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Abstract

Extracellular vesicles (EVs) are membrane-enclosed particles that are released by virtually all cells
from all living organisms. EVs shuttle biologically active cargo including protein, RNA, and DNA
between cells. When shed by cancer cells, they function as potent intercellular messangers with
important functional consequences. Cells produce a diverse spectrum of EVs, spanning from small
vesicles of 40-150 nm in diameter, to large vesicles up to 10 4m in diameter. While this diversity
was initially considered to be purely based on size, it is becoming evident that different classes of
EVs, and different populations within one EV class may harbor distinct molecular cargo and play
specific functions. Furthermore, there are considerable cell type-dependent differences in the cargo
and function of shed EVs. This review focuses on the most recent proteomic studies that have
attempted to capture the EV heterogeneity by directly comparing the protein composition of
different EV classes and EV populations derived from the same cell source. Recent studies
comparing protein composition of the same EV class(es) derived from different cell types are also
summarized. Emerging approaches to study EV heterogeneity and their important implications for
future studies are also discussed.
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1. Introduction

Extracellular vesicles (EVs) are membrane-enclosed structures of variable size (40 nm-10
4m) that are released by all cells into the extracellular space and can be detected in all body
fluids.[1~71 EVs function as mediators of communication between adjacent or distant cells
and have been recognized as promoters of cancer progression.[8-121 EVs contain and likely
transfer to the recipient cells functional biomolecules,[®:13-20] including proteins,[%16:17]
lipids,[21-23]1 RNA,[18.19] and DNA.[20.24.25] This EV cargo is typically representative of the
molecular composition of the cells they originate from, making EVs a good source of
circulating biomarkers.[419.26] Additionally, recent studies have demonstrated enrichment of
certain molecules in EVs in comparison with their cells of origin, suggesting that EV
analysis provides an information that tissue specimen evaluation alone would not.[14:27]

Based on their size, EVs can be broadly divided into two classes: small EVs (s-EVs), and
large EVs (I-EVs). Although the size ranges for the two classes are not precisely defined and
can vary depending on the model system and measurement approach, we refer to the EVs in
the 40— 150 nm size range as s-EVs and to the EVs in the 200 nm-10 zm size range as |-
EVs (Figure 1). Exosomes are one of the most studied types of s-EVs, which originate from
multi-vesicular bodies (MVB). MVB are formed in the cell cytoplasm by inward
invagination of limiting membrane of late endosomes.[28] When the membrane of MVB
fuses with the plasma membrane of the cell, exosomes are released into the extracellular
space. Most studies of s-EVs refer to their EVs as exosomes; however, the endosomal origin
of these EVs is difficult to prove and the common methods for isolating s-EV's do not
separate endosome-derived s-EVs from non-endosomal s-EVs, such as small vesicles
originating at the plasma membrane.[26.29-32] Therefore, here we will refer to all EV's within
the size range of 40-150 nm as s-EVs. Ectosomes are EVs of nonendosomal origin ranging
from 100 nm and up to a few micrometers in diameter that form at the plasma membrane
and are released into the extracellular space by budding off of their cell of origin.[33-3%] Due
to their large size range, ectosomes can be found in both s-EV and I-EV preparations.
[30,36-38] |_EV/s are also commonly referred to as microvesicles.

Some EVs are linked to a defined physiological state of the parental cell or/and a particular
cell type. Among them, migrasomes are I-EVs that are released from the tips and
intersections of retraction fibers, which are long tubular strands left behind migrating cells.
[38,39] These connections eventually break, leading to vesicle release.[3%] Migrasomes are up
to 3 gm in diameter and contain numerous smaller vesicles (50-100 nm), giving them a
“pomegranate”-like appearance. Another example of I-EVs are exophers, which are I-EVs of
~4 um in diameter containing protein aggregates and organelles that are produced by adult
neurons from Caenorhabditis elegans.[4%] Exophers can form under native physiological
cellular conditions; however, their formation is enhanced in proteotoxically stressed neurons,
which seem to function better than similarly stressed neurons without exophers.[01 A
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common type of EVs linked to a physiological state of the parental cells is apoptotic bodies.
Apoptotic bodies are I-EVs (800 nm-5 um) that are released into the extracellular space as
the apoptotic cell disassembles.[41-43] Large oncosomes (LO)[1444-47] are atypically large |-
EV of 1-10 gm in diameter, which are released by membrane blebbing of amoeboid cancer
cells exhibiting highly migratory and metastatic properties. This process is modulated by
loss of the Diaphanous-related formin 3 (DIAPH3), which results in activation of RhoA-
ROCK kinase pathway, a major mechanism regulating the transition of cancer cells motility
from mesenchymal to amoeboid.[14:44-47]

Although distinct EV classes seem to be well-defined, in practice EV pellets comprise
different EV classes and populations (Figure 2), which are heterogeneous with respect to
size and molecular cargo, as well as, potentially, to function. For example, within the class
of s-EVs obtained from the same cell source, different populations of s-EVs, based on size,
density, and protein expression, have been described.[48:4%] Moreover, recently a novel class
of the smallest extracellular particles reported so far (35 nm in diameter), termed exomeres,
was identified by Zhang et al.[2%] While still poorly characterized, it is evident that exomeres
present distinct properties when compared to s-EVs.

The discovery of all these EV types has recently brought significant attention to the
molecular mechanisms underlying EV heterogeneity.[28:50] However, separating and
defining discreet EV populations has been a challenging task due to limitations of the
standard methodologies, the disparate and often poorly described isolation strategies, as well
as the lack of systematical biochemical and biophysical characterization in published
reports. These issues have stimulated an immense interest in improving methodologies for
EV isolation and in identifying specific markers that allow discrimination between different
classes/populations of EVs.

Given that proteins are critical bioactive constituents of EV cargo, proteomic approaches are
appealing to compare molecular profiles of different EV types and provide invaluable
insights into the nature of EV heterogeneity. Moreover, EV cargo has been demonstrated to
include cancer-specific proteinsl>2-5%] and EV potential to serve as a source of circulating
biomarkers has been under vigorous investigation. Therefore, defining discrete EV
populations enriched in tumor-derived proteins, as well as development of novel
technologies that would allow EV isolation from clinical samples more efficiently, is of utter
importance.

2. Heterogeneity of EVs

Different biogenesis and subcellular origin of EVs (endosomal vs nonendosome-derived)
could be one of the major sources of EV heterogeneity. Therefore, in the past few years,
there have been several attempts to comparatively analyze by MS the protein cargo of
different EV populations after separating EVs by size and density (using differential
centrifugation/filtration/density gradient)[47:56-58] (summarized in Table 1). These initial
studies focused mainly on characterizing the protein cargo of s-EVs versus I-EVs and they
identified several common proteins but also an abundance of unique proteins in each EV
class. For example, in one of the early studies from the Simpson group, the authors
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compared the proteome of s-EVs and I-EVs from the same cell source (colon cancer cell line
LIM1863).[568] They employed sequential centrifugal ultrafiltration to separate the two EV
classes and reported isolation of morphologically homogenous population of s-EVs, and a
heterogeneous population of I-EVs. Western blot characterization demonstrated that s-EVs
contained proteins that had been frequently shown to be enriched in endosome-derived EVs
(Alix, TSG101, CD81, and CD63), while I-EVs were significantly depleted of these
proteins. Comparative protein profiling of s-EVs and I-EVs using gel-based LC-MS/MS
(GeLC-MS/MS) revealed 354 and 606 unambiguous protein identifications, respectively,
with 256 proteins in common. A total of 350 proteins were uniquely identified in I-EVs for
the first time, the most abundant of which were members of the septin family, KIF23,
CSE1L, and RACGAPL1. Functionally, I-EVs promoted invasion in the EV-treated recipient
cells to a significantly greater extent (threefold) than s-EVs.[58]

Another study, from the Théry laboratory,[>7] employed the same MS approach (GeL.C—
MS/MS) to perform a comprehensive comparative proteomic analysis of different classes of
EVs released by dendritic cells. s- and I-EVs were separated by their sedimentation speed
and density. The study identified syntenin-1, TSG101, ADAM10, and EHD4 as proteins
enriched in s-EVs. It also identified common proteins present in all classes of EVs, which
included some proteins that had previously been described as canonical s-EV markers (MHC
class I and class Il molecules, heat-shock proteins 70, flotillins, and actin). Immuno-
isolation using various anti-tetraspanin antibodies (CD9, CD63, or CD81) enabled
identification of different populations of s-EVs corresponding to endosome-derived and
plasma membrane-or early endosome-derived EVs. These data suggested that not all s-EVs
expressing tetraspannins are derived from the endosomal machinery, and those that do not
always express the same tetraspannin profile. These findings are in agreement with previous
study(ies) from the Gould group demonstrating that certain cells (e.g., Jurkat T cells) exhibit
discrete domains of the plasma membrane that are enriched for endosomal proteins and
serve as sites of immediate s-EV biogenesis.[31]

Using SILAC quantitative proteomics analysis, our group compared protein cargo of s-EVs
and I-EVs LO.[47] The study identified a number of proteins that were common to s-EVs and
LO from prostate cancer cells. However, 25% of the proteins were differentially represented
in the two EV classes. Functional pathway analysis demonstrated that enzymes involved in
glucose, glutamine, and amino acid metabolism, such as GAPDH, GPI, LDHB, HSPAS5,
MDH, and GOT family members, are enriched in LO. Conversely, proteins enriched in s-
EVs belonged to adhesion molecules and integrin family proteins, in line with data from
other groups.[59:691 |n addition, among the proteins enriched in LO, cytokeratin 18 (CK18)
was found to be one of the most abundant (within the top 5%) and was used to develop an
assay to detect LO in the circulation and tissues of mice and patients with prostate cancer.

Attempts to compare protein sets identified in discrete EV classes among different studies
are still limited. Additionally, the differing protein profiles identified in those studies might
result from the use of disparate cell sources of EVs or the differences in the proteome of the
producer cells (e.g., in cancer cells vs benign cells, or in cancer cell lines with different
metastatic potential). However, the identified differences might also reflect the disparate EV
isolation methods used by the researchers, which yield EV pellets of varying composition.

Proteomics. Author manuscript; available in PMC 2020 September 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vagner et al.

Page 5

For example, proteomic profile of s-EVs isolated using differential centrifugation followed
by density gradient purification might be distinct from proteomic profile of s-EVs isolated
using PEG precipitation, which also contain larger particles and/or protein contaminants,
even when those s-EVs are derived from the same cell source. Finally, apart from different
cell source and isolation methods, treatment also can change the composition of s-EVs.[61]
Therefore, analysis of proteome profiles of discrete EV classes isolated from different cell
sources using the same method could provide valuable information on the extent of the
heterogeneity of EVs. This is important as it would add to the increasing evidence that
different proteomic profiles might reflect the biological variability among the various EV
sources.

One such study was performed by the Khvorova group.[58] The study compared protein and
lipid composition of I-EVs and s-EVs isolated by differential ultracentrifugation from
glioblastoma, hepatocellular carcinoma, or bone marrow mesenchymal stem cells (MSC).
LC-MS/MS identified 3532 proteins and MS/MSALL identified 1961 lipid species. An
interesting finding of the study is that the s-EV proteome, rather than the I-EV proteome,
closely resembled the proteome of the donor cells thus allowing to distinguish between
cancer cells and MSC. In contrast, this resemblance was not preserved at the level of lipids.
In fact, lipidomic profiles did not distinguish the MSC and hepatocellular carcinoma cells.
Functionally, extracellular matrix, receptors, heparin-binding, phospholipid-binding,
integrin, immune response, and cell adhesion functions were characteristic for s-EVs,
whereas mitochondrial, endoplasmic reticulum, and proteasomal functions were enriched in
I-EVs. This result is in line with the findings of the above mentioned study on LO that also
reported the enrichment of proteins involved in adhesion, motility, and response to hypoxia
in s-EVs, and the enrichment of proteins involved in metabolic processes in LO.[47] The
authors concluded that although s-EVs and I-EVs can be distinguished at the proteome level
based on both their size and the cellular origin, they did not display s-EV- or I-EV-specific
protein markers that could be universally found across all cell types examined.

The Meckes Jr. laboratory!62] approached the issue of EV heterogeneity from a different
angle. In their study, they did not separate s- and I-EVs, instead they used a PEG-based
method for enrichment of EVs (ExtraPEG) followed by ultracentrifugation. They compared
protein profiles of EV preparations representing 60 different cancer cell lines from nine
distinct tissue types in an attempt to identify common EV protein cargo, as well as cancer
type-specific biomarkers. Across the 60 cell lines examined, LC-MS/MS identified a total of
6071 proteins, 213 of which were common among all cell lines, likely reflecting common
intracellular EV machinery. When enrichment of traditional EV proteins was analyzed, only
CDa81, Alix, and HSC70 were found to be present across all samples. Other proteins that had
been previously reported to be frequently enriched in EVs, such as CD63, CD9, TSG101,
Syntenin-1, and flotillin-1, were present in at least two-thirds of the samples. The expression
of some of the canonical EV proteins varied greatly in EVs of different cellular origin.
Interestingly, clustering of EV protein profiles revealed that some of them clustered together
based on the metastatic potential of their donor cell or growth type (adherent/suspension)
rather than based on the tissue type. For example, the protein profiles of EVs derived from
highly metastatic breast cancer cell lines clustered together away from the EV protein
profiles derived from nonmetastatic cell lines. Similarly, the basement membrane
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glycoprotein agrin (AGRN) was absent only in EVs secreted from leukemia cancer lines
grown in suspension, while the adhesion molecule ICAM3 was present predominately in the
leukemia-derived EVs. More studies like this—that allow direct comparison of protein
profiles of EVs isolated from multiple cell sources using the same method-would contribute
enormously to the field. However, methods that ensure isolation of high-purity EV
populations should be used.[8.63]

The main findings, as well as isolation strategies and biological sources used in the
comparative studies discussed in this section, are summarized in Table 1. Taken together,
these studies demonstrate that both biological variability and differences in isolation
techniques contribute substantially to the observed interclass heterogeneity of EVs, and
highlight the importance of standardization of isolation methods in order to be able to
reliably identify the biological component. Further proteomic comparisons of different high-
purity EV classes are needed to shed light on the common markers present in each EV class
in healthy and disease models. These studies will allow for a greater understanding of the
composition of the diverse populations of EVs that are isolated from biofluids, such as
blood, and may aid in the identification of EV class-specific disease-associated markers.

3. Heterogeneity Within One EV Class

On top of the functional and compositional diversity between EV classes, there is an
additional layer of heterogeneity within each EV class as well. One of the most striking
examples of this heterogeneity is represented by differences in protein composition of s-EVs
isolated from the apical and basolateral sides of polarized epithelial cells. Nearly two
decades ago, the Heyman and Simpson groups independently showed that apical and
basolateral s-EVs released from the same cells contain different protein cargol64.65] The
Heyman laboratory isolated and characterized apical and basolateral s-EVs from electrically
tight polarized colonic adenocarcinoma cells by ultracentrifugation. They showed difference
in protein composition by MALDI-TOF-MS,[%4] despite both populations having similar
levels of MHC class | and |1 proteins. A few years later, the Simpson lab used sequential
immunoaffinity capture with an A33 antibody, followed by immuno-capture with an
EpCAM antibody to isolate basolateral (A33-Exo) and apical (EPCAM-EXxo) s-EVs,
respectively, from human colon carcinoma cells. The two populations of s-EVs were profiled
using GeLC-MS/MS.[6] The fact that EpCAM-Exo were enriched in apical sorting proteins,
while A33-Exo were enriched in basolateral proteins is in line with subcellular localizations
of EpCAM to the apical surface and A33 to the basolateral surface of LIM1863 cells. The
two s-EV populations exhibited distinct protein expression patterns with A33-Exo
containing MHC class | molecules, which were not identified in EpCAM-Exo. Additionally,
protein profiling of LIM1863 shed I-EVs demonstrated that protein expression in I-EVs was
distinct from both A33- and EpCAM-Exo. These early studies suggest that polarized cells
release different populations of s-EVs that are shed into different biological compartments.

Recently three independent labs have compared the protein cargo of apical and basolateral s-
EVs isolated by ultracentrifugation from polarized epithelial cells grown on transwell
insertst86-68]1 Al three studies demonstrated, together with a 70% overlap between apical
and basolateral s-EVs, some qualitative and quantitative significant differences confirming
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the earlier experiments in apical and basolateral EV proteins. However, there appears to be
significant tissue- or cell line-dependent differences in the composition of apical and
basolateral s-EVs. Syntenin-1 has been proposed as a reference gene for apical and
basolateral s-EVsl67] and it is present in apical and basolateral s-EVs from porcine retinal
epithelial cells and MCF10A human mammary epithelial cells.[86] However, Syntenin-1 was
only barely detected in basolateral s-EVs and was not detected at all in apical EVs from
HUMEC human mammary epithelial cells and MCFDCIS human breast (ductal carcinoma in
situ) cells.[%8] This could be due to differences in the donor cells, which differed in terms of
species and tissue: human breast[®6] and porcine retina.[67]

The traditional EV proteins CD63[65-68] and CD81[6567.68] were enriched in apical s-EVs in
comparison to the basolateral s-EVs, indicating that they may have potential as markers for
at least a subset of apically shed EVs. In contrast, traditional EV proteins were not
commonly enriched in basolateral in comparison to apical EVs across these different studies.
Interestingly, Alix (PDCDG6IP) was found in similar proportions in both apical and
basolateral s-EVs in several studies(55-671 Conversely, conflicting results were found for
TSG101. In s-EVs isolated from polarized MDCK cells, TSG101 was found to be enriched
in basolateral s-EVs,[%8] while in s-EVs isolated from polarized human breast epithelial cells
and polarized porcine retinal epithelial cells, TSG101 was enriched in apical s-EVS. In
contrast, A33 and EPCAM immunoaffinity isolation of s-EV populations did not enrich for
TSG101 in either population.[3] In all the three studies showing enrichment of TSG101 in
apical or basolateral s-EVs the producer cells were grown on transwell inserts and s-EVs
were isolated from conditioned media by ultracentrifugation followed by density gradient
separation, thus it is unlikely that the difference in TSG101 is due to methodology
differences!86-681 |t is possible that the differential secretion of TSG101 in apical or
basolateral s-EVs is due to its specific localization in different cell types. Since TSG101 is a
key component of the ESCRT-1 complex, this could indicate that ESCRT-mediated EV
cargo sorting is largely apical or basolateral depending on the physiological context.
However, additional studies are necessary to draw this conclusion.

Aside from differences in apical versus basolateral secretion, there are also different s-EV
populations that can be distinguished based upon size. Using the novel asymmetric flow
fieldflow fractionation (AF4) technology, the Lyden’s team recently reported that s-EVs can
be subdivided into small and large populations, Exo-S (60-80 nm) and Exo-L (90-120 nm),
as well as very small non-vesicular extracellular particles termed exomeres (~35 nm), which
lack an external membrane.[291 MS from these subpopulations indicated that the Exo-S class
was enriched in proteins associated with endosomes, MVBs, vacuoles, and phagocytic
vesicles, while the Exo-L was enriched in proteins associated with plasma membrane, late
endosomes, and Golgi suggesting differences in biogenesis. In contrast, exomeres were
depleted of membrane-associated proteins and enriched in ECM, ER, and mitochondrial
proteins. Although CD81, CD9, CD63, and TSG101 were enriched in both Exo-S and Exo-L
in comparison to exomeres, there were large differences in the relative abundance within
each population when compared between five different cell lines. This result highlights the
variability of expression for these proteins across different sources, which impairs their use
as universal markers. In vivo all three nanoparticle subpopulations were taken up mostly by
hemopoietic organs, with some uptake observed in other organs including lungs, lymph
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nodes, and kidneys. Exo-L displayed notably larger uptake in the lymph nodes and bone
than Exo-S and exomeres, suggesting that EV size could be used to separate populations of
s-EVs with different organotropism.

In parallel work, the Wood’s laboratory reported that B16F10 melanoma cells released two
discrete populations of s-EVs termed low density exosomes (LD-Exo) and high density
exosomes (HD-Exo), which had different equilibration times in density gradients,
protein/RNA cargo, as well as functional effects on target cells.[89 When s-EV pellets were
loaded on top of a sucrose density gradient and spun for 16 h, LD-Exo and HD-Exo
separated into distinct fractions. However, when the density gradient was spun for 72 h, EV
markers and particles were mainly detected in the LD-Exo fractions, suggesting that HD-
Exo have delayed equilibration. Both populations expressed EV-enriched proteins Alix and
TSG101. Notably, the ceramide inhibitor GW4869 resulted in loss of both Alix and TSG101
and decreased s-EV particle counts in both populations, suggesting that these populations
are dependent on ceramide biosynthesis. Electron microscopy and Nanoparticle Tracking
Analysis (NTA) indicated that HD-Exo were smaller (mode size 66 nm) and more
homogenous in size compared to LD-Exo (mode size 117 nm), and it was hypothesized that
this difference in size contributes to the delayed equilibration time. Similar LD-Exo and HD-
Exo populations were found from several mouse and human cell lines as well as human
plasma, suggesting that they are not cell line specific. NanoLC-MS/MS proteomic analysis
revealed high overlap between HD-Exo and LD-Exo protein content, with ~8.5% proteins
unique to HD-Exo and ~39.5% proteins unique to LD-Exo. Bioanalyzer profiles of the RNA
content showed that HD-Exo lacked rRNA and had a broader small RNA distribution profile
compared to LD-Exo. Treatment of H5V endothelial cells with HD-Exo or LD-Exo resulted
in subtle differences in expression profiles; however, physiological phenotypes were not
tested/validated in this study.

Together these findings suggest that even a single class of EVs can be further subdivided
into different populations based upon properties such as physiological compartment and
size. Importantly these divisions are not mutually exclusive as the Takada laboratory found
HD-Exo and LD-Exo populations (which may differ by size) in apical but not basolateral s-
EVs isolated from MDCK cells.[8] The Heyman laboratory found opposing results showing
that apical s-EVs from colonic adenocarcinoma cells were more homogenous in size than
basolateral s-EVs, which may contain both Exo-S and Exo-L populations,[84] hinting that
these populations are dynamic in respects to each other and may differ between cell lines
and possibly culture conditions. EVs secreted from the apical versus basolateral
compartments of the cell are exposed to different physiological environments (and thus may
have different recipients) and Exo-L have greater bone and lymph node tropism than Exo-S
and exomeres, indicating that individual EV populations may communicate with different
recipient cells using specific mechanisms (Figure 3).1891 If care is not taken to separate these
EV populations, study conclusions will be limited and not physiologically relevant.

4. Emerging Approaches to Study EV Heterogeneity

In order to study EV heterogeneity and to reliably identify protein biomarkers specific to
different EV populations, it is crucial to improve our ability to separate discrete homogenous
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EV populations, which has been one of the main challenges in the field. Novel techniques
employ commonly identified EV markers to further characterize the diversity of protein
cargo in EV populations differentially expressing those markers.

In one such recent study, the Weissleder group developed a single EV analysis (SEA)
technology and used it for multiplexed profiling of EVs.[70 s-EV/s from glioblastoma cells
(Gli36) were immobilized on a functionalized surface through biotin/neutravidin interaction
and sequentially imaged for a selection of EV markers (CD9, CD81, and CD63) or putative
glioblastoma tumor markers (EGFR, EGFRvIII, IDH1, IDH1-R32, PDPN, PDGFRa, PDL1,
and PDL2). The analysis showed a nonhomogeneous distribution of classical endosomal EV
markers among s-EVs: 54% of EVs expressed CD63, 26% CD81, and only 4.8% of EVs
expressed CD9. This result is in line with other reportsl>7:65-68] showing that the proteins
considered as general s-EV markers are not present in all s-EVs. Among the selected tumor
markers, EGFR was found to be the most prevalent (71%), followed by IDH1, PDGFRa, and
EGFRVIII (28-6.5%). Overall, for a given cell type, cumulative distribution showed that
>90% EV expressed four or less markers. When clustered by the method for dimensionality
reduction tSNE, the most clustered population was positive for CD9/EGFRvVIII. Some
markers were expressed in many clustered populations (e.g., CD63 in eight populations),
whereas others were present in much fewer (e.g., PDGFRa, only in 1 population). These
data demonstrate that the choice of a ‘common’ vesicular or/and a cancer-specific marker for
EV capture can lead to isolation of different EV populations, which in turn can result in very
different findings.

To examine EV heterogeneity at a population level, the Boilard lab took advantage of FACS
followed byl spanning-tree progression analysis of density-normalized events (SPADE)
analysis, which clusters events based on similarity and allows for better identification of rare
subpopulations. EVs isolated from stimulated platelets and erythrocytes were organized
based on the expression of CD41a, CD235a, phosphatidylserine, mitochondrial content, size,
and complexity (granularity). Based on the default settings, SPADE auto-suggested ten EV
populations, some of which were identified by the authors as originating from erythrocytes,
platelets, or mitochondria. The use of SPADE would allow analysis of FACS data from
multiple channels at once; however, in its current state, more work needs to be done on the
sets of defined, highly purified EV populations to confirm the results obtained using this
tool. It also remains questionable whether these are physiologically relevant populations or a
by-product of this innovative analysis.

The Yan laboratory employed high-sensitivity flow cytometry (HSFCM), which allows
detection of single EVs (down to 40 nm size), to compare and characterize protein profiles
of EVs isolated from normal colorectal cells and colorectal cancer cells, as well as plasma
EVs from colorectal cancer patients.[52] HSFCM identified 85-90% of particles isolated
from cultured cells as EVs, while only 70% of particles isolated from platelet-free patient
plasma corresponded to vesicles (probably due to large number of contaminating lipoprotein
particles in plasma). EV analysis by HSFCM showed similar size distributions to the cryo-
TEM analysis, suggesting that HSFCM is accurately measuring EV size. Authors reported
that 55.2% of colorectal cancer-derived EVs (HCT15) were positive for CD9, 46.0%
positive for CD63, and 55.0% were positive for CD81, providing additional evidence that
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these proteins are not present on all EVs. Double staining analysis indicated that 31.8% EVs
were CD9*/CD81*, 31.1% were CD63*/CD81*, and 22.3% were CD9*/CD63",
highlighting the heterogeneity of these traditional EV markers within individual EVs. The
expression of CD147 had been previously shown to be increased in colorectal cancer EVs.
In this study, CD147 was present on 10% of EVs from normal colorectal cells (CCD-18Co)
and increased to 51.4% and 47.5% in HCT15 and HCT116 colorectal cells, respectively.
Importantly, there were significantly more CD147* EVs in plasma of colorectal cancer
patients of all stages (including stage 1) compared to healthy controls, suggesting that
CD147* plasma EVs may be useful for colorectal cancer diagnosis. In comparison there was
no significant difference in EV numbers in plasma of healthy donors vs. colorectal cancer
patients due to large (40-50-fold) variability between individuals, indicating that analysis of
EV populations is necessary for diagnostic purposes. Importantly, HSFCM only requires 50
L of platelet-free plasma to analyze plasma EV in comparison to more traditional
approaches that usually require much larger volumes.

A large interindividual variability has emerged as one of main obstacles in the proteomic
analysis of clinical samples and has been reported in a number of studies that interrogated
the potential of EV protein cargo as a source of biomarkers in cancer diagnostics/
prognostics.

5. Proteomic Profiling of EVs in Clinical Samples

As carriers of disease-associated molecules that can be found in biofluids, EVs have great
potential as a noninvasive source of biomarkers for diseases such as cancer. Recently three
groups (Hwang, Buzas, and Xiao) have performed comparative proteomic analysis on EVs
from disease-associated biofluids.[52:53.72] proteomic analysis of EVs from biofluids has
been shown to decrease the background signal derived from highly abundant proteins, such
as creatine in urine, resulting in greater sensitivity.[’?] This allows identification of
additional proteins that would not be detected in the source biofluid. For example, a large
number of EV proteins isolated from urine specimens of bladder cancer patients were not
identified by proteomics perfomed on straight urine without EV isolation.[”2] In line with
this, a large number of EV proteins isolated from pancreatic juice of patients with chronic
pancreatitis or pancreatic cancer were not identified when proteomics was performed on
pancreatic juice without EV isolation.[53] In both cases, the number of proteins that were
identified only in the EV samples were >40%. These data suggest that EV proteins can
potentially achieve better separation of patients and healthy individuals. In addition,
different EV classes seem to contain distinct cargo. For instance, in the study from Buzas
group, mucin-5AC and mucin-6 were uniquely identified in I-EVs, while mucin-16 and
dihydropyrimidinase-related protein 2 were exclusive to s-EVs isolated from the pancreatic
juice of pancreatic cancer patients.[53] Similarly, the study from Xiao lab showed that
BPIFA1 and CRNN were significantly enriched in I-EVs, while MUC5B and IQGAP were
enriched in s-EVs from the saliva of lung cancer patients compared to healthy donors.
Importantly, these differences were not observed when saliva was analyzed without EV
isolation.[®2]
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Altogether, these findings suggest not only that EVs containing cancer-specific proteins can
be successfully isolated from clinical samples, but also that enriching for EV proteins is
important to increase the S/N ratio of cancer circulating biomarkers. However, the number of
studies that focus on proteomic analysis of EVs, and in particular of different EV classes, in
clinical samples is still limited to make universal conclusions that can be translated into
clinical practice (reviewed in refs. 73 and 74). Additionally, these studies require larger
numbers of patients for an adequate power analysis, and standardization of the collection
procedures to minimize interstudy variability.

6. Conclusions

MS is the most powerful approach for identification and quantification of protein
components of EVs. This characterization is essential for understanding EV biogenesis and
function, as well as for distinguishing among different EV classes and subtypes, and
identification of disease-specific markers. However, in the literature published to date, there
is a lack of agreement among the reports on the protein markers specific to different EV
classes/populations. And often this lack of agreement is due to a remarkable EV
heterogeneity that has been largely ignored in the past and is emerging as functionally
important.

Heterogeneity of EVs has been one of the main limitations for the use of proteomics in EV
analysis. Most of the currently available EV isolation methods yield mixed EV populations
and, therefore, impede differential analysis of discrete EV types. In addition to the
differences in isolation techniques, biological variability contributes significantly to EV
heterogeneity. Relative enrichment of a protein in a given EV class/population can be cell
type-dependent. Moreover, it can depend on the subcellular compartment from which these
EVs have originated, as illustrated by different populations of s-EVs generated by the same
cell. Together, biological and technical variability would inevitably lead to identification of
differing EV protein markers by different studies. This highlights the importance of
standardization of isolation methods in order to be able to reliably identify EV protein
components.

EV protein cargo represents a valuable source of prognostic or/and diagnostic biomarkers in
a number of pathological conditions, including cancer, and it has been demonstrated that
circulating EVs could be successfully isolated from clinical samples. However, the
application of proteomic analysis to patient-derived EVs is further complicated by
sometimes striking interindividual variability, as well as often very limited amount of
material available for analysis. The rapid progress in the development of proteomic
technologies would likely address the latter issue in the near future and allow accurate
analysis of scant amounts of EV protein. And a steadily increasing number of studies on
patient-derived EVs would hopefully help overcome the interindividual variability issue by
providing more data and, thus, increasing its reliability/statistical power.
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Heterogeneity of EV classes released by cells. Cells release EVs that can be classified into
either s-EVs (40-150 nm) or I-EVs (200 nm-10 zm) according to their size. s-EVs
encompass endosome-derived exosomes, which can be further subdivided into small (Exo-S)
and large (Exo-L) exosomes, as well as nonendosomal small ectosomes. I-EVs include large
ectosomes, microvesicles, migrasomes, exophers, apoptotic bodies, and large oncosomes.
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Figure 2.
Heterogeneity of EVs recovered from prostate cancer cell media by ultracentrifugation at 10

000 x g. Transmission electron microscopy image showing particles of different sizes and
densities in the EV pellet stained with osmium tetroxide. Prior to pelleting EVs at 10 000 x
g for 30 min, conditioned cell media was cleared by two low-speed centrifugation steps: 300
x gfor 10 min, followed by 2800 x g for 10 min. Scale bar: 600 nm
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!
.

° o )
Figure 3.
Complexity of exosomes secreted by polarized epithelia. A) Polarized epithelial cells secrete
s-EVs with different protein cargo from the apical (green) versus basolateral (yellow) sides
of the cell, potentially exposing them to different recipient cells. These s-EVs can be further
subdivided into small (Exo-S, 60-80 nm) and large (Exo-L, 90-120 nm). B) Differences in
tropism as well as available recipient cells may result in different EV populations signaling

with different recipient cells. For instance, the basolateral secreted EVs have a greater
chance to come into contact with endothelial cells and fibroblasts than apical secreted EVs.
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