (Bader,
1980; Miller and Miller, 1988) to verify instrument readings.
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Other ways to normalize exosomal biomarkers have been proposed. Webber et al. propose a
reasonable method for normalization that involves using total protein measurements
(Webber and Clayton, 2013), but this would require establishing the “normal” total protein
content for each source of exosomes. This approach would be difficult in urine, where liquid
phase protein concentration can vary over 3 orders of magnitude (normal to nephrotic
syndrome). We have published urine exosomal biomarker data normalized to urine
creatinine, a marker of kidney function (Zhou et al., 2013). Urine exosomal biomarkers have
also been normalized by using relative Tamm Horsfall protein measurements by western blot
(Fernandez-Llama et al., 2010). Additionally, for exosome studies based on cell-culture
systems, groups have used cell counts as a normalizing factor, which is less than ideal. We
think that normalization based on exosome number provides the most direct comparison and
represents the most generalizable option.

Direct quantification of exosomes is a relatively new field, and there is currently no
consensus on either an optimal approach or how to properly compare results using different
approaches. Ultimately, these techniques require continued study identifying their
reproducibility, dynamic range, sensitivity, specificity, and the appropriate protocols to
maintain their performance between laboratories.

While much is understood about exosome biogenesis in the normal state, and many studies
have examined the relative amounts of exosomal biomarkers in disease versus normal states,
absolute quantification has been missing. Rather than inferring that the changes in exosome
cargo reflect changes in the parent cell, absolute quantification can directly address the
question of whether sequestration of cargo has changed or whether exosome production has
changed. Similarly, absolute quantification would allow us to examine the yield of exosomes
in biofluids and account for the fate of exosomes once they have been released from their
cell of origin.
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Extracellular
Space

Figure 1.
Exosomes are formed via the endosomal pathway. Endocytic vesicles result from

invagination of the plasma membrane and can fuse to form early endosomes. During
maturation from early to late endosomes, also called multivesicular bodies (MVBs),
invaginations in the endosomal membrane form intraluminal vesicles (ILVs). The late
endosome/MVB then either fuses with a lysosome to degrade its contents, or fuses with the
plasma membrane and releases the ILVs into the extracellular space as exosomes.
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Objective

Figure 2.
Schematic representation of the Nanosight NTA system.

A laser beam refracts at the glass/liquid interface illuminating a plane within the flow
chamber. Particles in the solution scatter light that is detected by a microscope objective and
video camera focused on the illuminated plane. Due to Brownian motion the position of
each particle changes between frames. Small particles will move further than large particles,
enabling the distance moved to be used to calculate the particle size. A size distribution can
be developed by studying multiple particle tracks.
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Time

Figure 3.
Schematic representation of the TRPS instrument.

A voltage is applied across a stretchable membrane containing a pore (A). The dynamic
range of the instrument can be tuned to match the particle properties by stretching the
membrane to change the pore diameter (B). The current across the membrane is monitored
and will drop as particles pass through the pore, momentarily increasing its electrical
resistance (C). The number of events can be used to calculate the concentration and the
magnitude of the event used to develop a size distribution.
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