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Abstract

Extracellular vesicles (EVs) offer a vehicle for diagnostic and therapeutic utility. EVs carry
bioactive cargo and an accrued interest in their characterization has emerged. Efforts at identifying
EV-enriched protein or RNA led to a surprising realization that EVs are excessively heterogeneous
in nature. This diversity was originally attributed to vesicle sizes but it is becoming evident that
different classes of EVs vehiculate distinct molecular cargos. Therefore, one of the current
challenges in EV research is their selective isolation in quantities sufficient for efficient
downstream analyses. Many protocols have been developed, however reproducibility between
research groups can be difficult to reach and inter-studies analyses of data from different isolation
protocols are unmanageable. Therefore, there is an unmet need to optimize and standardize
methods and protocols for the isolation and purification of EVs. This review focuses on the diverse
techniques and protocols used over the years to isolate and purify EVs with a special emphasis on
their adequacy for proteomics applications. By combining recent advances in specific isolation
methods that yield superior quality of EV preparations and mass spectrometry techniques, the field
is now prepared for transformative advancements in establishing distinct categorization and cargo
identification of subpopulations based on EV surface markers.
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1. Introduction

Extracellular vesicle (EV) is an umbrella term encompassing various subtypes of cell-
released, non-replicating lipid bilayer structures that encloses and protects a highly diverse
molecular cargo that is generally composed of bioactive molecules such as lipids, nucleic
acid (DNA and RNA), proteins, and metabolites. Since the discoveries of microvesicles and
exosomes over 25 years ago [1 2], advances in imaging, proteomics and physical separation
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techniques have helped identify several more types of vesicles, of various sizes and cargo
composition.

However, the EV research community has yet to reach a consensus on specific markers of
EV subtypes [3]. It therefore remains exceptionally contentious to assign an EV to a
particular biogenesis mechanism. As such, the International Society for Extracellular
Vesicles (ISEV) has released position statements that propose rigorous guidelines for EV
experimentation and nomenclature [3 41, The main position is for authors to consider using
working terms for EV subtypes if and when specific markers of subcellular origin cannot be
ascribed in lieu of terms such as exosomes or microvesicles given that the latters have
historically been misuse. For example, authors could include working terms such as 1) size
characteristics of EVs, with range-defined parameters such as small (<100 or <200 nm),
medium (between 200 nm to 1 um) and large (>1 um) EVs. Alternatively, EV subtypes can
be described by 2) their density in gradient centrifugation systems (low, middle, or high),
with each range defined. EV subtypes can also be pinpointed by 3) their biochemical
composition such as surface proteins (CD63*- or CD81*-EVS) or lipid composition. In
addition, EVs can be defined through a description of source conditions or cell of origin (eg.
EVs from cells under hypoxic conditions or melanoma EVs).

With this in mind, there are now well-accepted and reproducibly demonstrated concepts that
are foundational in the field [> 61, For example, to be recognized as exosomes, EVs need to
meet certain molecular and physical criteria. Exosomes are relatively small EVs (with sizes
ranging between 30-150 nm diameter) that usually originate within late endosomal
compartments. Exosomes have a cup-shaped physical appearance as determined by
transmission electron microscopy owing to the dehydration step during the preparation of
the sample for electron microscopy []. Their biogenesis and release mechanisms involves
tetraspanins membrane proteins, Rab proteins, elements of the endosomal sorting complexes
required for export (ESCRT), syntenin and other regulators [5: 8], therefore exosomes display
expression of specific marker molecules that are associated with endosomal biogenesis and
release. Finally, exosomes have an ability to sediment at high centrifugation forces and/or
floatation at specific densities of sucrose or iodixanol gradients [3: 5 €1,

On the other hand, ectosomes, which comprise microvesicles, microparticles, oncosomes
and migrasomes are much larger structures (>150 nm to several pm in diameter) formed
through cellular surface budding of plasma membrane [6] and contain different cargo than
exosomes. Large vesicles sediment differently than exosome on gradient centrifugation and
are typically devoided of endosomal markers. In addition to membranous particles, cells
release solid proteinaceous-nucleic acid amalgam particles called ribonucleoparticles
(RNPs), as well as the recently documented structures known as exomeres [8-101, In general,
ectosomes, RNPs and exomeres are much less well-defined biochemically than exosomes
currently are, and there is a pressing need to better define these entities biochemically and
physically.

There has recently been an accrued interest in characterizing EVs lipid composition and
cargo to identify clues to their biogenesis, targeting and cellular effects. One of the major
challenges of protein identification from EV samples as opposed to RNA identification, is
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the absence of amplification techniques for protein cargo making detection of minor proteins
dependent on the analytical sensitivity of the methods used. This has forced studies to be
designed towards high protein yields, which are associated with higher EV heterogeneity
rather than aiming for homogeneity of EV subtype samples but with much lower protein
yields. The purpose of this review is to focus on experimental methods currently used to
separate EV entities and approaches to study their proteomes. This review does not focus on
lipidomics of EV as this topic has recently been covered eloquently in other reviews [11-13],

At the time of writing this review, there are 392 publications that utilized proteomic
techniques to analyze EVs (Figure 1A) (Pubmed, search criteria, “proteomic” and “vesicle”
or “exosome™). 93 manuscripts were chosen to be curated [14-106] and were included in this
review. They were chosen mostly based on availability of their proteomics data through the
vesiclepedia deposition database (microvesicles.org). Publication of those 93 manuscripts
spans the years (Figure 1B,C) so as to provide an unbiased sampling of source of materials,
species, methods of collection, processing and analysis. The manuscripts were curated on
the basis of whether the source material (bodily fluids, tissues or cells) came from normal or
diseased individuals, the species, the isolation methodology, post-isolation clean up, pre-
mass spectrometry processing, mass spectrometry techniques and post-mass spectrometry
analysis, and finally, the number of proteins identified (Figure 2 and Supplemental Table 1).
These analyses reveal interesting aspects of EV isolation and processing that are covered in
the following sections.

EVs Come in Different Shapes and Sizes.

Recent reviews detailing our current knowledge of the mechanisms of biogenesis of EVs
5.6, 107] show that there exists a remarkable amount of heterogeneity within EV subtypes.
Nevertheless, the field now recognizes that EVs can be loosely subdivided into subtypes
based on size. The work of many laboratories has been reviewed elsewhere and this section
serves as a brief overview of the various accepted subtypes of EVs.

Exosomes are considered the smallest EV subpopulation, ranging from 40-120 nm in
diameter. Exosomes are generally understood to originate from the classical endosome and
multivesicular bodies (MVBSs) axis and are secreted into the extracellular milieu upon fusion
of the latter to the plasma membrane of cells. As an example of the ever-evolving EV field, a
recent report uncovered distinct vesicle types within an exosomal population. Using
asymmetric flow field-flow fractionation, the Lyden group reported the existence of small
exosomes of 60—80 nm in diameter and larger exosomes 40-120 nm within the same
exosomal preparation and each with distinct proteomic contents [10]. The ability to isolate
further refined subpopulations of exosomes through more and more sophisticated
methodologies and based on size or other physical properties will not only enhance our
understanding of EV biogenesis but also function.

Microvesicles and microparticles are mid-sized EVs of 100-1000 nm in diameter, which are
considered to be released from cells through budding and fission of the plasma membrane
(reviewed in 3 €1), As such, they contain different protein cargos than exosomes but with
some degree of overlap [35 76,951 A better understanding of the biogenesis of the medium-
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sized EV population will require the incorporation of additional methods of size separation
or other physical attributes with powerful discriminating capacities.

Regardless of the triggering induction mechanisms (extrinsic or intrinsic), the active process
of apoptosis occurs through several stages. First, cells undergo nuclear chromatin
condensation, nuclear splitting and the frequent formation of micronuclei, then membrane
blebbing, followed by the final stage of partition of the cellular contents into distinct
membrane-bound vesicles called apoptotic bodies (Abs) or apoptosomes. These irregularly
shaped vesicles are between 500-2000 nm in diameter and can be more abundant than other
EVs. They are highly variables in size, structure and composition, as they contain a cellular
components, including micronuclei, chromatin remnants, cytosolic contents, degraded
proteins and DNA fragments and in some cases intact organelles [1981. Upon release into the
extracellular space, ABs are phagocytosed by parenchymal cells, macrophages or neoplastic
cells and are swiftly degraded within the phagolysosome. ABs have been reported to
vehiculate the horizontal transfer of oncogenes in tumors [2091 however clearance of ABs is
a very rapid process and therefore the presence of interstitial ABs in vivo is often
unobserved.

Oncosomes also referred to as Large Oncosomes (LO) are an outsized EV subpopulation
(1000-10,000 nm in diameter) that appears to be exclusively shed by cancer cells [110. 111]
and originally described in prostate cancer [112], They are released from large protrusions of
the plasma membrane of cancer cells, their composition is unique when compared to large
vesicles from normal cells 1221 and they have been shown to mediate the functional transfer
of miRNASs and proteins to cancer-associated fibroblasts to facilitate the metastatic program
of prostate cancer [113-115] Note that although several tumors release large EVs [116-122]
the biology of LO remains understudied outside prostate cancer.

Finally, migrasomes are recently discovered vesicles of various sizes ranging up to 3000 nm
in diameter that are released from the tip of retraction fibers from migrating cells and that
contain numerous smaller vesicles (50-100 nm) [1231, Proteomics analysis of migrasomes
[123,124] fyeled marker discoveries and subsequent emerging mechanistic studies on

migrasomes formation and function during cell migration in development and cancer
[125-128]

In conclusion, EVs are a remarkably diverse group of structures and careful attention needs
to be paid to the details of the isolation procedures and sources of materials when comparing
inter-studies results.

3. EV Isolation Methods

As the field of EV biology evolves, more and more separation methodologies are being
employed and currently, a typical protocol includes several separation steps before EVs are
isolated (Figure 3). Every laboratory has applied slight variations on the basic protocols
described below. Some of the techniques are non-specific, meaning that highly
heterogeneous populations of EVs will be co-isolated and therefore robust pre- and post-
purification steps are important.
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Ultracentrifugation

Ultracentrifugation has been and remains a conventional and commonly used method for the
isolation of EVs. Initial separation of large contaminants (e.g. dead cells or large debris) is
achieved by differential centrifugation of the source material, which in many cases consists
of a cell culture supernatant or a bodily fluid, first at low g forces (300-2000 g). In many
cases, this is followed by a higher g force centrifugation (10,000g), which will pellet larger
vesicles. An often used alternative is subjecting the supernatant to filtration through a 0.22
nm filter to remove particles larger than 200 nm. In cases where large volumes are involved,
the pre-cleared supernatant can be concentrated using membrane-based ultrafiltration (see
section 3.3). Finally, the cleaned supernatant is ultracentrifuged at high speed (100,000 g)
for 1 to 2 hours. The pellet, which comprises small EVs is washed with PBS and
ultracentrifuged again. Historically, the EVs present within this pellet have been, and are still
referred to as exosomes. According to ISEV however, additional characterization is
necessary to label these as exosomes, lacking otherwise, they should be referred to as small
EVs. Although highly implemented in many laboratories, this basic method contains key
properties that should not be overlooked. For example, the combinations of rotor type, g
force and time of centrifugation should be considered carefully to achieve proper
sedimentation. In addition, the viscosity of the starting materials is especially important, for
sedimentation efficiency differences exist between plasma, serum and conditioned culture
media [129],

A key point to remember from ultracentrifugation methods is that even though samples are
pre-processed to reduce contamination of the final pellet from larger EVs, dead cells and
debris, ultracentrifugation remains non-specific to generate a pure population of exosomes.
Some undesirable components such as protein aggregates or aggregated smaller vesicles will
co-sediment with the pellet. From the perspective of protein cargo characterization using
proteomic techniques, ultracentrifugation has disadvantages and additional purification steps
are necessary, otherwise the final results will be affected by these non-exosomal proteins.

Precipitation

Polymer-based precipitation principles have been adapted to the EV field and popularized in
commercial EV isolation kits (e.g. Exosome Isolation kit (Life Technologies), Exoquick
(System Bioscience) and Exo-spin (Cell Guidance System)). The isolation is based on the
creation of a polymer network that captures all components (incl. EVs) present in the
solution under specific salt and temperature conditions, which essentially reduces solubility
and causes precipitation of these components. Following low-speed centrifugation,
precipitates containing EVs are recovered and washed in PBS before downstream analysis.
Although less laborious than ultracentrifugation, this procedure has serious limitations with
regards to subsequent proteomics analysis because the samples now contain polymer
molecules that are often incompatible with mass spectrometry applications.

3.3. Membrane-Based Ultrafiltration

The main principle of this approach is separation based on size of vesicles. Ultrafiltration
units that are commercially available (usually with a molecular weight cut off of 100 kDa
but it can vary) function like sieves that keep EVs on their membranous surface and allow
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flow through of most of the sample buffer resulting in a significant reduction in volume.
This approach is especially convenient and efficient in reducing large volume samples such
as urine or cell culture media. Low protein binding rated membranes are recommended as
they reduce the attachment of EV proteins and therefore facilitate their recovery. In addition,
procedures based on centrifugation appear to yield superior outcomes than pressure-driven
devices [130. 1311 Gjven the membrane MWCO values, there are reports [130. 1311 of
noticeable reduction in high-abundance proteins from biofluids using ultrafiltration, making
this approach very attractive for downstream mass spectrometry applications.

3.4. Size Exclusion Chromatography

In addition to ultrafiltration, gel filtration is another method that separates EVs based on
size. Briefly, size exclusion chromatography’s basic principle is based on a matrix of
polymeric beads, typically crosslinked, beaded form of agarose of diverse diameter ranges,
packed in columns. Isolation of target materials is achieved by loading samples onto a
packed matrix and gravity flow through the heteroporous resin. Typically, there is no
interaction between the matrix and the components of the samples. Materials from samples
are separated by differential accessibility to the pores. Larger molecules enter fewer pores
than smaller molecules and are therefore exiting the matrix before smaller molecules.
Commercially available resins of various pore sizes allow for separation based on diameter
of particles. The advantages of this approach to separate EVs based on size are a good
reproducibility and the low pressure involved, which leads to a retention of the shape of the
vesicles. Vesicles are devoid of protein contaminants e.g. high abundance protein aggregates,
and are usable in functional studies [132: 1331 On the other hand, the sample volume typically
cannot exceed 10 percent of the resin volume, thus limiting studies where larger volumes are
involved. Another disadvantage is that EVs of a given size tend to elute in several fractions
and can be rather quite diluted, requiring downstream concentration steps. Isolation of EVs
using stand-alone gel filtration isolation from serum for mass spectrometry analysis has been
achieved in the past [134 1351 however most of the successful SEC usage for EV analysis has
been in combination with ultracentrifugation and/or ultrafiltration.

3.5. Affinity-Based Purification

The main principle of affinity-based purification methods is to capture EVs by targeting
their surface markers. These mostly include, but are not restricted to, members of the
tetraspanin family (e.g. CD9, CD63, or CD81), EpCAM or annexin. Specific antibodies
against these surface markers are conjugated or immobilized onto various solid carriers that
can easily be separated from the sample mixtures being analyzed. Commercial kits that
make use of immuno-beads, ELISA plates, chromatographic columns and microfluidic
devices as carriers are available. Each of the platforms has intrinsic advantages and
disadvantages. In terms of mass spectrometry proteomics analysis, they mostly all fall short
of generating quantities of starting materials sufficient for deep and comprehensive MS/MS
studies without being prohibitively expansive. Another aspect to bear in mind is the presence
of copious amount of Ig protein present in the affinity purified samples post elution and the
buffer composition necessary for separating the EVs from the solid carrier are not always
compatible with mass spectrometry techniques. The major drawbacks of this approach are
the unknown EV types that are not captured by these antibodies. Affinity-based purification
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methods are not well-suited for unbiased discovery approaches. On the other hand, affinity-
based isolations are fulfill the requirements for diagnostic-oriented biomarker studies of
disease-specific EVs isolated from biofluids. Finally, it is worth mentioning that affinity-
based isolation methods require prior purification and/or concentration of EVs from
samples. As such, they are typically viewed as complementary to ultra-centrifugation and
precipitation methods.

In addition to antibody-directed isolation methods, there exist a few examples of alternative
approaches that are much less selective than antibodies but nevertheless based on affinity
purification. The addition of commercially available (ME-kit, New England Peptide)
synthetic peptides called venceremin (\Vn), which bind heat shock proteins present on the
surface of EVSs, to cell culture or biological fluids triggers an affinity precipitation of EVs
that can be recovered by centrifugation at 16,000 xg and is suitable for high-throughput
proteomics. [136. 1371 Another approach is based on the affinity of heparin for EV. Based on
previous observations that heparin blocks EV uptake in cells [138] Balaj and colleagues
demonstrated that Heparin-conjugated agarose beads can affinity purify EVs from cell
culture media and plasma [1391. Finally, some lectins have high affinity for EV surface
glycoproteins, and have been used in lectin-induced agglutination methods for the isolation
of urinary EVs [140-142] These methods represent alternatives to traditional approaches and
are bound to expand the tool kit used by EV biologists.

3.6. Density-Based Centrifugation

Density gradient centrifugation is an established technique designed to separate particles
based on their size and density. Its common use for the isolation of subcellular components
has been adapted to isolate EVs. EVs have different sizes and diverse lipid, protein and
nucleic acid compositions owing to their varied subcellular origins. This translates into EVs
displaying different densities. EVs of identical diameter may have different densities owing
to their cargo and lipid composition, and alternatively, EVs of different sizes but of identical
cargo and lipid compositions can have the same densities. Therefore, one needs to be
cognizant that density-based approaches can enrich and purify vesicles away from protein
aggregates and other unwanted contaminants but perhaps are not as stringent to achieve
specific vesicle purification based on size alone. Nevertheless, there are two main
approaches to density-based centrifugation. Samples are centrifuged through 1) a continuous
density gradient or 2) a discontinuous gradient. In the former, the density of the medium
seamlessly increases from the top of the tube (less dense) to bottom (more dense). Gradients
can be generated using gradient maker devices prior to centrifugation or gradients are
established during centrifugation. In discontinuous density gradients, the densities of the
medium increase in discrete steps from the top to the bottom of the tube.

Sucrose medium has traditionally been popular for exosomal studies and the EV community
recognizes that for example, exosomes are defined as vesicles that sediment at densities
between 1.10 and 1.19 g/mL B3, This characteristic has been extensively employed to purify
exosomes from more crude EV preparations. The approach is used in conjunction with
ultracentrifugation where high-speed (~100,000 xg) pelleted crude EV preparations are
separated from non-vesicular protein aggregates and other vesicles through centrifugation on
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density gradients of sucrose or sucrose cushions. Crude EV preparations are either top- or
bottom-loaded and during centrifugation, vesicles float to their equilibrium density with the
sucrose, thus separating vesicles of specific densities away from each other and particles.
Vesicles that equilibrate at densities of 1.10-1.19 g/mL are referred to as exosomes.
Fractions are collected, diluted and pelleted to yield purified preparations of vesicles.Note
that sucrose gradients are hyperosmotic and the harvested EVs from them will not retain
their integrity.

lodixanol is an alternative medium to sucrose with similar parameters, including density
range. lodixanol gradients are iso-osmotic and self-generating, thus maintaining the integrity
of EVs and affording high reproducibility. OptiPrep™ is a sterile 60% (w/v) solution of
iodixanol with a density of 1.32 g/ml, which has been used to isolate EVs from several
laboratories. A modified version of the more traditional iodixanol density gradient was
established where EVs are centrifuged through a 17% Optiprep cushion with a superior
exosome yield (1431, 1t is worth noting that current protocols describing density gradient
centrifugation call for relatively short (4-16 hrs) ~ 100,000 xg ultracentrifugation
preparations while other studies describe much longer (up to 90 hrs) and higher speed
(190,000 xg) centrifugations to reach equilibrium density [144. 1451 |t thus remains possible
that traditional density gradient protocols might not adequately separate exosomes from
other EVs and introduce artifacts.

3.7. Sequential Filtration

An approach relying on serial filtration through decreasing pore-sized filters has recently
been described [95: 1461 |n this method, cell culture conditioned media was serially filtered
through 0.8 um, 0.22 um and 0.02 pum filters to collect vesicles = 800 nm, =220 nm and = 20
nm respectively. Proteins and total RNA were directly harvested on filters for downstream
proteomic and RNA-seq analysis. This method is time consuming but the purity of vesicles
as gauged by transmission electron microscopy and in terms of size distribution appears to
be robust [95 146],

3.8. Comparative Analysis of EV Isolation Methods

The recent explosion in EV research continues to fuel the diversity of the isolation protocols
available to researchers. Despite appeals to more robust standardization protocols [3: 4. 1471,
unanimity amongst researchers remain unattainable. Perhaps a pressing approach to remedy
this discordance is the need for comparative studies of isolation methods. Over the years,
several groups have set out to perform side-by-side comparisons of isolation procedures to
establish advantages and disadvantages of each technique in terms of purity and yield
outputs [131. 143, 148-154] ‘\When differential ultracentrifugation is compared to one-step
sucrose cushion ultracentrifugation using cell culture supernatant, it was found that sucrose
cushion ultracentrifugation yielded two to three times the amount of exosomes [149],
Similarly, ultracentrifugation through an OptiprepTM cushion yielded twice as much
materials as traditional ultracentrifugation [243]. Another study compared exosome
purification using ultracentrifugation alone, ultracentrifugation with an iodixanol cushion
and ultracentrifugation on an iodixanol density gradient and concluded that the recovery of
the gradient method was superior to the other two approaches [154]. Other studies showed
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that no significant differences in size distribution and morphology were achieved by
different methods [131. 1531, precipitation methods tend to produce higher yield of EVs than
other methods [131. 1531 put are also carrying protein complexes contaminants.

Finally, if sample purity is defined as mg of proteins per particle number, ultracentrifugation
with Optiprep gradient is a superior approach [131 153] 55 it separates high abundance
contaminating proteins from EVs [150]. Likewise, ultrafiltration concentration coupled to
size exclusion chromatography yields similar results [131],

3.9. A Cautionary Note on Purity of EVs

Studies isolating vesicles from cell culture conditioned media have to take into consideration
the potential for vesicle contamination from other species, e.g. mainly bovine from the
bovine serum supplements typically added to culture media. A simple strategy is to use EV-
depleted bovine serum, and that has been shown to curb the cross species problem [4].
Regardless of the methods used to isolate EVs, it is highly recommended to authenticate
their purity through several means such as electron microscopy (EM) visualization, which
assess size, morphology, integrity and provides a measure of size heterogeneity. Combining
EM results to nanoparticle tracking analysis [15°] or other technologies capable of
determining particle sizes (dynamic light scattering [156] or resistive pulse sensing [571) and
western blotting for the presence of specific markers (e.g. tetraspanning proteins, TSG101,
annexins or synthenins) is viewed as the most robust characterization of EV isolation
procedures.

Preservation of EV functionality is not necessary for downstream mass spectrometry
proteomic analyses. Instead, reduction in contaminating protein complexes and control over
buffer compositions are more important features of any isolation protocols. In fact, a few
studies have shown that the choice of isolation procedures influence significantly the
analysis and interpretation of mass spectrometry data [150. 152, 153] |t js recommended that
low quality samples be discarded in order to avoid artifacts and false identification of EV
cargo proteins. It is therefore highly recommended to verify, when possible, the biological
and chemical purity of samples.

4. Source of Material for EV Isolation

EVs have been isolated from various sources. In its simplest form, EVs are isolated from
cultured cells’ conditioned media using the methods described above. Careful considerations
need to be given to protein contaminants commonly found in cell culture media
supplements, notably fetal bovine/calf serum (FBS) or other animal biofluid derived
supplement (e.g. B27). Bovine EVs are present within FBS and they need to be removed
prior to EV isolation procedures to avoid contamination. commercially available EV-
depleted FBS can be purchased, however these tend to be expensive. A more popular
alternative is to deplete EVs from FBS by ultracentrifugation at 100,000 xg for 16—24 hours
followed by sterilizing filtration or variations on this approach [158. 1591,

For proteomics studies, bovine serum albumin protein contamination is also a major problem
in the context of simple ultracentrifugation approaches. Harvesting EVs in serum-free media
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is often non-optimal as cells can develop stress responses to serum withdrawal, which can
translates into unwanted changes in EV production and cargo. Even washing cells with
phosphate buffered saline prior to collection incubation in low or no serum media does not
completely remove albumin. To completely get rid of albumin prior to proteomics studies
from EVs, a size exclusion or density gradient centrifugation based isolation of EVs is
warranted.

The isolation of EVs from bodily fluids poses much different challenges than those observed
in cell culture systems. First, EVs entering bodily fluids are produced by an immense
number of different types of cells in tissue and in varying proportions, increasing the
heterogeneity to unimaginable levels. Second, because fluid EVs are circulating they can be
modified (chemically or biochemically) during the course of their journey through bodily
fluids, which can cause them to aggregate or fuse. Finally, the most important aspect of
isolating EVs from bodily fluids is the prominent presence of high amounts of contaminant
materials (proteins, lipids, debris etc.), which can impede an accurate and efficient isolation
and analysis.

Plasma (or serum) is one of the most commonly used bodily fluid sources to isolate EVs. It
is relatively easy to collect and process, however special attention needs to be given during
and post drawing for optimal storage and to avoid damaging EVs [147. 1601 Albumin,
lipoproteins and immunoglobulins are highly abundant constituent proteins that can co-
isolate with EVs and overwhelm the less abundant EV cargo proteins. For discovery-based
proteomics studied, it is highly recommended to include additional steps (affinity
chromatography, size exclusion chromatography or density gradient centrifugation) in the
isolation pipeline to separate these contaminants away from EVs. The ease in collection of
plasma/serum is advantageous for biomarker monitoring of cancers located in hard to access
anatomies such as lung or brain cancers.

Saliva is made up of fluids from multiple secretory glands within the oral cavity. Saliva
contains much less proteins than plasma/serum, thus making it a good source for
interrogating low abundance proteins from EVs. It does contain however copious amount of
bacteria and high levels of amylase, a viscous enzymatic protein necessary for the initiation
of the digestion of carbohydrates (mainly starch), which hampers EV isolation. Clever
approaches to circumvent these drawbacks have been established [161] and saliva from oral
squamous cell carcinoma and non-small cell lung cancer patients has been used to study EV
proteomics [102, 106, 162]

Urine is another easily accessible, non-invasive biofluid that can be collected in large
volume. Although it is less biologically complex than plasma/serum, there is a wide range of
urinary proteins with high-abundance proteins like the glycoprotein Tamm-Horsfall protein
(a.k.a. uromodulin) that require removal prior to EV isolation and proteomics analysis.

Seminal fluid or semen is composed of fluid and constituents from several tissues including
the prostate, which makes it an ideal source of material for studies of prostate- and prostate
cancer-derived biomarker EVs. In normalcy, seminal EVs or “prostasomes” are important
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during the sperm maturation process [163]. However, in prostate cancer, seminal EVs have
recently been suggested to represent a promising source of prostate cancer biomarkers [271,

Pleural effusion is the accumulation of fluid in the pleural cavity that is often associated with
malignancy or other diseases, and can be a useful tool for diagnosis. Few studies have
utilized pleural fluid-derived EVs for proteomic profiling [0 1031 demonstrating the
potential for this fluid in biomarker studies. Like most other bodily fluids, highly abundant
proteins (e.g. immunoglobulin and complement proteins) dominate the samples and
additional separation steps are necessary to improve EV purification.

Ascites refers to the abnormal accumulation of fluid in the abdominal cavity. This condition
is associated with various diseases including advanced-stage cancers. Cancer ascites is rich
in tumor cells and is a potential source of cancer-derived EVs. To date, only one study has
demonstrated its use in EV proteomic profiling for cancer EV marker discovery [80],
Another study demonstrated that ovarian cancer ascites contain higher numbers of EVs than
non-cancer ascites [164] however EV cargo profiling was not performed.

Cerebrospinal fluid (CSF) is another biofluid source of EVs. Although not as accessible as
other biofluids, CSF has been used to isolate EVs for proteome analysis with the aim of
biomarker identification for multiple sclerosis [62 165.166] ‘and chronic traumatic head
injuries [60. 1671,

Finally, sweat [48] and tears [166. 168] are two additional biofluid sources that have been
utilized for EV isolation and proteomic analysis. Overall, EVs can be isolated from nearly
all biofluids in sufficient numbers to allow for proteomic analyses of biomarker discovery
and diagnostication. Based on the analysis of ~25% of all EV proteomic publication
(93/392), by far the most common source of EVs is conditioned media from cell culture
systems and the most common sources of biofluids are urine and plasma (Figure 1C).

5. Processing of Samples for MS.

Proper preparation of samples prior to mass spectrometry analysis is crucial. Remnant
chemical contaminants from methods for pre-processing and isolation of EVs can be
devastating and obtaining a high quality sample remains a challenge. An important first step
towards mass spectrometry analysis of EV cargo is the enzymatic (trypsin) digestion of
protein samples. There are 3 methods that are consistently used in the field.

In gel digestion is a very popular approach in which protein samples are separated by
polyacrylamide gel electrophoresis, followed by staining (e.g. coomassie) and bands or gel
slices excised, and processed (dehydration, reduction, alkylation and rehydration) for tryptic
digest. Extracted peptides (acetonitrile) are then loaded onto LC-MS/MS or processed for
MALDI-TOF and sequencing. This 1 dimension gel electrophoresis removes abundant
contaminants. An alternative still in use is 2-dimensional gel electrophoresis, where proteins
are first separated based on their isoelectric point, followed by a second dimension SDS-
PAGE. Proteins are visualized by Coomassie blue or silver staining and individual spots
(proteins) are identified using 2D-PAGE databases and/or excised and identified by
sequencing.
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In addition to in-gel digestion, in-solution and filter-aided digestion are two methods of
sample preparation for mass spectrometry. With in-solution tryptic digestion approach,
proteins can be purified from detergents, salts or lipid components by precipitation
(trichloroacetic acid, acetone or chloroform/methanol), and the downstream procedures
(reduction, alkylation and digestion) can be performed in single tube format. Note that in-
solution digestion result in a high complexity sample, unlike in-gel where proteins are pre-
fractionated. Finally, the filter-aided digestion strategy [169 1701 ytilizes denatured protein in
urea-based buffer passed through a high molecular weight cut-off filter to discard detergents
and other impurities in the effluent. Trapped proteins are washed and treated with trypsin for
digestion on filter and peptides are recovered by centrifugation.

Overall, the above three strategies are highly suitable for preparing EV protein samples with
high quality for downstream mass spectrometry analysis. Experimenters should focus their
choice of method based on the complexity and size of the samples to be analyzed as well as
the type of protein, salts, and detergents contaminants present.

6. Functional Properties of EVs in Normalcy and Cancer.

There exists numerous studies that demonstrate a role for EVs in intercellular
communication, which have been reviewed elsewhere [107. 1711 However, there have been
limited advances in our understanding of the various mechanisms of how horizontal transfer
of EVs is capable of changing the physiology of the microenvironment. The field is still in a
descriptive phase and several high profile studies have not been reproducibly validated by
alternate groups. More rigorous genetic approaches to validate the purported intercellular
communication roles of specific RNAs or proteins are warranted for the field to advance
beyond observational phenomenology.

Nevertheless, it has been shown that EVs, RNPs and exomeres have a unique ability to
vehiculate bioactive cargo between cell populations. As such, EVs and RNPs are suggested
to be implicated in homeostatic and pathological processes. In cancer, they have been shown
to impact cellular growth [172. 1731} and to influence the immune response to tumor cells
(reviewed in [174-176]) EV/s can mediate directional migration [177], cell invasion

[92, 178, 179] 'angiogenesis [180-182] and metastasis [183-186] Mechanistic insights into these
studies remain to be brought forward.

An undeniable usage of EVs is perhaps their capacity to serve as circulating biomarkers of
diseases. In the context of cancer, EVs serve as bio-carriers of tumor-specific mutations in
the form of mutated nucleic acids (genomic DNA and/or RNA) and proteins that can readily
be detected using highly sensitive and readily available technologies. In fact, the use of EV
to monitor cancer progression and response to therapy is an active area of research, which
has recently been reviewed [187] and will not be covered in details. However, rigorous
experimentation is an important facet of cancer EV-based biomarker discovery and usage.
For example, the use of a Glypican-1 as a single marker of pancreatic cancer detection and
progression using liquid biopsy exosomes [188] was not duplicated from another group and
in fact, the latter study showed the robustness and superiority of a combination of exosomal
cancer markers to diagnose pancreatic cancer [189],
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As mentioned, the majority of studies that aim at demonstrating EVs as vehicle of horizontal
transfer of information are mostly descriptive in nature. This is also true for most EV
proteomics studies reported so far. For instances, the studies highlighted in the following
sections 7, 8 and 9, which are taken from the list of 93 studies from Figure 2, demonstrate
this fact. For organizational purposes, studies have been grouped according to sources,
healthy donor or normal cell lines in section 7, and diseases from patient biofluids or cell
lines in section 8. A few studies reported on comparing the proteomes of EVs isolated from
disease sources and control normal sources. In addition, a few comparative studies that
analyzed EV proteomics of biofluids from several patients or a given disease or multiple cell
lines from the same disease were highlighted in section 9.

EV Protein Cargos Sourced from Healthy or Non-Disease Models.

All studies that used bodily fluids (e.g. plasma, urine, semen, saliva) from asymptomatic
normal individuals or normal cells to isolate EVs and identify their protein cargo by mass
spectrometry reported the results without enrichment parameters or simply characterized
their results by comparing to existing vesicle databases or other bioinformatics resources
(e.g. DAVID [190. 1911 Gene Ontology GO [192.193]  |ngenuity Pathway Analysis (QIAGEN
Inc., https://www.giagenbio-informatics.com/products/ingenuity-pathway-analysis), The
Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway Analysis [194]). The
following studies simply list proteins identified in EV preparations isolated from normal,
healthy cell line sources; from a B-cell culture (3], microglia cell culture [43], hepatocytes in
culture 451, human neural stem cells 391, trophoblast cells [38], and human Mesenchymal
stem cells [38],

These following studies utilized various biofluids from normal healthy individuals to
perform EV proteomic studies. Looze et al, showed that peroxisome proliferator-activated
receptor-gamma (PPARy is expressed in EVs isolated from normal human plasma, perhaps
representing an exosomal-associated marker [16]. Utleg and colleagues studied EVs sourced
from normal semen [82] and Thimon et al. used EVs isolated from epididymal interstitial
fluid obtained during reversal vasectomies [46]. A study by Chiasserini and co-workers
reports on EV proteins from normal cerebrospinal fluid [17]. Similarly, the following studies
simply report on proteins identified in EVs isolated from various biofluid sources. Pisitkun
and colleagues and Gonzales et al. identified protein cargo of urine EVs from healthy donors
[20. 22] and reported that many proteins identified in urinary vesicles are associated with
kidney diseases or hypertension, perhaps leading to the use of urinary EVs for early
detection of renal diseases. Prunotto and co-workers studied the proteome of podocyte-
derived EVs from urine [26]. Ogawa reported the protein cargo of EVs from saliva [19] and
van Herwijnen and colleagues reported on the proteome of breast milk EVs [47]. Wu and
colleagues reported on the proteome of EVs isolated from the sweat of healthy individuals
after physical exercise [48],
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8. EV Cargo Composition of Pathological Sources.

Many studies simply report protein compositions of EVs from disease sources, sampling
from cancer cell lines, or bodily fluids (e.g. plasma, urine, pleural efflusion etc.) from
patients with cancers or other afflictions.

Mears et al., listed a few melanoma cell line-derived EV proteins [%8], Miguet et al. listed
several proteins expressed in EVs isolated from a T cell leukemia cell line [33] and a
proteomic analysis of EVs isolated from lymphoma cells (Raji cells) was performed by Yao
and colleagues [194]. Sinha et al., reported the proteome of EVs isolated from 4 ovarian
cancer cell lines [66] and Choi et al. listed EV proteins from a colorectal cancer (CRC) cell
line [79]. Graner and colleagues listed proteins isolated from a glioblastoma cell line [94],
Epple and co-workers reported on a list of EV proteins from medulloblastoma cell lines
[105] |_jang and colleagues profiled EVs isolated from two ovarian cancer cell lines [68] and
Marimpietri et al. studied the proteome of EVs isolated from a neuroblastoma cell line [971.

Choi et al. reported on the isolation and characterization of the proteomes of CRC ascites
EVs from patients [89] where they demonstrated a significant number of overlapping EV
proteins between patients. Bard and colleagues isolated EVs from pleural effusions from
lung cancer, breast cancer and mesothelioma patients and showed little overlap between the
three cancers [79]. The proteome of pleural effusion EVs isolated from a mesothelioma
patient does not overlap with EVs isolated from mesothelioma cell lines [69. In the latter
studies, the number of identified proteins from EVs were relatively modest and the lack of
mesothelioma-specific EV markers perhaps reflect the difficulties associated with EV
heterogeneity and inter-laboratory consistency.

In all of these studies, the authors simply reported the proteomics data “as is” without
comparisons to cellular proteomes or other vesicle types and performed rudimentary
bioinformatics analyses. Some of the studies are more informative in the sense that they
provided additional proteins to the various vesicle databases, however these studies did not
reveal important insights in terms of new EV-based markers.

9. Comparative EV Proteomics Studies.

Finally, the more advanced EV proteomics research aims at leveraging the power of MS

proteomics to quantitatively compare different vesicle sources or types to one another. This
approach yields insightful information on the biological questions originally intended to be
addressed in those studies. The followings are examples of comparative proteomics studies.

Palazzolo et al. reported on the proteomes of cells and EVs of the breast cancer cell line
MDA-MB-231 and showed a distinctive profile of proteins in EV's compared to cells [87],
Liem and colleagues studied the effects of activation of PI3K/Akt signaling by insulin in a
colorectal cancer cell line on the proteome of EVs secreted [74]. The authors demonstrated
that the protein cargo of EVs is modified upon activation of the insulin-PI3K-Akt signaling
pathway, with enrichment in proteins implicated in cell proliferation. These results led the
authors to hypothesize that EVs can amplify signals provided by growth factors in the tumor
microenvironment.
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Giri and colleagues demonstrated that M. tuberculosis-infected macrophages in culture
secrete EVs that contain highly immunogenic mycobacterial proteins, an observation that led
the authors to suggest that EVs containing M. tuberculosis antigens may serve as an
alternative approach to tuberculosis vaccine development [195]. Peterson and colleagues
compared the EV cargos of endothelial cells stimulated with plasminogen activator inhibitor
type 1 (PAI-1) or tumor necrosis factor-alpha (TNF-a). They identified common EV
proteins and unique to control and treated endothelial cells [28]. A more in-depth comparison
with cellular proteins would have revealed mechanistic insights into the biological effects of
PAI-1 and TNF-a on cargo composition. A study by Mathivanan et al. compared the protein
profiles of EVs isolated from a colorectal cancer cell line to a murine mast cell and human
urine-derived EVs and reported that a small subset of proteins were common to all EVs [78],
including proteins involved in endosomal sorting complex required for transport (ESCRT)
function, tetraspanins, signaling, trafficking and cytoskeletal proteins.

A study by Meckes et al. report on significant changes in EV proteomes upon infection with
two human gamma herpesviruses 591, EVs isolated from Kaposi sarcoma-associated virus
contained a selective enrichment in proteins that would affect cellular metabolism. On the
other hand, Epstein-Barr virus infected cells produce EVs that carry a proteome that would
activate cellular signaling mediated through integrins, actin, IFN, and NFxB. The
differences in EV contents upon infection by these two viruses suggest mechanism by which
they modify their tumor microenvironment. Forterre and co-workers have defined the
changes in EV proteins during the process of C2C12 myaoblast cells proliferation and
differentiation into myotubes, revealing stage-preferred enrichment of proteins in EVs from
each state [42],

In a rat model of diabetes, Raimondo studied the proteomes of urine EVs isolated from
diabetic rats at different ages and normal control animals to study the evolution of diabetes
[521, Although no specific proteins demonstrated longitudinal changes associated with
diabetes progression, urine-isolated EVs from advanced diabetic rats can serve as a source of
diabetes biomarkers. Gonzalez-Begne and colleagues have compared EV proteome of
parotid glands to that of saliva and found that half of the EV proteins from the former are
observed in saliva EV proteome [18]. The diagnosis of mature B-cell malignancies can be
difficult and Miguet and colleagues performed proteomic analyses on EVs isolated from
patients’ cells with chronic lymphocytic leukemia (CLL), small cell lymphoma (SLL) and
mantle cell lymphoma (MCL) to identify diagnostic markers within EVs that are potentially
relevant and useful. Comparison of the EV proteomes of CLL, MCL, SLL and normal
controls identified CD148 as a discriminating MCL biomarker candidate [3],

A report by Moon and colleagues reported the proteomes of urine EVs from patients
associated with early IgA nephropathy (IgAN), thin basement membrane nephropathy
(TBMN) and control healthy individuals 591, Among the differentially expressed proteins,
vasorin precursor, alpha-1-antitrypsin, aminopeptidase N and ceruloplasmin were identified
as biomarkers that differentiate early IJAN from TBMN. Chen and co-workers reported on
urine EVs from bladder cancer patients and healthy individuals for the purpose of biomarker
discovery. The authors discovered 24 signature proteins that changed significantly between
bladder cancer and normal individuals [99]. Raj et al. showed that certain proteins from EVs
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isolated from urine of older healthy individuals differ from those of younger people [23] and
Wang and colleagues demonstrated the ability to identify ~1000 proteins common in EVs
from multiple urine samples from many individuals [2X]. Dalli and colleagues studied the
proteomes of microvesicles from neutrophils grown under adherent or suspension conditions
and found that a substantial number of proteins are preferentially expressed in EVs isolated
from one or the other conditions [6%]. The authors found that alpha-2-macroglobulin and
ceruloplasmin were enriched in the microvesicles isolated from adherent neutrophils, while
heat shock 70kDa protein 1 was elevated in EVs isolated from suspension grown
neutrophils. Annexin Al, Lactoferrin, and actin were observed at equal levels in the two
subsets.

An analysis of the proteome of plasma EVs from lung adenocarcinoma patients and matched
healthy subject controls identified proteins with significant differential expression [192]. The
authors further demonstrated that a set of four EV-associated proteins (TPM3, HUWEL,
SRGN, and THBS1) can distinguish adenocarcinoma cases from controls, supporting the
notion that EV derived proteins can be a source of biomarkers for diagnosis and other tumor
assessment. Finally, a study of CSF-isolated EVs from amyotrophic lateral sclerosis (ALS)
patients and age- and gender-matched control healthy individuals reveal very few proteins
that are either up or down regulated in EVs form CSF of ALS patients 58], The significance
of these in the etiology of ALS remains to be determined

A few studies have compared EV cargos of disease versus normal or between cancers. Li
and colleagues reported on changes in EV proteomes of lymphocytes infected with HIV-1
versus non-infected controls and found a small number (14/770) of proteins to be
significantly differentially expressed in EVs from HIV-1 infected cells, of which modulators
of cellular apoptosis and proliferation are included [53]. Duijvesz et al. reported on
differences in EV proteomes isolated from immortalized prostatic epithelia and prostate
cancer cell lines [84]. Although the cancer cell lines were not derivatives of the immortalized
prostatic epithelia cells, the authors nevertheless identified 9 proteins that are more abundant
in prostate cancer cell lines than epithelia including PDCD6IP, FASN, XPO1 and ENO1,
prompting the authors to suggest these as new candidate biomarkers for prostate cancer.

A study by Ji and colleagues report on proteome differences between EVs isolated from
metastatic and non-metastatic isogenic colorectal cancer cell lines [77]. Not surprisingly, the
authors observed a selective enrichment of metastatic factors and signaling pathway
components in EVs from the metastatic cell line, which contributes to our understanding of
the horizontal communication between tumor and normal stroma within the tumor
microenvironment. Winck et al. studied the proteomes of salivary EVs isolated from normal
healthy individuals and oral cavity squamous cell carcinoma patients and found a handful of
proteins (e.g. prolactin-inducible protein, alpha-2-macroglobulin, lalectin-3-binding protein,
mucin-5B) to be differentially expressed [106],

A significant study from David Meckes’ group identified the proteomes of EVs isolated
from the NCI-60 cell panel, and uncovered common cargo proteins and cancer type-specific
EV proteins [72]. The authors established EV markers such as vesicular trafficking proteins
(Rab GTPases) and tetraspanins, and importantly, compared EV proteomes to whole-cell
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proteomes, which revealed high similarities but also several EV- and cancer-specific
enrichments. Mallawaaratchy et al., studied the proteomes of EVs isolated from low grade
glioma and high grade glioma tissues and revealed that a high level of invasion-related
proteins were enriched in EVs of high grade tumors when compared to low grade gliomas
[92], Chandran and co-workers have defined the proteomic changes occurring in EVs isolated
from a glioblastoma cell line grown in normoxic and hypoxic conditions [921. In this study,
the authors identified nine proteins that strongly denoted the hypoxic condition. The
biological significance of these proteins during the hypoxic process needs to be further
studied.

In a proteomic study comparing EVs isolated from semen of asthenozoospermic (a common
cause of male infertility) and normozoospermic men, Lin and colleagues identified eleven
proteins that were significantly upregulated and eighty that were downregulated [54]. The
functions of these proteins were mainly associated with transport, metabolism and signaling
pathways. This study provided more insights into the involvement of seminal EVs in
asthenozoospermia and male infertility. Panigrahi et al. performed proteomic studies on
serum-isolated EVs from African American and Caucasian men with prostate cancer and
age- and ethnicity-matched healthy controls. The authors identified Isoform 2 of Filamin A
protein strongly enriched in serum EVs of African American prostate cancer men whilst
excluded from serum EVs of Caucasian prostate cancer men [861, Further studies are
required to validate this protein as a potential marker of ethnocentric prostate cancer. A
study by Cheng and co-workers identified proteins that differ in their expression levels in
EVs isolated from an ovarian cancer cell line when compared to EVs isolated from ovarian
surface epithelial cells [67]. Although the ill-defined relationship between these two cell lines
makes interpretation of these results in the context of ovarian cancer development difficult,
the study nevertheless provided ovarian cancer EV markers.

In addition to these studies, there are a number of reports that compared EV proteomes of
parental cell lines and their isogenic variants that carry specific oncogenic mutations. For
examples, the proteomes of a parental glioblastoma cell line and its isogenically variant
expressing EGFRvII1 were compared and contrasted [93], revealing specific EV cargo
changes that purport a more malignant phenotype. Similarly, isogenic breast cancer cell lines
for HER2 overexpression alters the EV proteome [298] when compared to parental.

There are a few studies that showed the dramatic changes in EV composition when cells
undergo the cancer hallmark of epithelial to mesenchymal transition (EMT). EVs isolated
from MDCK cells following oncogenic H-Ras-induced EMT [197] demonstrate drastic
differences in cargo proteins that are in line with phenotypic EMT. In another EMT study
using the squamous cell carcinoma cell line A431, EV proteomic analysis of parental A431
and A431 cells having undergone EMT by treatment with the EGFR ligand TGFa and an E-
cadherin neutralizing antibody, showed significant changes in EV cargo that are indicative of
EMT [71], Finally, comparative proteomics of EVs isolated from patental MDCK cells, and
its isogenic MDCK cells intermediate for EMT, stably expressing the YBX1 gene, and Ras-
transformed MDCK cells (complete EMT) showed that the latter EVs contained VEGF-
associated proteins, while YBX1 expressing cells” EVs were enriched with activated Racl
and PAK2, [198]
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Proteomic analysis of EVs from the colorectal cancer DLD-1 cell line that contain both
wild-type and G13D mutant KRAS alleles and their isogenically matched derivative cell
lines, DKO-1 (mutant KRAS allele only) and DKs-8 (wild-type KRAS allele only) has been
performed [75]. The results demonstrate that mutant KRAS status of cells dramatically
affects the composition of the EV proteome. [73]. Conditional ectopic expression of the
TGFp receptor TGFBR2 in CRC cell line HCT116 also changes the proteomic composition
of EVs [199. Moreover, isogenically mutating (R173H) or deleting TP53 in HCT116
significantly reduced EV sizes and changed EV protein cargo considerably, of which
hepatocyte growth factor-regulated tyrosine kinase substrate was down-regulated in the EVs
from the mutated and deleted TP53 isogenic cells.[200],

Finally, several studies have reported important changes in proteomics of EV isolated from
pairs of non-metastatic and metastatic cell derivatives of colon, breast, pancreatic and
bladder cancers [90. 183. 201-204] ‘\alidation studies of biological function for given EV
markers within the metastatic program remain to be perform for all of these studies and is
necessary to solidify credence in EV biology.

Gangoda and colleagues have generated proteomics data on EVs isolated from mouse breast
cancer cell lines with different metastatic potentials (nonmetastatic, weakly metastatic, or
highly metastatic) [%0. The authors found that EVs derived from metastatic cells contain
proteins that are implicated in promoting migration, proliferation, invasion and angiogenesis.
In contrast, nonmetastatic cell-derived EVs comprise proteins involved in cell-cell and cell-
matrix adhesion and maintenance of cell polarity.

In most if not all of these studies however, the degree of differences between two
populations of EVs did not take into account the degree of differences between the
respective cell lines. In other words, are the up- and down-regulated proteins observed in the
different EVs similarly up- and down-regulated in the cells? This latter analysis is crucial to
our understanding of the mechanisms that direct EV cargo production and should be
seriously considered in future studies.

10. Comparative Studies of Proteomes of Diverse Vesicles.

The following reports compare the proteomic cargos of different sized EVs from a single
source. These manuscripts are very informative because they helped us realize how
heterogeneous EVs are in term of size and composition. In some instances, these studies
identified EV size-centric protein markers. Turiak et al reported on proteomes of
microvesicles (100-800 nm) and apoptotic bodies (>800 nm) from mouse thymus tissue and
found that the majority of proteins detected were common between the two preparations or
vesicles with fewer unique to each vesicle types [44]. This is a surprising observation given
the divergent biogenesis of each vesicle types. Ogawa et al. showed different protein
contents in two exosomal EV populations from normal saliva isolated by gel filtration. Both
types of EVs contained the canonical EV markers Alix, Tsg101 and Hsp70 but also
contained type-specific proteins, demonstrating the heterogeneous nature of EVs.
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Clark and co-workers compared the proteomes of large EVs to those of two small EVs
preparations from the breast cancer cell line SKBR3B [88] revealing a preferential expression
of canonical exosomal markers in the small EV fractions. A study of EV proteomes isolated
from non-mineralizing and mineralizing human osteoblasts showed a comparable (97
percent) EV proteome between the two types [321 with the remaining 3 percent of proteins
that are preferentially expressed in the different type of vesicles requiring further studies to
determine their role(s) in the mineralization of osteoblast process.

Kowal and colleagues have compared the dendritic cells proteomes of large and small EVs
and of gradient centrifugation fractions and quantitatively demonstrated that several
classically used exosome markers (e.g. frotillin, hsp70, MHCII) are present in all EVs [3°],
The authors also identified proteins specifically enriched in small EVs and they have
described a set of five protein categories that show different relative abundance in individual
EV populations. Defining exosomes as vesicles expressing CD63, or CD81 or CD9, this
study also unveil the presence of non-exosomal subpopulations within small EVs. This
seminal study lays the foundation for future in-depth characterization of the heterogeneity of
EVs. Finally, Sun et al. demonstrated that large and small EV proteomes from saliva of lung
cancer patients differ in their contents and that some salivary EV proteins (CRNN, BPIFA1,
IQGAP, and MUC5B) are of lung tissue origins [192],

11. Conclusions and the Future of Proteomics of Small Samples

Over the past few years, numerous studies have been published on different aspects of EV
proteomics. In reviewing the literature, it was found that the number of proteins identified
from mass spectrometry output is independent of sample provenance or preparation method.
For the most part, the studies are highly descriptive and qualitative in nature and the field is
now poised for the discovery of more biologically meaningful proteomic markers of EVs. In
fact, a hot area of research is comparative proteomics of EV heterogeneity and markers of
tissue provenance of EVs within biofluids. As mass spectrometry methods continue to
advance and be perfected, enhanced protein identification with less input sample materials
will increase. This will allow the community to envisage new isolation approaches that are
directly addressing the heterogeneity problems that currently dampens EV research.
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Cells

Pleural fluid

Breast milk
Blist.fluid

Source

Distribution of publications on proteomics studies of EVs. A) Results of a Pubmed search
(search criteria, “proteomic” and “vesicle” or “exosome”) as of 02-01-2020 showing the
number of manuscripts per year. B) Distribution of the publication years of the 93 curated
manuscripts that sourced Figure 2 and Supplemental Table 1. C) Frequency of the different
sources of EVs curated from the 93 studies reviewed herein.

Adv Biosyst. Author manuscript; available in PMC 2021 May 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Charest

Page 31
103, - ) . ...' . * . ' .- ' e, o e i § 0 oo ° ..-. .
210 . ¢ P ’ : R . :
& 10- . .
1-
B
mEmE D
5 F
EEEEE H
Refs. 15 20 25 30 35 40 45 50 55 6 0 75 80 8 90 95 100 105

A. State B. Pathology D. Species F. Post-Isolation G. Pre-MS
Normal None Mesothelioma M Human None None

M Disease M Nephropathy M Cancers Mouse lodixanol M SDS PAGE

C. Source HIV M Cancer M Rat H SEC 2D SDS PAGE
Plasma B Male Sterility CRC E. Isolati M Sucrose M Filter assisted

B CSF M Nephronopht. ~ BICRC ascites - Isolation M Precipitation M 2D DIGE
Saliva M Gest. Diabetes M Prostate Ca Step centrifugation Flow field flow M Isoelectric focusing

M Urine M Hepatitis B M Breast Ca Filtration fractionation H. MS
Semen W ALS GBM M Ultrafiltration Albumin 19G -

M Cells B-cells Neuroblastoma Immuno-Affinity B e 9 M LC-MS/MS
Tissue M Brain injury M Melanoma M Sucrose o Iep etion ; B MALDI-TOF
Breast milk ™ Infection Bladder Ca mmuno capture .

M Sweat HMS Osteosarcoma Step filtration . Analysis
Blist. Fluid Obesity M Lung Ca W Semi—quantitative

M Pleural fluid Renal Transp. I Lymphoma Qualitative

I Ascites M Neutrophils M Medulloblastoma B Quantitative

M Serum M Ovarian Ca M Oral Ca

Figure2.
Tile plot depicting the various categories used to analyze the 93 proteomics manuscripts

with their number of proteins identified for each. The Refs. numbers [14-106] correspond to
the manuscripts listed in the references section. Under MS Analysis, semi-quantitative is
defined as MS spectral data converted to absolute data, and quantitative data was obtained
from the quantitative methods iTRAQ (Isobaric Tags for Relative and Absolute
Quantitation), TMT (Tandem Mass Tag), or SILAC (Stable Isotope Labeling with Amino
acids in Cell culture). Abbreviations: CSF; cerebrospinal fluid, Blist.; blister, Nephronopht.
Nephronophthisis, Gest. Gestational, ALS; amyotrophic lateral sclerosis, MS; multiple
sclerosis, Transp.; transplantation, Ca; cancer, CRC; colorectal cancer, GBM; Glioblastoma
multiforme, SEC, size exclusion chromatography, SDS-PAGE; sodium dodecylsulfate
polyacrylamide gel electrophoresis, 2D; two dimentional, DIGE; difference gel
electrophoresis, LC-MS/MS; liquid chromatography tandem mass spectrometry, MALDI-
TOF; Matrix-assisted laser desorption/ionization- time of flight.
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- MASCOT Label-Free  Stable Isotope Labeling
- SEQUEST - spectral counts - 'TRAQ
- Andromeda - spectral intensity ~ ~ g‘lﬂg'cplex T™T

Bioinformatics Analysis

EV Databases Gene Ontology Network Analysis
- Vesiclepedia - Molecular functions - Interaction databases
- ExoCarta - Biological Processes (e.g. STRING, HPRO,

- Evpedia - Cellular components BioGrid)
- exoRBase
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Flowchart depicting the various sources of EVs, and approaches to high-throughput mass

spectrometry-based proteomic analysis of EVs from the manuscripts reviewed herein.

Percentage (%) indicates the number of studies (out of the 93 studies reviewed) that uses the

indicated techniques/methods. Others* comprise: Tissue, Sweat, Serum, Pleural Fluid,
Blister Fluid, Breast Milk, and Ascites. Others** comprise: Step Filtration, Immuno

Capture, Flow Field Flow Fractionation, Albumin or IgG Depletion.
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